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IMRODUCTlon
Quality, Efficiency and Style
The title above describes characteristics we seek in our application publications.
This fourth* edition of the Linear Applications Handbook includes our latest
attempts at instilling these traits into LTC literature. The 1990 edition's introduction
described the justification and approach for LTC's application effort in significant
detail. It is recommended as a guide to using all LTC application notes, regardless
of publication date. As such, its essence is included in this edition. The trio of
descriptives forming this section's title heavily abbreviates what has been said,
while adding additional perspective.
Quality, in particular good quality, is obviously desirable in any publication. Ahigh
quality application note requires attentive circuit design, thorough laboratory
technique, and completeness in its description. Text and figures should be
thoughtfully organized and presented, visually pleaSing, and easy to read. The
artwork and printing should maintain this care in the form of clean text appearance
and easily readable graphics.
Application notes should also be efficient. An efficiently written note permits the
reader to access desired information quickly, and in readily understandable form.
There should be enough depth to satisfy intellectual rigor, butthe reader should not
need an academic bathyscaphe to getto the bottom ofthings. Above all, the purpose
is to communicate useful information clearly and quickly.
Finally, style should always show. Too much technical literature is dull reading. We
enjoy our work, and we want to share our enthusiasm. Quite simply, we want our
publications to be fun to read. An LTC author's ultimate fantasy features the reader
at home in the living room; relaxed, smiling, and reading (while writing down LTC
part numbers to buy). Style provides psychological lubrication, helping the mind
to run smoothly. Clearly, style must only assistthe serious purposes of publication
and should not be abused; we do our best to maintain the appropriate balance.
As noted in previous editions a number of people besides authors make this work
possible. As always, the final acknowledgement must go to our customers, who
define our work, products, and company. We hope they are pleased with our latest
efforts.

C9J~--

James M. Williams
January, 1997
Milpitas, California

• Previous editions appeared in 1987, 1990 and 1993. This edition includes only material generated since the
1993 edition. As such, don't throw those other books away!
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1990lmRODUCTIon
Why Write Applications?
This is seemingly an odd and unlikely way to begin an applications publication, but
it is avalid question. As such, the components of the decision to produce this book
are worth reviewing.
Producing linear application material requires an intensive, extended effort. Development costs for worthwhile material are extraordinarily high, absorbing substantial amounts of engineering time and money. Further, these same resources could
be directed towards product development, the contribution of which is much more
easily measured at the corporate coffers. These are serious issues in any environment, but are particularly critical in a rapidly growing company, where resources
must be thoughtfully allocated.
Linear Technology Corporation's commitment to a concerted applications effort
was made despite these concerns. Specifically, the nature of linear circuit design is
so diverse, the devices so sophisticated, and user requirements so demanding that
designers require (oratleastwelcome) assistance. Ultimately, the procurement and
use of linear ICs is tied to the user's ability to solve the problems confronting them.
Anything which enhances this ability, in both specific and general cases, obviously
benefits user and vendor.
This is avery simple but powerful argument, and is the basis of LTC's commitment
to applications. Additional benefits include occasional new product concepts and
a way to test products under "real world" conditions, but the basic justification is
as described.
Traditionally, application work has involved reviewing considerations for successful use of aspecific product. Additionally, basic circuit suggestions or concepts are
sometimes offered. Although this approach is useful and necessary, some expansion is possible. LTC's applications are centered on detailed, systems-oriented
circuits, (hopefully) similar to the types of designs users are working with. There
is a broad tutorial content, reflected in the form of frequent text digreSSions and
liberal use of graphics. Discussions of tradeoffs, options and techniques are
emphasized, as opposed to brief descriptions of circuit operation. Many of the
application notes contain appended sections which examine related or pertinent
topics in detail. Ideally, this treatment provides enough background to allow readers
to modify the circuits presented into solutions to their specific problems.
Some comment about the circuit examples is appropriate. They range from
relatively simple to quite complex and sophisticated. Emphasis is on high performance, in keeping with the capabilities of LTC's products and the market we serve.
The circuit's primary function is to serve as acatalyst-once the reader has started
thinking, the material has accomplished its mission.
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Substantial effort has been expended in working out and documenting these circuits,
but they are not finessed to the highest possible degree. All of the circuits have been
breadboarded and bench-tested atthe prototype level. Specifications and performance
levels quoted in the text represent measured and extrapolated data derived from the
breadboard prototype. The volume of material generated prohibits formal worst-case
review or tolerances analysis for production. Additionally, despite our best efforts,
errors of various sorts do occasionally creep in along the way to publication. Because
of these considerations, readers should contact LTC when preparing to use acircuit in
aproduction situation. This allows us to advise on specific areas ofthe circuit which may
require a"second look" before going to production. Updates, suggested modifications
and just plain mistakes can also be discussed at this time.
We have received numerous comments and questions since this book's first (1987)
edition. The most frequent query concerns topic selection. The topiCS presented are
survivors of aselection process involving anumber of disparate considerations. These
include reader needs, suitability for magazine publication, LTC's short and long term
commercial aspirations, time constraints and author interest in dOing the work.
Additionally, we seek a 10 year useful lifetime for application notes. This generally
precludes narrowly focused effort towards individual ICs. Topics are broad, with a
tutorial and design emphasis that (ideally) reflects the reader's long term interests.
While the circuits presented unabashedly favor our products, they must be conceptually applicable to succeeding generations of devices (hopefully ours). Similarly, the
circuits should represent arelatively complete and interdisciplinary approach to solving
the problem at hand. Solving aproblem is usually the reader's!customer's overwhelming motivation. The selection and integration of tools and methods towards this end is
the priority. For this reason the examples and accompanying text are as complete and
practical as possible. This may necessitate effort in areas where we have no direct
economic stake, e.g., the software presented in AN28 or the magnetics developed for
AN25, AN29, and AN35. In some circumstances this policy necessitates use of
competitor's products (horrors!) where appropriate. Such gallant objectivity is not
without calculation; the goal is to have readers associate LTC with realistic advice, useful
products and satisfactory results, regardless of the problem encountered. The long
term task is establishing and maintaining credibility and customer loyalty. If unabused,
these are powerful sales tools. Maintaining this stance involves asignificant amount of
negotiation and compromise with issues and individuals, but the results are usually
favorable for everyone.
A second common question addresses the time required to produce an individual
application note. The work invested varies considerably. AN29 required a year to
complete. It involved endless laboratory hours, close coordination with our magnetics
supplier and over 300 changes, corrections, band-aids and tweaks before the manuscript was finally released. Conversely, AN31 and AN32 were finished (perhaps
therapeutically) within three weeks. In all cases the actual writing time is a miniscule
percentage of the total work time. AN 29's year of effort was written up in aweek. AN31
and AN32 required less than five hours.
Another common question involves our photographic documentation. We have
received hundreds of inquiries requesting details on instrumentation, particularly for
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multi-trace oscilloscope photography. Almostall photographic work is done with four
(Tektronix 547 with a four trace 1A4 plug-in) or eight (Tektronix 556 with two 1A4
plug-ins) trace oscilloscopes. Photographs with more than eight traces utilize
multiple exposure or splicing techniques. Tektronix C-12 and C-27 cameras are used
on both instruments, with modified graticule illumination on the 556. AN 29's
Appendix Fprovides additional discussion.
Afinal recurring question concerns use of this bookas text in university level courses.
We certainly welcome this, and find it rewarding. However, we cannot develop, or
collaborate in the development of, supplementary material for problem sets and
laboratory manuals. This simply strays too far from our charter.
Some significant additions since the 1987 edition are the "Design Notes" and the open
format used in AN26, AN27 and AN36. "Design Notes" provide a way to cover a
specific topic in concise form and get the material to the reader quickly. Most of these
notes are stand-alone efforts. In some cases they are excerpted from application note
work in progress and fed directly to print. When the application note becomes
available, the material appears in unabbreviated form. Another change is the format
used for AN26, AN27 and AN36. The segmented approach allows convenient
updating and additions at some sacrifice in text flow. Subjects amenable to this
treatment avoid the disruptive surgery required to revise aconventional manuscript.
In response to reader requests we have included macromodels of components. The
present list includes 281Cs, all amplifiers. This inventory will grow and diversity into
other part types. Significant effort has gone towards making these models realistic
and usable. They are intended as powerful adjunct tools in the design process, and
should not be abused. More specifically, they are meant to augment actual breadboards, not eliminate them. Bypassing breadboarding is an extraordinarily hazardous
process with a high fatality rate, even among veteran designers. Although these
macromodels cannot eliminate the cold realities involved in making something work,
they ease the task and save time. As such, we encourage readers to use them and
invite your comments.
Also new is the inclusion of application notes from other sources. These notes, found
in the "Reference Reading" section, have proven particularly useful to readers. The
information they contain is pertinent to problem areas that concern our readers. As
such, they merit inclusion. If this approach is well received this section will be
enlarged in succeeding editions. The cooperation of the contributors is appreciated.
Finally, the appearance of new authors is applauded, particularly by the undersigned.
There is plenty of work to do and many pens (and probes) ease the task while
broadening perspective.

(jJ~.
James M. Williams
November, 1989
Milpitas, California
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1990 ABSTRACTS
1990 EDITion APPLICATion nOTE ABSTRACTS
AN1

Understanding and Applying the LT1005 Multifunction
Regulator
This application note describes the unique operating characteristics of the LT1005 and describes a number of useful applications
which take advantage of the regulator's ability to control the
output with a logiC control signal.

AN2

Performance Enhancement Techniques tor 3-Terminal
Regulators
This application note describes a number of enhancement circuit
techniques used with existing Herminal regulators which extend
current capability, limit power dissipation, provide high voltage
output, operate from 11 OVAC or 220VAC without the need to switch
transformer windings, and many other useful application ideas.

AN3

Applications lor a Switched-Capacitor Instrumentation
Building Block
This application note describes awide range of useful applications
forthe LTCl 043 dual precision instrumentation switched-capacitor
building block. Some of the applications described are ultra high
performance instrumentation amplifier, lock-in amplifier, wide range
digitally controlled variable gain amplifier, relative humidity sensor
signal conditioner, LVDT Signal conditioner, charge pump FN and
V/F converters, 12-bit AID converter and more.

AN9

Application Considerations and Circuits for a New
Chopper-Stabilized Op Amp
Adiscussion of circuit, layout and construction considerations for
low level DC circuits includes error analysis of solder, wire and
connector junctions. Applications include sub-microvolt instrumentation and isolation amplifiers, stabilized buffers and comparators and precision data converters.

AN10

Methods for Measuring Op Amp Settling Time
The AN10 begins with a survey of methods for measuring op amp
settling time. This commentary develops into circuits for measuring settling time to 0.0005%. Construction details and results are
presented. Appended sections cover oscilloscope overload limitations and amplifier frequency compensation.

AN11

Oesigning Linear Circuits lor 5V Operation
This note covers the considerations lor designing precision linear
circuits which must operate lrom asingle 5V supply. Applications
include various transducer signal conditioners, instrumentation
amplifiers, controllers and isolated data converters.

AN12

Circuit Techniques lor Clock Sources
Circuits for clock sources are presented. Special attention is given
to crystal-based designs including TXCOs and VXCOs.

AN13

High Speed Comparator Techniques
The AN13 is an extensive discussion of the causes and cures of
problems in very high speed comparator circuits. A separate
applications section presents circuits, including a 0.025% accurate 1Hzto 30MHz VlF converter, a200ns 0.01 %sample-hold and
a 10MHz fiber-optic receiver. Five appendices covering related
topics complete this note.

AN14

Designs lor High Frequency Voltage-to-Frequency Converlers
A variety of high performance VIF circuits is presented. Included
are a 1Hz to 100MHz design, a quartz-stabilized type and a
0.0007% linear unit. Other circuits feature 1.5V operation, sine
wave output an nonlinear transfer functions. A separate section
examines the trade-offs and advantages of various approaches to
VlF conversion.

AN4

Application lor a New Power Buffer
The LT10l0 150mA power buffer is described in a number of
useful applications such as boosted op amp, a feed-forward,
wide-band DC stabilized buffer, avideo line driver amplifier, afast
sample-hold with hold step compensation, an overload protected
motor speed controller, and a piezoelectric fan servo.

AN5

Thermal Techniques in Measurement and Control Circuitry
6 applications utilizing thermally based circuits are detailed.
Included are a 50MHz RMS to DC converter, and anemometer, a
liquid flowmeter and others. A general discussion of thermodynamic considerations involved in circuitry is also presented.

AN6

Applications 01 New Precision Op Amps
Application considerations and circuits lor the LTl 001 and LTl002
single and dual precision amplifiers are illustrated in anumber of
Circuits, including strain gauge signal conditioners, linearized
platinum RTD circuits, an ultra precision dead zone circuit for
motor servos and other examples.

AN15

Some Techniques lor Direct Digitization 01 Transducer Outputs
Analog-to-digital conversion circuits which directly digitize low level
transducer outputs, without DC preamplification, are presented.
Covered are circuits which operate with thermocouples, strain gauges,
humidity sensors, level transducers and other sensors.

Circuitry lor Single Cell Operation
1.5V powered circuits for complex linear functions are detailed.
Designs include aVlF converter, a10-bit AID, sample-hold amplifiers, a switching regulator and other circuits. Also included is a
section of component considerations for 1.5V powered linear
circuits.

AN16

Unique IC Buffer Enhances Op Amp DeSigns, Tames Fast
Amplifiers
This note describes some of the unique IC design techniques
incorporated into a fast, monolithic power buffer, the LnOl0.
Also, some application ideas are described such as capacitive load
driving, boosting fast op amp output current and power supply
circuits.

AN7

AN8

Power Conditioning Techniques lor Batteries
Avariety of approaches for power conditioning batteries is given.
Switching and linear regulators and converters are shown, with
attention to efficiency and low power operation. 14 circuits are
presented with performance data.
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AN17 Consideration lor Successive Approximation AID Converters
Atutorial on SAR type AID converters, this note contains detailed
information on several 12-bit circuits. Comparator, clocking, and
preamplilier designs are discussed. A final circuit gives a 12-bit
conversion In 1.8~. Appended sections explain ihe basic SAR
technique and explore D/A considerations.

AN18 Power Gain Stages lor Monolithic Amplillars
This note presents output state circuits which provide power gain
for monolithic ampliliers. The circuits leature voltage gain, current
gain, or both. Eleven designs are shown, and performance is
summarized. A generalized method for frequency compensation
appears in a separate section.

AN19 LT1070 Dasign Manual
This design manual is an extensive discussion of all standard
switching configurations for the LT1 070; including buck, boost,
flyback, forward, inverting and "Cuk." The manual includes comprehensive information on the LT1 070, the external components
used with it, and complete formulas lor calculating component
values.

AN20 Applications lor a DC Accurate Lowpass Switched-Capacitor
Filter
Discusses the principles of operation olthe LTCI 062 and helpful
hints for its application. Various application circuits are explained
in detail with focus on how to cascade two LTCI 062s and how to
obtain notches. Noise and distortion performance are fully illustrated.
AN21 Composite Amplifiers
Applications often require an amplifier that has extremely high
performance in several areas. For example, high speed and DC
precision are often needed. II a single device cannot simultaneously achieve the desired characteristics, acomposite amplifier
made up of two (or more) devices can be configured to do the job.
AN21 shows examples of composite approaches in designs
combining speed, precision, low noise and high power.
AN22 AMonolithic IC lor 100MHz RMS/DC Convarsion
AN22 details the theoretical and application aspects olthe LTl088
thermal RMS/DC converter. The basic theory behind thermal
RMS/DC conversion is discussed and design details olthe LTl088
are presented. Circuitry for RMS/DC converters, wide-band input
buffers and heater protection is shown.
AN23 Mlcropower Circuils for Signal Conditioning
Low power operation 01 electronic apparatus has become increasingly desirable. AN23 describes avariety allow power circuits for
transducer signal conditioning. Also included are designs for data
converters and switching regulators. Three appended sections
discuss guidelines lor micropower design, strobed power operation and effects of test equipment on micropower circuits.
AN24 Unique Applications lor the LTC1062 Lowpass Filter
Highlights the LTC1062 as alowpass filter in a phase lock loop.
Describes how the loop's bandwidth can be increased and the VCO
output jitter reduced when the LTCI 062 is the loop filter. Compares it with a passive RC loop filter.
Also discussed is the use of LTC1062 as simple bandpass and
bandstop filter.
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AN25 Switching Ragulators for Poets
Subtitled "A Gentle Guideforthe Trepidatious," this is atutorial on
switching regulator design. The text assumes no switching regulator design experience, contains no equations, and requires no
inductor construction to build the circuits described.
'.
Designs detailed include flyback, isolated telecom, off-line, and
others. Appended sections cover component considerations, measurement techniques and steps involved in developing aworking
circuit.

AN26 A collection of interface applications between various miCroprocessors/controllers and the LTCI 090 family of data acquisition
systems. The note is divided into sections specific to each interface. The following sections are available:

Number
AN26A
AN26B
AN26C
AN26D
AN26E
AN26F
AN26G
AN26H
AN261
AN26J
AN26K
AN26L
AN26M
AN26N
AN260
AN26P
AN26Q
AN26R

AID
LTC1090
LTC1090
LTC1090
LTC1090
LTC1090
LTC1090
LTC1091
LTC1091
LTC1091
LTC1091
LTC1091
LTC1091
LTC1090
LTC1091/92
LTC1090
LTC1090
LTC1091
LTC1094

Microprocessor!
Microcontroller
8051
68HC05
63705
COP820
TMS7742
COP402N
8051
68HC05
COP820
TMS7742
COP402N
HD63705VO
TMS320C25
TMS320C25
Z-80
HD64180
H064180
TMS320C25

These interface notes demonstrate the ease with which the
LTCI 090 family can be interfaced to microprocessors/controllers having either parallel or serial ports. A complete hardware
and software description of the interface is included.

AN27A A Simple Method of Designing Multiple Order All Pole
Bandpass Filters by Cascading 2nd Order Sections
Presents two methods of designing high quality switchedcapaCitor bandpass filters. Both methods are intended to vastly
simplify the mathematics involved in filter design by using
tabular methods. The text assumed no filter design experience
but allows high quality filters to be implemented by techniques
not presented before in the literature. The designs are implemented by numerous examples using devices from LTC's
Switched-Capacitor filter family: LTCI 060, LTCI 061, and
LATC1064. Butterworth and Chebyshev bandpass filters are
discussed.

1990 ABSTRACTS
AN28 Thermocouple Measurement
Considerations for thermocou pie-based tem perature measurement are discussed. A tutorial on temperature sensors summarizes performance of various types, establishing aperspective on thermocouples. Thermocouples are then focused on.
Included are sections covering cold-junction compensation,
amplifier selection, differential/isolation techniques, protection, and linearization. Complete schematics are given for all
circuits. Processor-based linearization is also presented with
the necessary software detailed.

AN29 Some Thoughts on DC/DC Converters
This note examines awide range of DC/DC converter applications.
Single inductor, transformer, and switched-capacitor converter
designs are shown. Special topics like low nOise, high efficiency,
low quiescent current, high voltage, and wide-input voltage range
converters are covered. Appended sections explain some fundamental properties of different types of converters.

AN 30 SWitching Regulator Circuit Collection
Switching regulatorsareof universal interest. LinearTechnology
has made a major effort to address this topic. A catalog of
circuits has been compiled so that a design engineer can swiftly
determine which converter type is best. This catalog serves as
a visual index to be browsed through for a specific or general
interest.

AN31 Linear Circuits lor Digital Systems
Subtitled "Some Affable Analogs for Digital Devotees," discusses a number of analog circuits useful in predominantly
digital systems. Vpp generators for flash memories receive
extensive treatment. Other examples include a current loop
transmitter, dropout detectors, power management circuits,
and clocks.

AN32 High Efficiency Linear Regulators
Presents circuit techniques permitting high efficiency to be
obtained with linear regulation. Particular attention is given to
the problem of maintaining high efficiency with widely varying
inputs, outputs and loading. Appendix sections review component characteristics and measurement methods.

AN33 Converting Light to Digits: LTC1099 Half-Flash 8-Bit AID
Converter Digitizes Photodiode Array
This application note describes a Linear Technology "HalfFlash" AID converter, the LTCl 099, being connected to a 256
element line scan photodiode array. This technology adapts
itselfto hand-held (i.e., low power) bar code readers, as well as
high resolution automated machine inspection applications.

AN34 LTCl 099 Enables PC-Based Data Acquisition Board to
Operate DC-20kHz
Acomplete design for a data acquisition card for the IBM PC is
detailed in this application note. Additionally, Clanguage code
is provided to allow sampling of data at speed of more than
20kHz. The speed limitation is strictly based on the execution
speed of the "C" data acquisition loop. A "Turbo" XT can
acquire data at speeds greater than 20kHz. Machines with
80286 and 80386 processors can go faster than 20kHz. The
computer that was used as atest bed in this application was an
XT running at 4.77MHz and therefore all system timing and
acquisition time measurements are based on a 4.77MHz clock
speed.

AN35 Step-Down Switching Regulators
Discusses the LTl 074, an easily applied step-down regulator IC.
Basic concepts and circuits are described along with more
sophisticated applications. Six appended sections cover LT1 074
circuitry detail, inductor and discrete component selection,
current measuring techniques, efficiency considerations and
other topiCS.

AN36 A collection of interface applications between various microprocessors/controllers and the LTC1290 family of data acquisition systems. The note is divided into sections specific to
each interface. The following sections are available:
Number
AN36A
AN36B
AN36C
AN36D
AN36E
AN36F
AN360
AN36P

AID
LTC1290
LTC1290
LTC1290/LTC1090
LTC1290
LTC1290
LTC1290
LTC1290
LTC1290

Microprocessor!
Microcontroller
8051
MC68HC05
TMS370
COP820C
TMS7742
COP402N
Z-80
HD64180

These interface notes demonstrate the ease with which the
LTC1290 can be interfaced to microprocessors/controllers having either parallel or serial ports. A complete hardware and
software description of the interface is included.

AN37 Fast Charge Circuits for NiCad Batteries
Safe, fast charging of NiCad batteries is attractive in many
applications. This note details simple, thermally-based fast
charge cirCUitry for NiCads. Performance data is summarized
and compared to other charging methods.

AN38 FlllerCAO User's Manual, Version 1.00
This note is the manual for FCAD, a computer-aided design
program for designing filters with LTC's switched-capacitor
filter family. FCAD helps users design good filters with a minimum amount of effort. The experienced filter designer can use
the program to achieve better results by providing the ability to
play "what if" with the values and configuration of various
components.

AN39 Parasitic Capacitance Effects in Step-Up Transformer DeSign
This note explores the causes of the large resonating current
spikes on the leading edge of the switch current waveform.
These anomalies are exacerbated in very high voltage designs.

AN4D Take the Mystery Out of the Switched-Capacitor Filler:
The System DeSigner's Filler Compendium
This note presents guidelines forcircuits utilizing LTC's switchedcapaCitor filters. The discussion focuses on how to optimize
filter performance by optimizing the printed wiring board, the
power supply, and the output buffering of the filter. Many
additional topics are discussed such as how to select the proper
filter response for the application and how to characterize a
filter's THO for DSP applications.
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1993 ABSTRACTS
1993 EDITion APPLICATion nOTE ABSTRACTS
AN41

Questions and Answers on the SPICE Macromodel Library
This note provides answers to some of the more common questions concerning LTC's Macromodel Library. Topics include hardware and software requirements, model characteristics, and limitations and interpretation of results.

AN42 Voltage Relerence Circuit Collection
A wide variety of voltage reference circuits are detailed in this
extensive guidebook of circuits. The detailed schematics cover
simple and precision approaches at a variety of power levels.
Included are 2and 3terminal devices in series and shunt modes for
positive and negative polarities. Appended sections cover resistor
and capacitor selection and trimming techniques.

AN43 Bridge Circuits
Subtitled "Marrying Gain and Balance," this note covers signal
conditioning circuits for various types of bridges. Included are
transducer bridges, AC bridges, Wien bridge oscillators, Schottky
bridges, and others. Special attention is given to amplifier selection
criteria. Appended sections cover strain gauge transducers, understanding distortion measurements, and historical perspectives on
bridge readout mechanisms and Wein bridge oscillators.

AN44 LT1 074/lT1 076 Design Manual
This note discusses the use of the LT1 074 and LT1076 high efficiency
switching regulators. These regulators arespecnically designed for ease of
use. Thisapplication note is intended to eliminate the most common errors
that customers make when using switching regulators as well as offering
insightintotheinnerworkingsofswitchingdesigns. Thereisanentirelynew
treatment of inductor design based upon Simple mathematical fonnulas
that yield direct results. There are extensive Mortal sections devoted to the
care and feeding of the Positive Step-Down (Buck) Converter, the Tapped
Inductor Buck Converter, the Positive-to-Negative Converter and the
Negative Boost Converter. Additionally, many troubleshooting hints are
included as well as oscilloscope techniques, soft-start arcMectures, and
micropower shutdown and EMI suppression methods.

AN45 Measurement and Control Circuit Collection
A variety of measurement and control circuits are included in this
application note. Eighteen circuits, including ultra low noise amplifiers,
current sources, transducer signal conditioners, oscillators, data
converters and powersupplies are presented. The circuits emphasize
preCision specifications with relatively simple configurations.

AN46 Efficiency Characteristics 01 Switching Regulator Circuits
Efficiency varies for different DC/DC converters. This application
note compares the efficiency characteristics of some of the more
popular types. Step-up, step-down, flyback, negative-to- positive,
and positive-to-negative are shown. Appended sections discuss
how to select the proper aluminum electrolytic capacitor and
explain power switch and output diode loss calculations.

AN47 High Speed Amplifier Techniques
This application note, subtitled "A Designer's Companion for Wideband Circuitry," is intended as areference source for designing with
fast amplifiers. Approximately 150 pages and 300 figures cover
frequently encountered problems and their possible causes. Circuits
include awide range of amplifiers, filters, OSCillators, data converters
and signal conditioners. Eleven appended sections discuss related
topics including OSCilloscopes, probe selection, measurement and
equipment considerations, and breadboarding techniques.
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AN48 Using the LTC Op Amp Macromodels
LTC's op amp macromodels are described in detail, along with the
theory behind each model and complete schematics of each topology. Extended modeling topics are discussed, such as phaselfrequency response modifications and asymmetric slew rate for JFET op
amp models. LTC's macromodels are optimized for accuracy and fast
simulation times. Simulation times can be further reduced by using
streamlining techniques found throughout AN48.

AN49 Illumination Circuitry lor Liquid Crystal Displays
Current generation portable computers and instruments utilize backlit liquid crystal displays. The back light requires a highly effiCient,
high voltage AC source as well as othersupply circuitry. AN49 details
these circuits and also includes sections on efficiency measurements
and instrumentation considerations. A separate section discusses
physical and layout considerations for the display.

AN50 InterlaCing to Microprocessor Based 5V Systems
This application note discusses avariety of approaches for intertacing analog signals to 5V powered systems. Synthesizing a "rail-torail" op amp and scaling techniques for ND converters are covered.
Avoltage-to-frequencyconverter, applicable where high resolution
is required, is also presented.

AN 51 Power Conditioning lor Notebook and Palmtop Systems
Notebook and palmtop systems need anumber of voltages developed from abattery. Competitive solutions require small size, high
efficiency and light weight. This publication includes circuits for
high efficiency 5V and 3.3V switching and linear regulators, back
light display drivers and battery chargers. All the circuits are
specifically tailored for the requirements outlined above.

AN52 Linear Technology Magazine Circuit Collection, Vol1
This application note consolidates the circuits from thefirstfewyears
of LinearTechnology Magazine into one publication. Presented in the
note are a variety of circuits ranging from a 50W high efficiency
(>90%) switching regulator to steep roll-off filter circuits with low
distortion to 12-bit differential temperature measurement systems.

AN53 Micropower High-Side MOSFET Drivers
This application note describes the operation of high-side N-chimnel
MOSFET switch drivers deSigned specifically for operation in batterypowered eqUipment, such as notebook and palmtop computers and
portable medical instruments. Aselection guide simplifies the proper
choice of MOSFET and driver for a particular high-side switch
application. Circuits to drive and protect load impedances ranging
from large inductors to large capaCitors are described and a section
on sunace mount and copper clad shunts is included.

AN54 Power Conversion Irom Milliamps to Amps at Ultra High Efficiency
(Up to 95%)
This application note discusses the use olthe LTC1147, LTC1148,
and LTC1149 ultra high efficiency switching regulators in a wide
variety of applications. These controllers feature a current-mode
architecture which includes an automatic low current operating mode
called Burst Mode'· operation, making greater than 90% efficiencies
possible at output currents as low as 10mA. This feature maximizes
battery life while aproduct is in sleep or standby modes. In addition,
the LTC1148 and LTC1149 are synchronous switching regulators
which achieve high efficiency conversion from 10mA to 10A.

.L7lJD~

SUBJECT INDEX
A GUIDE TO THE InDEX
Linear Technology has made a major effort to
address a wide variety of circuit topics. The number
of application problems solvable with innovative circuit techniques or new linear integrated circuits continues to grow. This comprehensive index includes
Application Notes (AN1-AN68), Design Notes (DN 1DN134), Linear Technology magazine (LTM 1:1-LTM
V:4) and Data Sheet circuits through December
1995).
The category and subject index is organized so that
application circuits and subject tutorials are easily
found. The major topics are broken up into specialized categories to help isolate a particular application.
Use the Table of Contents (below) to locate major
topic areas, then scan the left-hand "Category" column to find the category of interest. The second column gives the titles or descriptions of the specific
circuits and/or discussion topics. The third column

lists the publications (AN = Application Note, DN =
Design Note, DS =Data Sheet, LTM =Linear Technology magazine). The remaining columns indicate the
page number, figure number (where applicable) and
Linear Technology part numbers.
Two other sources of applications information for
LTC products recently became available: The LinearView™ CD-ROM and the Linear Technology web site.
The LinearView CD-ROM contains a complete selection of Data Sheets, Application Notes, Design Notes
and Linear Technology magazines through 1995,
combined with a powerful search engine. Periodic
updates of the CD-ROM are planned. The Linear
Technology web site (www.linear-tech.com) also contains the complete library of Linear Technology publications in Adobe PDF format for download or
delivery via FAX. The web site is updated regularly.

NOTE: Application Notes 1-40 and Design Notes 1-32 are found in Volume I of the Applications Handbook; Application Notes 4154 and Design Notes 33-69 are found in Volume II; the remaining Application Notes and Design Notes to date are found in the
current volume.
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Techniques for 92% Efficient LCD Illumination
Waste Not, Want Not ...
Jim Williams

INTRODUCTION
In August of 1992 LTC published Application Note 49,
"Illumination Circuitry for Liquid Crystal Displays." One
notable aspect of this event is that it generated more
response than all previous LTC application notes combined. This level of interest, along with significant performance advances since AN-49's appearance, justifies
further discussion of LCD backlighting circuitry.
This publication includes pertinent information from the
previous effort in addition to updated sections and a large
body of new material. The partial repetition is a small
penalty compared to the benefits of text flow, completeness and time efficient communication. The most noteworthy performance advance is achievement of 92%
efficiency for the backlight power supply. Additional new
benefits include low voltage operation, synchronizing capability, higher output power for color displays, and extended dimming range.
A practical 92% efficient LCD backlight deSign is a classic
study of compromise in a transduced electronic system.
Every aspect of the design is interrelated, and the physical
embodiment is an integral part of the electrical circuit. The
choice and location of the lamp, wires, display housing
and other items has a major effect on electrical characteristics. The greatest care in every detail is required to
achieve a practical high efficiency LCD backlight. Getting
the lamp to light is just the beginning!
Current generation portable computers and instruments
utilize back-lit liquid crystal displays (LCDs). These displays have also appeared in applications ranging from
medical equipment to automobiles, gas pumps and retail
terminals. Cold Cathode Fluorescent Lamps (CCFLs) provide the highest available efficiency for backlighting the
display. These lamps require high voltage AC to operate,
mandating an efficient high voltage DC-AC converter. In
addition to good efficiency, the converter should deliver

the lamp drive in the form of asine wave. This is desirable
to minimize RF emissions. Such emissions can cause
interference with other devices, as well as degrading
overall operating efficiency. The sine wave excitation also
provides optimal current-to-light conversion in the lamp.
The circuit should also permit lamp intensity control from
zero to full brightness with no hysteresis or "pop-on."
The LCD also requires a bias supply for contrast control.
The supply's output should be regulated, and variable over
a considerable range.
The small size and battery powered operation associated
with LCD equipped apparatus mandate low component
count and high efficiency for these circuits. Size constraints place severe limitations on circuit architecture
and long battery life is usually a priority. Laptop and hand
held portable computers offer an excellent example. The
CCFL and its power supply are responsible for almost 50%
of the battery drain. Additionally, these components, including PC board and all hardware, usually must fit within
the LCD enclosure with a height restriction of 0.25".

Cold Cathode Fluorescent Lamps (CCFLs)
Any discussion of CCFL power supplies must consider
lamp characteristics. These lamps are complex transducers, with many variables affecting their ability to convert
electrical current to light. Factors influencing conversion
efficiency include the lamp's current, temperature, drive
waveform characteristics, length, width, gas constituents
and the proximity to nearby conductors.
These and other factors are interdependent, resulting in a
complex overall response. Figures 1through 4show some
typical characteristics. A review of these curves hints at
the difficulty in predicting lamp behavior as operating
conditions vary. The lamp's current and temperature are
CCFL backlight application circuits contained in this Application Note are
covered by U.S. patent number 5408162 and other patents pending.
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clearly critical to emission, although electrical efficiency
may not necessarily correspond to the best optical efficiency point. Because of this, both electrical and photometric evaluation of a circuit is often required. It is
possible, for example, to construct a CCFL circuit with
94% electrical efficiency which produces less light output
than an approach with 80% electrical efficiency (see
Appendix J, "A Lot of Cut-Off Ears and No Van GoghsSome Not-So-Great Ideas." Similarly, the performance of
a very well matched lamp-circuit combination can be
severely degraded by a lossy display enclosure orexces-,
sive high voltage wire lengths. Display enclosures with too
much conducting material near the lamp have huge losses
due to capacitive coupling. A poorly designed display

enclosure can easily degrade efficiency by 20%. High
voltage wire runs typically cause 1% loss per inch of wire.

AN55-2

CCFL Load Characteristics
These lamps are a difficult load to drive, particularly for a
switching regulator. They have a "negative resistance"
characteristic; the starting voltage is significantly higher
than the operating voltage. Typically, the start voltage is
about 1OOOV, although higher and lower voltage lamps are
common. Operating voltage is usually 300V, to 400V,
although other lamps may require different potentials. The
lamps will operate from DC, but migration effects within
the lamp will quickly damage it. As such; the waveform
must be AC. No DC content should be present.
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HORIZ = 200VIDIV
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58

Figure 5. Negative Resistance Characteristic lor Two CCFL Lamps. "Snap-8ack" is Readily Apparent, Causing Oscillation in 58.
These Characteristics Complicate Power Supply Design

Figure SA shows an AC driven lamp's characteristics on a
curve tracer. The negative resistance induced "snap-back"
is apparent. In Figure SB another lamp, acting against the
curve tracer's drive, produces oscillation. These tendencies, combined with the frequency compensation problems associated with switching regulators, can cause
severe loop instabilities, particularly on start-up. Once the
lamp is in its operating region it assumes a linear load
characteristic, easing stability criteria. Lamp operating
frequencies are typically 20kHz to 100kHz and a sine-like
waveform is preferred. The sine drive's low harmonic
content minimizes RF emissions, which could cause interference and efficiency degradation. 1 A further benefit to
the continuous sine drive is its low crest factor and
controlled rise times, which are easily handled by the
CCFL. CCFL's RMS current-to-light output efficiency is
degraded by fast rise high crest factor drive waveforms. 2
CCFL Power Supply Circuits
Figure 6's circuit meets CCFL drive requirements. Efficiency is 88% with an input voltage range of 4.SV to 20V.
This efficiency figure can be degraded by about 3% if the
LT1172 VIN pin is powered from the same supply as the
main circuit VIN terminal. Lamp intensity is continuously
and smoothly variable from zero to full intensity. When
power is applied the LT1172 switching regulator's feedback pin is below the device's internal 1.2V reference,
causing full duty cycle modulation at the Vsw pin (Trace A,
Figure 7). L2 conducts current (Trace B) which flows from

L1's center tap, through the transistors, into L2. L2's
current is depOSited in switched fashion to ground by the
regulator's action.
L1 and the transistors comprise a current driven Royer
class converter 3 which oscillates at afrequency primarily
set by L1's characteristics (including its load) and the
O.033!lF capacitor. LT1172 driven L2 sets the magnitude
of the 01-02 tail current, hence L1's drive level. The
1NS818 diode maintains L2's current flow when the
LT1172 is off. The LT1172's 100kHz clock rate is asynchronous with respecttothe push-pull converter's (60kHz)
rate, accounting for Trace B's waveform thickening.
The O.033!lF capaCitor combines with L1's characteristics
to produce sine wave voltage drive at the 01 and 02
collectors (Traces C and 0 respectively). L1 furnishes
voltage step-up, and about 140DVp_p appears at its secondary (Trace E). Current flows through the 1SpF capacitor into the lamp. On negative waveform cycles the lamp's
current is steered to ground via 01. Positive waveform
cycles are directed, via 02, to the ground referred S620SDk potentiometer chain. The positive half-sine appearing
across the resistors (Trace F) represents 1/2 the lamp
Nole 1: Many of the characteristics of CCFLs are shared by so-called
"Hot" cathode fluorescent lamps. See Appendix A, "Hot" Cathode
Fluorescent Lamps.
Nole 2: See Appendix J. "A Lot of Cut-Off Ears and No Van Goghs-Some
Not-So-Great Ideas."
Note 3: See Appendix I, "Who Was Royer and What Did He Design?"
See also reference 2.
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Figure 6. An 88% Efficiency Cold Cathode Fluorescent Lamp
(CCFL) Power Supply

current. This signal is filtered by the 1Ok-1 J.lF pair and
presented to the LT1172's feedback pin. This connection
closes a control loop which regulates lamp current. The
2J.lF capacitor at the LT1172's Vc pin provides stable loop
compensation. The loop forces the LT1172 to switchmode modulate L2's average current to whatever value is
required to maintain a constant current in the lamp. The
constant current's value, and hence lamp intensity, may be
varied with the potentiometer. The constant current drive
allows full 0%-100% intensity control with no lamp dead
zones or "pop-on" at low intensities.4 Additionally, lamp
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D=20V/DIV

CTHRU FHORIZ = 20~DIV

CONNECTLT1172 TO
LOWEST VOLTAGE
AVAILABLE (VMIN = 3V)

6 E1

C= 20VlDIV

This circuit's 0.1 % line regulation is notably better than
some other approaches. This tight regulation prevents
lamp intensity variation when abrupt line changes occur.
This typically happens when battery powered apparatus is
connected to an AC powered charger. The circuit's excellent line regulation derives from the factthat L1 's drive
waveform never changes shape as input voltage varies.
This characteristic permits the simple 1OkQ-1 J.lF RC to
produce aconsistent response. The RC averaging characteristic has serious error compared to atrue RMS conversion, but the error is constant and "disappears" in the
562n shunt's Value.
This circuit is similar to one previously described 5 but its
88% efficiency is 6% higher. The efficiency improvement
is primarily due to the transistor's higher gain and lower
saturation voltage. The base drive resistor's value (nominally 1kQ) should be selected to provide full VCE saturation without inducing base overdrive or beta starvation. A
procedure for doing this is described in the following
section, "General Measurement and Optimization
Considerations." .
Nole 4: Controlling a nonlinear load's current, instead of its voltage,
permits applying this circuit technique to a wide variety of nominally evil
loads. See Appendix H, "Related Circuits."
Nole 5: See "Illumination Circuitry for Liquid Crystal Displays," Linear
Technology Corporation, Application Note 49, August 1992.
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Figure 8. A 91 % Efficient CCFL Supply for 5mA Loads Features
Shutdown and Dimming Inputs

Figure 8's circuit is similar, but uses a transformer with
lower copper and core losses to increase efficiency to
91 %. The trade-off is slightly larger transformer size.
Value shifts in C1, L2 and the base drive resistor reflect
different transformer characteristics. This circuit also features shutdown via 03 and aDC or pulse width controlled
dimming input. Appendix F, "Intensity Control and Shutdown Methods," details operation of these features.
Figure 9, directly derived from Figure 8, produces 10mA
output to drive color LCD's at 92% efficiency. The slight
efficiency improvement comes from areduction in LT1172
"housekeeping" current as a percentage of total current

SHUTDOWN
DIMMING INPUT
C1 =WIMA MKp-20
(SEE TEXT)
L1 = COILTRONICS CTX150-4
a1, Q2 = ZETEX Z1X849 OR ROHM 2SC5001
T1 = COILTRONICS CTX11060IH OR SUMIDA EPS-207
PIN NUMBERS SHOWN FOR COILTRONICS UNIT
" = 1% FILM RESISTOR
DO NOT SUBSTITUTE COMPONENTS
COILTRONICS (305) 781-8900, SUMIDA (708) 956-0666

Figure 9. A 92% Efficient CCFL Supply lor 10mA Loads
Features Shutdown and Dimming Inputs. Two Lamps are
Typical of Color Displays

drain. Value changes in components are the result of
higher power operation. The most significant change
involves driving two lamps. Accommodating two lamps
involves separate ballast capacitors but circuit operation is
similar. Two lamp designs reflect slightly different loading
back through the transformer's primary. C2 usually ends
up in the 1OpF to 47pF range. Note that C2A and Bappear
with their lamp loads in parallel across the transformer's
secondary. As such, C2's value is often smaller than in a
single lamp circuit using the same type lamp. Ideally the
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transformer's secondary currentsplits evenly between the
C2-lamp branches, with the total load current being regulated. In practice, differences between C2A and Band
differences in lamps and lamp wiring layout preclude a
perfect current split. Practically, these differences are
small, and the lamps appear to emit equal amounts of light.
Layout and lamp matching can influence C2's value. Some
techniques for dealing with these issues appear in the text
section, "Layout Issues."

Another consideration involves observing waveforms. The
LT1172's switching frequency is completely asynchronous from the 01-02 Royer converter's switching. As
such, most oscilloscopes cannot simultaneously trigger
and display all the circuit's waveforms. Figure 7 was
obtained using adual beam oscilloscope (Tektronix 556).
LT1172 related Traces Aand Bare triggered on one beam,
while the remaining traces are triggered on the other
beam. Single beam instruments with alternate sweep and
trigger switching (e.g., Tektronix 547) can also be used,
but are less versatile and restricted to four traces.

lower efficiency than might otherwise be possible. In
practice, a "first cut" efficiency optimization with "best
guess" lead lengths and the intended lamp in its display
housing usually produces results within 5% ofthe achievable figure. Final values for C1 and C2 may be established
when the physical layout to be used in production has been
decided on. C1 sets the circuit's resonance pOint, which
varies to some extent with the lamp's characteristic. C2
ballasts the lamp, effectively buffering its negative resistance characteristic. Small values of C2 provide the most
load isolation, but require relatively large transformer
output voltage for loop closure. Large C2 values minimize
transformer output voltage, but degrade load buffering.
Also, C1 's "best" value is somewhat dependent on the
lamp type used. Both C1 and C2 must be selected forgiven
lamp types. Some interaction occurs, but generalized
guidelines are possible. Typical values for C1 are 0.01 J.lF
to 0.15J.lF. C2 usually ends up in the 1OpF to 47pF range.
C1 must be a low loss capacitor and substitution of the
recommended devices is not recommended. Apoor quality dielectric for C1 can easily degrade efficiency by 10%.
Before capacitor selection the 01-02 base drive resistor
should be set to a value which insures saturation, e.g.,
470Q. Next, C1 and C2 are selected by trying different
values for each and iterating towards best efficiency.
During this procedure insure that loop closure is maintained by monitoring the LT1172's feedback pin, which
should be at 1.23V. Several trials usually produce the
optimum C1 and C2 values. Note that the highest efficiencies are not necessarily associated with the most esthetically pleasing waveshapes, particularly at 01, 02 and
the output. Finally, the base drive resistor's value should
be optimized.

Obtaining and verifying high efficiency7 requires some
amount of diligence. The optimum efficiency values given
for C1 and C2 are typical, and will vary for specific types of
lamps. An important realization is that the term "lamp"
includes the total load seen by the transformer's secondary. This load, reflected back to the primary, sets transformer input impedance. The transformer's input impedance forms an integral part of the LC tank that produces the
high voltage drive. Because of this, circuit efficiency must
be optimized with the wiring, display housing and physical
layout arranged exactly the same way they will be built in
production. Deviations from this procedure will result in

Nole 6: Don't say we didn't warn you!
Nole 7: The term "efficiency' as used here applies to electrical efficiency.
In fact, the ultimate concern centers around the efficient conversion of
power supply energy into light. Unfortunately, lamp types show
considerable deviation in their current-to-light conversion efficiency.
Similarly, the emitted light for a given current varies over the life
and history of any particular lamp. As such, this publication treats
"efficiency" on an electrical basis; the ratio of power removed from the
primary supply to the power delivered to the lamp. When a lamp has been
selected the ratio of primary supply power to lamp emitted light energy
may be measured with the aid of a photometer. This is covered in
Appendix D, "Photometric Measurement." See also Appendix K,
"Perspectives on Efficiency."

General Measurement and Optimization
Considerations
Several pOints should be kept in mind when observing
operation of these circuits. L1's high voltage secondary
can only be monitored with awideband, high voltage probe
fully specified for this type of measurement. The vast
majority of oscilloscope probes will break down and fail if
used for this measurement. 6 Tektronix probe types P6007 and P-6009 (acceptable in some cases) or types
P6013A and P6015 (preferred) probes must be used to
read L1's output.
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The base drive resistor's value (nominally 1kn) should be
selected to provide full VCE saturation without inducing
base overdrive or beta starvation. This point may be
established for any lamp type by determining the peak
collector current at full lamp power.

from the high voltage secondary to the primary. Another
technique for minimizing leakage isto evaluate and specify
the silk screen ink for its ability to withstand high voltages.

The base resistor should be set at the largest value that
ensures saturation for worst case transistor beta. This
condition may be verified by varying the base drive resistor about the ideal value and noting small variations in
input supply current. The minimum obtainable current
corresponds to the best beta vs saturation trade-off. In
practice, supply current rises slightly on either side ofthis
point. This "double value" behavior is due to efficiency
degradation being caused by either excessive base drive
or saturation losses.

Once these procedures have been followed efficiency can
be measured. Efficiency may be measured by determining
lamp current and voltage. Measuring current involves
measuring RMS voltage across a temporarily inserted
200n, 0.1 % resistor in the ground lead of the negative
current steering diode. The lamp current is: ILAMP =
ERMS/200n x 2. The x 2 factor is necessitated because
the diode steering dumps the current to ground on negative cycles. The 200n value allows the RMS meter to read
with a scale factor numerically identical to the total current. Once this measurement is complete the 200n resistor may be deleted and the negative current steering diode
again returned directly to ground. Lamp RMS voltage is
measured at the lamp with a properly compensated high
voltage probe. Multiplying these two results gives power
in watts, which may be compared to the DC input supply( s)
Ex I product(s).ln practice, the lamp'scurrentand voltage
contain small out of phase components but their error
contribution is negligible.

Other issues influencing efficiency include lamp wire
length and energy leakage from the lamp. The high voltage
side of the lamp should have the smallest practical lead
length. Excessive length results in radiative losses which
can easily reach 3% for a 3 inch wire. Similarly, no metal
should contact or be in close proximity to the lamp. This
prevents energy leakage which can exceed 10%.8
It is worth noting that a custom designed lamp affords the
best possible results. A jOintly tailored lamp-circuit combination permits precise optimization of circuit operation,
yielding highest efficiency.
These considerations should be made with knowledge
of other LCD issues. See Appendix B, "Mechanical
Design Considerations for Liquid Crystal Displays." This
section was guest written by Charles L. Guthrie of Sharp
Electronics Corporation.
Special attention should be given tothe layout of the circuit
board since high voltage is generated at the output. The
output coupling capacitor must be carefully located to
minimize leakage paths on the circuit board. A slot in the
board will further minimize leakage. Such leakage can
permit current flow outside the feedback loop, wasting
power. In the worst case, long term contamination buildup can increase leakage inside the loop, resulting in
starved lamp drive or destructive arcing. It is good practice
for minimization of leakage to break the silk screen line
which outlines transformer T1. This prevents leakage

Efficiency Measurement

Both the current and voltage measurements require a
wideband True RMS voltmeter. The meter must employ a
thermal type RMS converter-the more common logarithmic computing type based instruments are inappropriate because their bandwidth is too low.
The previously recommended high voltage probes are
designed to see a 1Mn-1 OpF-22pF oscilloscope input.
The RMS voltmeters have a 10Mn input. This difference
necessitates an impedance matching network between
the probe and the voltmeter. Details on this and other
efficiency measurement issues appear in Appendix C,
"Achieving Meaningful Efficiency Measurements."
Note 8: A very simple experiment quite nicely demonstrates the effects of
energy leakage. Grasping the lamp at its low voltage end (lOW field
intensity) with thumb and forefinger produces almost no change in circuit
input current. Sliding the thumb-forefinger combination towards the high
voltage (higher field intensity) lamp end produces progressively greater
input currents. Don't touch the high voltage lead or you may receive an
electrical shock. Repeat: Do not touch the high voltage lead or you may
receive an electrical shock.
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Figure 11. Low Power CCFL Power Supply. Circuit Controls Lamp
Current Over a 1j.LA to 1mA Range

COILTRONICS (305) 781-8900. SUMIDA (708) 956-0666

Figure 10. A4mA Design Intended for Low Voltage Operation.
L1's Modified Turns Ratio Allows Operation Down to 3.6V

Low Power CCFL Supplies
Many applications require relatively low power CCFL backlighting. Figure 10's variation, optimized for low voltage
inputs, produces 4mA output. Circuit operation is similar
to the previous examples. The fundamental difference is
L1's higher turns ratio, which accommodates the reduced
available drive voltage. The circuit values given are typical,
although some variation occurs with various lamps
and layouts.
Figure 11 's design, the so-called "dim backlight," is optimized for single lamp operation at very low currents. The
circuit is meant for use at low input voltages, typically 2V
to 6V with a 1rnA maximum lamp current. This circuit
maintains control down to lamp currents of 1~, a very
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dim light! It is intended for applications where the longest
possible battery life is desired. Primary supply drain
ranges from hundreds of microamperes to 100mA with
lamp currents of microamps to 1rnA. In shutdown the
circuit pulls only 1OO~. Maintaining high efficiency at low
lamp currents requires modifying the basic design.
Achieving high efficiency at low operating current requires
lowering quiescent power drain. To do this the LT1172, a
pulse width modulator based device, is replaced with an
LT1173. The LT1173 is aBurst Mode™operation regulator. When this device's feedback pin is too low it delivers
a burst of output current pulses, putting energy into the
transformer and restoring the feedback point. The regulator maintains control by appropriately modulating the
burst duty cycle. The ground referred diode atthe Vsw pin
prevents substrate turn-on due to excessive L2 ring-off.
Burst Mode is a trademark of Linear Technology Corporation.

Application Note 55
LCD Bias Supplies
LCDs also require a bias supply for contrast control. The
supply's variable output permits adjustment of display
contrast. Relatively little power is involved, easing RF
radiation and efficiency requirements. The logic sections
of display drivers operate from single 5V supplies, but the
actual driver outputs swing between +5V and a negative
bias potential. Varying this bias causes the display contrast to vary.

A= 5VIDIV

B= 5v/01V

HORIZ = 501'Si0lV

Figure 12. Waveforms for the Low Power CCFL Power Supply.
LT1173 Burst Type Regulator (Trace A) Periodically Excites the
Resonant High Voltage Converter (01 Collector is Trace B)

During the off periods the regulator is essentially shut
down. This type of operation limits available output power,
but cuts quiescent current losses. In contrast, the other
circuit's LT1172 pulse width modulator type regulator
maintains "housekeeping" current between cycles. This
results in more available output power but higher quiescent currents.
Figure 12 shows operating waveforms. When the regulator comes on (Trace A, Figure 12) it delivers bursts of
output current to the L1-01-02 high voltage converter.
The converter responds with bursts of ringing at its
resonant frequency.9 The circuit's loop operation is
similar to the previous designs except that L1's drive
waveform varies with supply. Because of this, line regulation suffers and the circuit is not recommended for wide
ranging inputs.
Some lamps may display non-uniform light emission at
very low excitation currents. See the text section, "Extending Illumination Range."

An LCD bias generator, developed by Steve Pietkiewicz of
LTC, is shown in Figure 13. In this circuit U1 is an LT1173
micropower DC to DC converter. The 3Vinput is converted
to +24V by U1 's switch, L2, D1, and C1. The switch pin
(SW1) also drives a charge pump composed of C2, C3,
D2, and 03 to generate -24V. Line regulation is less than
0.2% from 3.3V to 2V inputs. Load regulation, although
suffering somewhat since the -24V output is not directly
regulated, measures 2% from a 1rnA to 7mA load. The
circuit will deliver 7mA from a2V input at 75% efficiency.
If greater output power is required, Figure 13's circuit can
be driven from a +5V source. R1 should be changed to
47n and C3 to 47JlF. With a5Vinput, 40mA is available at
75% efficiency. Shutdown is accomplished by bringing
D4's anode to a logic high, forCing the feedback pin of U1
to go above the internal 1.25V reference voltage.
L1"
100~H

U1
LT1173
GNO

01
1N5818

OUTPUT
+12VTO+24V

..

FB I--<_---+-~SW2

1...-..---.---1

C1
O.1~F
R3
100k

3V

Note 9: The discontinuous energy delivery to the loop causes substantial
jitter in the burst repetition rate, although the high voltage section
maintains resonance. Unfortunately, circuit operation is in the "chop"
mode region of most oscilloscopes, precluding a detailed display.
"Alternate" mode operation causes waveform phasing errors, prodUCing
an inaccurate display. As such, waveform observation requires special
techniques. Figure 12 was taken with a dual beam instrument (Tektronix
556) with both beams slaved to one time base. Single sweep triggering
eliminated jitter artifacts. Most OSCilloscopes, whether analog or digital,
will have trouble reproducing this display.

-=- CELL
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I

OPERATE SH UTDOWN
• TOKO 262LYF·0092K

Figure 13. DC to DC Converter Generates LCD Bias
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Shutdown current is 110pA from the input source and
36pA from the shutdown signal. .
Figure 14 is a transformer based a~proach to generating
LCD bias. The LT1172 drives L1, producing negative
flyback events at pin 4. 01 rectifies these events, producing a negative. DC output. The R1-R2-R3 string sets
feedback at 01 's emitter. 01, acting as a reference amplifier, biases the LT1172, closing acontrolloop.C1provides
frequency compensation, stabilizing the loop. In this case,
apulse width modulated signal biases the feedbackstring,
setting operating pOint and contrast. AOV to 5V DC Signal
could also be used. The use of 01 's VBE as a reference
introduces a-O.3%/oC temperature coefficient, butthis is
not deleterious to system operation. Maximum output
current is 50mA and efficiency measures about 82%.
Dual Output LCD Bias Voltage Generator
The many different kinds of LCD displays available make
programming LCD bias voltage atthe time of manufacture
attractive. Figure 15's circuit, developed by Jon Dutra of

Figure 14. A Transformer Based LCD Contrast Supply. 01
Level Shills the Feedback Signal and Functions as a
Reference Amplifier
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Figure 15. Dual Output LCD Bias Voltage Generator
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LTC, is an AC coupled boosttopology. The feedback signal
is derived separately from the outputs, so loading does
not affect loop compensation, although load regulation is
somewhat compromised. With 28V out, from 10% to
100% load (4mA to 40mA), the output voltage sags about
0.65V. From 1mA to 40mA load the output voltage drops
about 1.4V. This is acceptable for most displays.

The circuit may be shut down in several ways. The easiest
is to pull the set pin above 1.25V. This approach consumes
200~ in shutdown. A lower power method is to turn off
VIN to the LT11 07 by a high side switch or simply disable
the input supply (see option in schematic). This drops
Quiescent current from the VSATI input below 10~. In
both cases VOUT drops to zero volts. In the event +VOUT
does not need to drop to zero, C1 and 01 can be eliminated.
The output voltage can be adjusted from any voltage above
VSATI to 46V. Output voltage can be controlled by the user
with OAC, PWM or potentiometer control. Summing currents into the feedback node allows downward adjustment
of output voltage.

Output noise is reduced by using the auxiliary gain block
within the LT1107 (see LT11 07 data sheet) inthefeedback
path. This added gain effectively reduces comparator
hysteresis and tends to randomize output noise. Output
noise is below 30mV over the output load range. Output
power increases with VSATI, from about 1.4W with 5V in
to about 2W with 8V or more. Efficiency is 80% over a
broad output power range. If only a positive or negative
output voltage is required, the diodes and capacitors
associated with the unused output can be eliminated. The
100kn resistor is required on each output to load a
parasitic voltage doubler created by 02-04 shunt capacitance. Without this minimum load, the output voltage can
rise to unacceptable levels.

Layout
The physical layout of the lamp, its leads, the display
housing and other high voltage components is an integral
part of the circuit. Poor layout can easily degrade
efficiency by 25%, and higher layout induced losses have
been observed. Producing an optimal layout. requires
attention to how losses occur. Figure 16 begins our study
by examining potential parasitic paths between the
transformer's output and the lamp. Parasitic capacitance
to AC ground from any point between the transformer
output and the lamp creates a path for undesired current
flow. Similarly, stray coupling from any point along the
lamp's length to AC ground induces parasitic currentflow.
All parasitic current flow is wasted, causing the circuit to
produce more energy to maintain the desired current flow

The voltage at the switch pin (SW1) swings from OV to
VOUT plus 2 diode drops. This voltage is AC coupled to the
positive output through C1 and 01, and to the negative
output through C3 and 03. C1 and C3 have the full RMS
output current flowing through them. Most tantalum capacitors are not rated for current flow. Use of a rated
tantalum or electrolytic is recommended for reliability. At
lower output currents monolithic ceramics are also an
option.
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in 01 and 02. The high voltage path from the transformer
to the display housing should be as short as possible to
minimize losses. A good rule of thumb is to assume 1%
efficiency loss per inCh of high voltage lead. Any PC board
ground or power planes should be relieved by at least 1/4'
in the high voltage area. This not only prevents losses, but
eliminates arcing paths.

have addressed this issue by relieving the metal in the
lamp area with other materials.
The highest efficiency "in system" backlights have been
produced by careful attention to these issues. In some
cases the entire display enclosure was re-engineered for
lowest losses.
Layout Considerations for TWI} Lamp Designs

Parasitic losses associated with lamp placement within
the display housing require attention. High voltage wire
length within the housing must be minimized, particul~rly
for displays using metal construction. Insure that the high
voltage is applied to the shortest wire(s) in the display.
This may require disassembling the display to verify wire
length and layout. Another loss source is the reflective foil
commonly used around lamps to direct light into the
actual LCD. Some foil materials absorb considerably more
field energy than others, creating loss. Finally, displays
supplied in metal enclosures tend to be lossy. The met~1
absorbs significant energy and an AC path to ground IS
unavoidable. Direct grounding of ametal enclosed display
further increases losses. Some display manufacturers

Systems using two lamps have some unique layout problems. Almost all two lamp displays are color units. The
lower light transmission characteristics of color displays
necessitates more light. As such, display manufacturers
use two lamps to produce more light. The wiring layout of
these two lamp color displays affects efficiency and illumination balance in the lamps. Figure 17 shows an "x-ray"
view of a typical display. This symmetrical arrangement
presents equal parasitic losses. If C1 and C2 ~nd the lamps
are matched, the circuit's current output splits evenly and
equal illumination occurs.
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Figure 18. Asymetric losses in a Dual lamp Display. Skewing C1 and C2 Values Compensates Imbalanced loss Paths
but Not Wasted Energy
,

Figure 18's display arrangement is less friendly. The
asymmetrical wiring forces unequal losses, and the lamps
receive imbalanced current. Even with identical lamps,
illumination may not be balanced. This condition is correctable by skewing C1 and C2's values. C1, because it
drives greater parasitic capacitance, should be larger
than C2. This tends to equalize the currents, promoting
equal lamp drive. It is important to realize that this
compensation does nothing to recapture the lost energy-efficiency is still compromised. There is no substitute for minimizing loss paths.
In general, imbalanced illumination causes fewer problems than might be supposed. The effect is very difficult
for the eye to detect at high intensity levels. Unequal
illumination is much more noticeable at lower levels. In the
worst case the dimmer lamp may only partially illuminate.
This phenomenon, sometimes called "Thermometering,"
is discussed in detail in the text section "Extending illumination Range."

Feedback Loop Stability Issues
The circuits shown to this point rely on closed loop
feedback to maintain the operating point. All linear closed
loop systems require some form of frequency compensation to achieve dynamic stability. Circuits operating with
relatively low power lamps may be frequency compensated by simply overdamping the loop. Text Figures 6, 8
and 10 use this approach. The higher power operation
associated with color displays requires more attention
to loop response. The transformer produces much
higher output voltages, particularly at start-up. Poor loop
damping can allow transformer voltage ratings to be
exceeded, causing arcing and failure. As such, higher
power designs may require optimization of transient response characteristics.
Figure 19 shows the significant contributors to loop transmission in these circuits. The resonant Royer converter
delivers information at about 50kHz to the lamp. This
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Figure 19. Delay Terms in the Feedback Path. The ftC Time
Constant Dominates Loop Transmission Delay and must be
Compensated for Stable Operation

information is smoothed by the RC averaging time constant and delivered to the LT1172's feedback terminal as
DC. The LT1172 controls the Royer converter at a100kHz
rate, cloSing the control loop. The capacitor at the LT1172
rolls off gain, nominally stabilizing the loop. This compensation capacitor must roll off the gain bandwidth at a low
enough value to prevent the various loop delays from
causing oscillation.
Which of these delays is the most significant? From a
stability viewpoint the tT1172's output repetition rate and
the Royer'S oscillation frequency are sampled data
systems. Their information delivery rate is far above the
RC averaging time constants delay and is not significant.
The RC time constant is the major contributor to loop
delay. This time constant must be large enough to turn the
half wave rectified waveform into DC. It also must be large
enough to average any intensity control PWM signal to DC.
Typically, these PINM intensity control signals come in at
a 1kHz rate (see Appendix F, "Intensity ContrOl and Shutdown Methods"). The RC's resultant delay dominates loop
transmission. It must be compensated by the capacitor at
the U1172. A lar.geenough value for this capacitor Jolls
off loop gain at low enough frequency to provide stability.
The loop simply does not have enough gain to oscillate at
a frequency commensurate with the RC delay.10
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This form of compensation is simple and effective. It
ensures stability over a wide range of operating conditions. It does, however, have poorly damped response at
system turn-on. At turn-on the RC lag delays feedback,
allowing output excursions well above the normal operating pOint. When the RC acquires the feedback value the
loop stabilizes properly. This turn-on overshoot is not a
concern if it is. well within transformer breakdown ratings.
Color displays, running at higher power, usually require
large initial voltages. If loop damping is poor, the overshoot may be dangerously high. Figure 20 shows such a
loop responding to turn-on. In this case the RC values are
10k and 4.7!iF, with a2!iF compensation capacitor. Turnon overshoot exceeds 3500V for over 10ms! Ring-off
takes over 100ms before settling occurs. Additionally, an
inadequate (too small) ballast capacitor and excessively
lossy layout force a 2000V output once loop settling
. occurs. This photo was taken with atransformer rated well
below this figure. The resultant arcing caused transformer
destruction, resulting in field failures. Atypical destroyed
transformer appears in Figure 21.
Figure 22 shows the same circuit, with the RC values
reduced to 10k and 1!iF. The ballast capacitor and layout
have also been optimized. Figure 22 shows peak voltage
Nole 10: The high priests of feedback refer to this as "Dominant Pole
Compensation." The rest of us are reduced to more pedestrian
descriptives.

A =1000VlDlV

HORZ = 20msJDIV

AN5S'TA20

Figure .20. Destructive tUgh Voltage Overshoot and Ring-Oil Due
to Poor Loop Compensation. Transformer Failure and Field
Recall are Nearly Certain. Job Loss may also Occur
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A =1000VlDlV

Figure 21. Poor Loop Compensation Caused this Transformer
Failure. Arc Occured in High Voltage Secondary (Lower Right).
Resultant Shorted Turns Caused Overheating

Figure 22. Reducing RC Time Constant Improves Transient
Response, although Peaking, Ring-Off and Run Voltage
are Still Excessive

A =2000VlDIV

A= 1000VlDIV
B=O.5V/DIV
C=lViDIV
HORIZ = 10mslDIV
HORIZ =2mslDIV

Figure 23. Additional Optimization of RC Time Constant and
Compensation Capacitor Reduces Turn-On Transient. Run
Voltage is Large, Indicating Possible Lossy Layout and Display

Figure 24. Waveforms for a Lower Loss Layout and Display.
High Voltage Overshoot (Trace A) is Reflected at Compensation
Node (Trace B) and Feedback Pin (Trace C)

reduced to 2.2kV with duration down to about 2ms (note
horizontal scale change). Ring-off is also much quicker,
with lower amplitude excursion. Increased ballast capacitor value and wiring layout optimization reduce running
voltage to 1300V. Figure 23's results are even better.
Changing the compensation capacitor to a 3kn-21lF network introduces aleading response into the loop, allowing
faster acquisition. Now, turn-on excursion is slightly lower,
but greatly reduced in duration (again, note horizontal
scale change). The running voltage remains the same.

guarantees field failures, while Figures 22 and 23 do not
overstress the transformer. Even with the improvements,
more margin is possible if display losses can be controlled. Figures 20-23 were taken with an exceptionally
lossy display. The metal enclosure was very close to the
metallic foil wrapped lamps, causing large losses with
subsequent high turn-on and running voltages. If the
display is selected for lower losses, performance can be
greatly improved.

The photos show that changes in compensation, ballast
value and layout result in dramatic reductions in overshoot
amplitude and duration. Figure 20's performance almost

Figure 24 shows a low loss display responding to turn-on
with a 21lF compensation capacitor and 10k-11lF RC
values. Trace Ais the transformer's output while Traces B
and Care the LT1172's VCompensation and feedback pins,
respectively. The output overshoots and rings badly,
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A= 2000VlDlV

B= O.5VIDIV
C= 1VIDIV

The lesson from this exercise is clear. The higher voltages
involved in color displays mandate attention to transformer outputs. Under running conditions layout and
display losses can cause higher loop compliance voltages,
degrading efficiency and stressing the transformer. At
turn-on improper compensation causes huge overshoots,
resulting in possible transformer destruction. Isn't a day
of loop and layout optimization worth a field recall?

Extending Illumination Range
Figure 25. Reducing RC Time Constant Produces Quick,
Clean Loop Behavior. Low Loss Layout and Display Result in
650VRMS Running Voltage

A =2000VlOIV

B= O.5V10IV
C=1V10IV

Figure 26. Very Low RC Value Provides Even Faster
Response, but Ripple at Feedback Pin (Trace C) is too High.
Figure 25 is the Best Compromise

peaking to about 3000V. This activity is reflected by
overshoots at the VCompensation pin (the LT1172's error
amplifier output) and the feedback pin. In Figure 25 the RC
isreduced to 1OkQ-O.1 ~F. This substantially reduces loop
delay. Overshoot goes down to only 800V-a reduction of
almost afactor of four. Duration is also much shorter. The
VCompensation and feedback pins reflectthis tighter control.
Damping is much better, with slight overshoot induced at
turn-on. Further reduction ofthe RC to 1Ok-O.01 ~F (Figure
26) results in even faster loop capture, but a new problem
appears. In Trace A lamp turn on is so fast the overshoot
does not register in the photo. The VCompensation (Trace 8)
and feedback nodes (Trace C) reflect this with exceptionally fast response. Unfortunately, the RC's light filtering
causes ripple to appear when the feedback node settles. As
such, Figure 25's RC values are probably more realistic for
this situation.
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Lamps operating at relatively low currents may display the
"thermometer effect," that is, light intensity may be nonuniformly distributed along lamp length. Figure 27 shows
that although lamp current density is uniform, the associated field is imbalanced. The field's low intensity, combined with its imbalance, means that there is not enough
energy to maintain uniform phosphor glow beyond some
point. Lamps displaying the thermometer effect emit most
of their light near the positive electrode, with rapid emission fall-off as distance from the electrode increases.
Placing aconductor along the lamp's length largelyalleviates "thermometering." The trade-off is decreased
efficiency due to energy leakage (see footnote 8 and
associated text). It is worth noting that various lamp
types have different degrees of susceptibility to the thermometer effect.
Some displays require extended illumination range.
"Thermometering" usually limits the lowest practical illumination level. One acceptable way to minimize
"thermometering" is to eliminate the large field imbalance.
Figure 28's circuit does this. This circuit's most significant

FIELD STRENGTH INCREASES /
WITH INCREASING DISTANCE
FROM GROUNDED END OF LAMP
HIGH
VOLTAGE - -

. ESSENTIALLY
GROUNDED
\

11

-1 H

LAMP
'---'----:;:;:::::---TO---f-

moo",
AN55oTA27

I!
":'-=

Figure 27. Field Strength vs Distance for a Ground Referred
Lamp. Field Imbalance Promotes Uneven illumination at Low
Drive Levels
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Figure 28. The "Low Thermometer" Configuration. "Topside Sensed" Primary Derived Feedback Balances Lamp Drive,
Extending Dimming Range

aspect is that the lamp is fully floating-there is no
galvanic connection to ground as in the previous designs.
This allows T1 to deliver symmetric, differential drive to
the lamp. Such balanced drive eliminates field imbalance,
reducing thermometering at low lamp currents. This approach precludes any feedback connection to the now
floating output. Maintaining closed loop control necessitates deriving afeedback Signal from some other point. In
theory, lamp current proportions to T1's or L1's drive
level, and some form of senSing this can be used to
provide feedback. In practice, parasitics make a practical
implementation difficult. 11
Figure 28 derives the feedback signal by measuring Royer
converter current and feeding this information back to the
LT1172. The Royer's drive requirement closely proportions to lamp current under all conditions. A1 senses this
current across the 0.30 shunt and biases Q3, closing a

local feedback loop. Q3's drain voltage presents an amplified, single ended version of the shunt voltage to the
feedback point, closing the main loop. The lamp current is
not as tightly controlled as before, but 0.5% regulation
over wide supply ranges is possible. The dimming in this
circuit is controlled by a1kHz PWM signal. Note the heavy
filtering (33k-1 ~F) outside the feedback loop. This allows
a fast time constant, minimizing turn-on overshoot. 12
In all other respects operation is similar to the previous
circuits. This circuit typically permits the lamp to operate
over a40:1 intensity range without "thermometering." The
normal feedback connection is usually limited to a 10:1
range.
Nole 11: See Appendix J, "A Lot of Cut-Off Ears and No Van GoghsSome Not-Sa-Great Ideas," for details.
Nole 12: See text section, "Feedback Loop Stability Issues."
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The losses introduced by the current shunt and A1 degrade overall efficiency by about 2%. As such, circuit
efficiency is limited to about 90%. Most of the loss can be
recovered at moderate cost in complexity. Figure 29's
modifications reduce shunt and A1 losses. A1, aprecision
micropower type, cuts power drain and permits asmaller
shunt value without performance degradation. Unfortunately, A1 does not function when its inputs reside at the
V+ rail. Because the circuit's operation requires this, some
accommodation must be made.13

LT1172 to drive the Royer stage. The Royer's operation
causes 01 's collector swing to exceed the supply rail.
This turns on the 1N4148, the BAT-85 goes off and A1's
supply pin rises above the supply rail. This "bootstrapping"
action results in A1 's inputs being biased within the
amplifier's common mode range and normal circuit
operation commences.

At circuit start-up A1 's input is pulled to its supply pin
potential (actually, slightly above it). Under these conditions A1's input stage is shut off. Normally, A1's output
state would be indeterminate but, for the amplifier speCified, it will always be high. This turns off 03, permitting the

Synchronizing

Nole 13: In other words, we need a hack.

The result of all this is a 1.6% efficiency gain, permitting
an overall circuit efficiency of just below 92%.

In some situations it is desirable to synchronize circuit
operation to a system clock. In particular, pen based
computers may be espeCially sensitive to asynchronous
components. The LT1172 can be synchronized by briefly
pulling its Vc pin to ground (see LT1172 data sheet).
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Figure 29_ The "Low Thermometer" Circuit using a Mlcropower, Precision Topside SenSing Amplifier. Supply Bootstrapping
Eliminates Input Common Mode Requirement, Permitting a 1.6% Efficiency Gain
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TO 01-02 EMITTERS
AND ROYER CONVERTER

and supply ranges. Typically, 2.5:1 ranges of supply and
10:1 dimming range are practical. Efficiency is typically
degraded by about 5% at full power. This approach to full
synchronization is simple, but interactions are complex
and require careful evaluation for any specific application.
Figure 31 shows LT1172 Vsw pin, 01-02 emitter and
Royer collector waveforms (Traces A, B, Cand Drespectively) for a synchronized circuit.

L2, 50I1H
COILTRONICS CTX50-4
LOW VALUE
SYNCHRONIZES ROYER
SEE TEXT

1N5818
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2k

3k
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5VHIGH

211FT
':-

AN55'TA29

Figure 30. Synchronizing by Lowering L2's Value

Figure 32 uses a different approach to achieve fully synchronized operation. Here, 01 and 02 are driven from L3.
L3's drive, in turn, comes from aflip-flop which is clocked
from the LT1172's Vsw pin. L3 provides a level shift,
allowing drive to the floating 01-02 pair. The flip-flop's
differential drive prevents DC biasing of L3. D1 and D2
permit L3's output current to alternately bias 01 and 02
without VBE reverse bias occurring. Figure 33 shows
operating waveforms. Trace Ais the LT1172 Vsw pin while
traces Band Care the flip-flop outputs. Traces Dand Eare
the 01-02 bases and Traces Fand Gtheir collectors. This
scheme works reasonably well, although phase jitter and
TO TRANSFORMER L1

A= 20V/DIV
D2
1N4148

B= 10v/DIV

C= 20v/DIV

D = 20v/DIV

-+___...._+V

L...-_ _ _

HORIZ = 5IJS/OIV

Vsw

Figure 31. Waveforms for Synchronized Operation
LT1172

Figure 30 shows a way to do this via 01 and associated
components. If Royer synchronization is also required,
reducing L2's value can do this under some conditions.
L2's low value introduces greater LT1172 harmonic, causing the Royer to lock at 1/2 the LT1172's switching
frequency. This can only occur if the free running Royer
frequency is close to this value. Pulling the Royer away
from its resonant frequency causes some efficiency loss.
A further limitation is that, although synchronization is
never lost, phase jitter increases over extended dimming

Vc

3k
r-l
I--'\I\~:.......J
L
SYNC PULSE
250nsWIDE
5VHIGH
AN55'TA31

Figure 32. Synchronizing by Driving the DC to AC Converter

AN55-19

Application Note 55
efficiency restrictions (similar to those previously described) apply.
Figure 34's approach eliminates phase jitter. This prototype circuit replaces the Royer configuration with a flipflop driven pair, 01-02. The flip-flop is driven from an
external clock. This clock also sets the frequency of the
step-down regulator feeding the L1 based high voltage

converter. The step-down regulator supplies a DC potential to L2. L2's "output" end sources current to the L1
based converter. C1, C2, L1 and the lamp form a tank
circuit which, nominally, resonates at the clock regulated
frequency. L1's high voltage output puts current through
the lamp. Feedback from the lamp, similar to the previous
circuit's, closes acontrol loop at the step-down regulator.
The O.221lF capacitor stabilizes this loop.

A=20VIDIV
B= 20V/DIV
C= 20VlDIV
0= 20VIDIV
E= 20VIDIV
F=20V/DIV

G= 20VIDIV

Figure 33. Waveforms for the Driven DC to AC Converter
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Figure 34. An Inherently Synchronous CCFL Circuit Eliminates Phase Jitter. Trade-Oils Include Increased Complexity and Lower
Efficiency over Lamp Operating Range
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Figure 35. The Fully Synchronized CCFL Circuit's Wavaforms,
Taken During On-Resonance Operation

Figure 36. Efficiency vs lamp Current for the Synchronous
Circuit. Off-Resonance Operation Causes Efficiency Fall-Off
away from Indicated Lamp Currents

Figure 35 shows circuit waveforms. Trace A is the clock,
while Trace Bis the step-down regulator's switch output.
Traces Cand Dare flip-flop 0 and IT outputs, respectively.
Trace Eis the L2-L1junction and Traces Fand Gare the 01
and 02 collectors, respectively. Trace H is L1's high
voltage output. The waveforms show that the synchronous drive to the resonant high voltage converter
produces a clean sine wave output. The driven, fully
synchronous operation eliminates phase jitter under all
conditions. This circuit has the same excellent power
supply rejection and regulation characteristics of the Royer
based approach.

circuit's fixed frequency drive means that on-resonance
operation only occurs at one lamp current. In practice, C1
and C2 set the "true" resonant operating point at any
desired current. Efficiency falls off at other currents because the high voltage converter is forced to run offresonance.

Apotential drawback to this approach is that the resonant
frequency of the high voltage converter changes with lamp
operating current. The Royer based circuits inherently
change frequency in response to this, maintaining onresonance operation. This contributes to high efficiency
operation over a broad range of lamp currents. This

Figure 36's plot shows the effects of this on efficiency.
Curve A results with the circuit optimized at 3mA lamp
current (1/2 power), while Curve B represents optimization at 6mA (full power). In both cases, efficiency suffers
at currents away from these points. Curve Cshows aRoyer
based circuit's performance for comparison.
The circuit is also sensitive to C1 and C2 tolerances. A10%
total tolerance deviation can cause 4% efficiency degradation at the nominally optimized current.
Note: This application note was derived from amanuscript
originally prepared for publication in EDN Magazine.
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APPENDIX A
"HOT" CATHODE FLUORESCENT LAMPS

Many CCFL characteristics are shared by so-called "Hot"
Cathode Fluorescent Lamps (HCFLs). The most significant difference is that HCFLs contain filaments at each end
of the lamp (see Figure A1). When the filaments are
powered they emit electrons, lowering the lamp's ionization potential. This means asignificantly lower voltage will
start the lamp. Typically the filaments are turned on, a
relatively modest voltage impressed across the lamp, and
start-up occurs. Once the lamp starts, filament power is
removed. Although HCFLs reduce the high voltage requirement they require a filament supply and sequencing
circuitry. The CCFL circuits shown in the text will start and
run HCFLs without using the filaments. In practice this
involves simply driving the filament connections at the
HCFL ends as if they were CCFL electrodes.

FILAMENT
SUPPLY

FILAMENT

HeFL

FILAMENT

HIGH
VOLTAGE
SUPPLY
AN550TA33

Figure A1. A Conceptual Hot Cathode Fluorescent Lamp Power
Supply. Heated Filaments Liberate Electrons, Lowering the
Lamp's Start-Up Voltage Requirement. CCFL Supply Discussed
in Text Eliminates Filament Supply

APPENDIX B
MECHANICAL DESIGN CONSIDERATIONS FOR LIQUID CRYSTAL DISPLAYS

Charles L. Guthrie, Sharp Electronics Corporation

Introduction
As more companies begin the manufacturing of their next
generation of computers, there is a need to reduce the
overall size and weight of the units to improve their
portability. This has sparked the need for more compact
designs where the various components are placed in
closer proximity, thus making them more susceptible to
interaction from signal noise and heat dissipation. The
following is asummary of guidelines for the placement of
the display components and suggestions for overcoming
difficult design constraints associated with component
placement.
In notebook computers the thickness of the display housing is important. The design usually requires the display to
be in a pivotal structure so that the display may be folded
down over the keyboard for transportation. Also, the
outline dimensions must be minimal so that the package
will remain as compact as possible. These two constraints
drive the display housing design and placement of the

display components. This discussion surveys each of the
problems facing the designer in detail and offers suggestions for overcoming the difficulties to provide a reliable
assembly.
The problems facing the pen based computer designer are
similar to those realized in notebook designs. In addition,
however, pen based designs require protection for the
face of the display. In pen based applications, as the pen
is moved across the surface ofthe display, the pen has the
potential for scratching the front polarizer. For this reason
the front of the display must be protected. Methods for
protecting the display face while minimizing effects on the
display image are given.
Additionally, the need to specify the flatness of the bezel is
discussed. Suggestions for acceptable construction techniques for sound deSign are included. Further, display
components likely to cause problems due to heat buildup
are identified and methods for minimization of the heat's
effects are presented.
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The ideas expressed here are not the only solutions to the
various problems and have not been assessed as to
whether they may infringe on any patents issued or
appl ied for.

the shock and vibration experienced in a portable computer. Even though the display has been carefully designed, the notebook computer presents extraordinary
shock and abuse problems.

FlatlJess and Rigidity of the Bezel

Avoiding Heat Buildup in the Display

In the notebook computer the bezel has several distinct
functions. It houses the display, the inverter for the backlight, and in some instances, the controls for contrast and
brightness of the display. The bezel is usually designed to
tilt to set the optimum viewing angle for the display.

Several of the display components are sources for heat
problems. Thermal management must be taken into account in the design of the display bezel. A heated display
may be adversely affected; a loss of contrast uniformity
usually results. The Cold Cathode FluorescentTube (CCFT)
itself gives off a small amount of heat relative to the
amount of power dissipated in its glow discharge. Likewise, even though the inverters are designed to be extremely efficient, there is some heat generated. The buildup
of heat in these components will be aggravated by the
typically "tight" designs currently being introduced. There
is little ventilation designed into most display bezels. To
compound the problem, the plastiCS used are poor thermal conductors, thus causing the heat to build up which
may affect the display.

It is important to understand that the bezel must provide
a mechanism to keep the display flat, particularly at the
mounting holds. Subtle changes in flatness place uneven
stress on the glass which can cause variations in contrast
across the display. Slight changes in pressure may cause
significant variation in the display contrast. Also, at the
extreme, significantly uneven pressures can cause the
display glass to fail.
Because the bezel must be functional in maintaining the
flatness ofthe display, consideration must be made forthe
strength of the bezel. Care must be taken to provide
structural members, while minimizing the weight of the
unit. This may be executed using aparallel grid, normal to
the edges of the bezel, or angled about 45° off of the
edges of the bezel. The angled structure may be more
desirable in that it provides resistance to torquing the
unit while lifting the :cover with one hand. Again, the
display is sensitive to stresses from uneven pressure on
the display housing.
Another structure which will provide excellent rigidity, but
adds more weight to the computer, is a "honeycomb"
structure. This "honeycomb" structure resists torquing
from all directions and tends to provide the best protection
for the display.
With each of these structures it is easy to provide mounting assemblies forthe display. "Blind nuts" can be molded
into the housing. The mounting may be done to either
the front or rear of the bezel. Attachment to the rear
may provide better rigidity for placement of the mounting
hardware.
One last caution is worth noting in the development of a
bezel. The bezel should be engineered to absorb most of
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Some current deSigns suffer from poor placement of the
inverter and/or poor thermal management techniques.
These designs can be improved, even where redesign of
the display housing, with improved thermal management,
is impractical.
One of the most common mistakes in current designs is
thatthere has been no consideration forthe buildup of heat
from the CCFT. Typically, the displays for notebook applications have only one CCFT to minimize display power
requirements. The lamp is usually placed along the right
edge of the display. Since the lamp is placed very close to
the display glass, it can cause a temperature rise in the
liquid crystal. It is important to note that variations in
temperature of as little as 5°C can cause an apparent nonuniformity in display contrast. Variations caused by slightly
higher temperature variations will cause objectionable
variations in the contrast and display appearance.
To further aggravate the situation, some designs have the
inverter placed in the bottom of the bezel. This has a
tendency to cause the same variations in contrast, particularly when the housing does not have any heat sinking for
the inverter. This problem manifests itself as a"blooming"
of the display, just above the inverter. This "blooming"
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looks like a washed out area where, in the worst case, the
characters on the display fade completely.
The following section discusses the recommended methods for overcoming these design problems.

Placement of the Display Components

The best solution for the designer of new hardware is to
consider the placement of the inverter to the side of the
di~play and at the top of the bezel. In existing designs of
thiS l¥pe the effects of heat from the inverter, even in tight
housings, has been minimal or non-existent.

of the things that can be done is to design the inverter
Into the base of the computer with the motherboard. In
some applications this is impractical because this requires
the high voltage leads to be mounted within the hinges
connecting the display bezel to the main body. This causes
a problem with strain relief of the high voltage leads, and
thus with UL certification.

One problem which is aggravated by the placement of the
inverter at the bezel is heat dissipated by the CCFT. In
designs where the inverter is placed up and to the side of
the display, fading of the display contrast due to CCFT
heat is not a problem. However, when the inverter is
placed at the bezel bottom, some designs experience a
loss of contrast aggravated by the heat from the CCFT
and inverter.

One mistake, made most often, is placing the inverter at
the bottom of the bezel next to the lower edge of the
display. It is afactthat heat rises, yetthis is one ofthe most
overlooked problems in new notebook designs. Even
though the inverters are very efficient, some energy is lost
in the in~erter in the form of heat. Because ofthe insulating
properties of the plastic materials used in the bezel construction, heat builds up and affects the display contrast.

In cases where the inverter must be left at the bottom, and
the CCFT is causing aloss of contrast, the problem can be
minimized by using an aluminum foil heat sink. This does
not remove the heat from the display, but dissipates it
over the entire display area, thus normalizing the display
contrast. The aluminum foil is easy to install and in
some present designs has successfully improved the
display contrast.

~ne

~esigns

with the inverter at the bottom can be improved
In one of three ways. The inverter can be relocated away
from the display, heat sinking materials can be placed
between the display and the inverter, or ventilation can be
provided to remove the heat.
In mature designs, it may be impractical to do what is
obvious and move the inverter up to the side of the display
towards the top ofthe housing. In these cases, the inverter
may be insulated from the display with a "heat dam." One
method of accomplishing this would be to use a piece of
mica insulator die cutto fittightly between the inverter and
the display. This heat dam would divert the heat around the
end of the display bezel to rise harmlessly to the top of the
housing. Mica is recommended in this application because of it's thermal and electrical insulation properties.
The last suggestion for removing heat is to provide some
ventilation to the inverter area. This has to be done very
carefully to prevent exposing the high voltage. Ventilation
may not be a practical solution because resistance to
liquids and dust is compromised.

Remember that the objection to the contrast variation
stems more from non-uniformity than from a total loss
of contrast.

Protecting the Face of the Display
One of the last considerations in the design of notebook
and pen based computers is protection ofthe display face.
The front polarizer is made of a mylar base and thus is
susceptible to scratching. The front protection for the
display, along with providing scratch protection, may also
provide an anti-glare surface.
There are several ways that scratch resistance and antiglare surfaces can be incorporated. A glass or plastiC
cover may be placed over the display, thus providing
protection. The material should be placed as close to the
display as possible to minimize possible parallax problems due to reflections off of the cover material. With antiglare materials, the further the material is from the front of
the display the greater the distortion.
In pen applications, the front anti-scratch material is best
placed in contact with the front glass of the display. The
cover glass material normally needs to be Slightly thicker
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to prot~ct the display from distortion when pressure i$
being exerted on the front.
T~ere are several methods for making. the pen input
devices. Some uset~e front s~rface- of the cover glass to'

provide input diltaand some use afield effect toa printed
wiringboa.rdon the back of the. display. When the pen
input is on the front of the display, the input device is
usually on a glass surface.

To limit specular reflection in this application, the front
cover glass should be bonded to the display. Care must be
taken to insure that the coefficient of thermal expansion is
matched for all of the materials used in the system.
Because ofthe difficulties encounteredwith the bonding of
the cover glass, and the potential to destroy the display
through improper workmanship, consulting an expert is
strongly recommended.

APPENDIX C
ACHIEVING MEANINGFUL EFFICIENCY MEASUREMENTS
Obtaining reliable efficiency data for the CCFLcircuits
presents a high order difficulty measurement problem.
Establishing and maintaining accurate AC measurements
is a textbook example of attention to measurement technique. Thecombination of highfrequencY,harmonic laden
waveforms and high voltage makes meaningful results
difficult to obtain. The choice, understanding and use of
test instrumentation is crucial. Clear thinking is needed to
avoid unpleasant surprises!1

Probes
The probes employed must faithfully respond over a
variety of conditions. Measuring across the resistor in
series with the CCFL is the most favorable circumstance.
This low voltage, low impedance measurement allows use
of a standard 1X probe. The probe's relatively high input
capacitance does not introduce significant error. A 10X
probe may also be used, but frequency compensation
issues (discussion to follow) must be attended to.
The high voltage measurement across the lamp is considerably more demanding on the probe. The waveform
fundamental is at 20kHz to 100kHz, with harmonics into
the MHz region. This activity occurs at peak voltages in the
kilovolt range. The probe must have a high fidelity response under these conditions. Additionally, the probe
should have low input capacitance to avoid loading effects
which would corrupt the measurement. The design and
construction of such a probe requires significant attention. Figure C1 lists some recommended probes along
with their characteristics. Asstated in the text, almost all
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standard oscilloscope probes will fai/2 if used for this
measurement. Attempting to circumvent the probe requirement by resistively dividing the lamp voltage also
creates problems. Large value resistors often have significant voltage coefficients and their shunt capacitance is
high and uncertain. As such, simple voltage dividing is not
recommended. Similarly, common high voltage probes
intended for DC measurement will have large errors because of AC effects. The P6013A and P6015 are the
favored probes; their 1OOMQ input and small capacitance
introduces low loading error. The penalty for their 1000X
attenuation is reduced output, but the recommended
voltmeters (discussion to follow) can accommodate this.
All of the recommended probes are designed to work into
an oscilloscope input. Such inputs are almost always
1MQ paralleled by (typically) 10pF-22pF. The recommended voltmeters, which will be discussed, have significantly different input characteristics. Figure C2's table
shows higher input resistances and a range of capacitances. Because of this the probe must be compensated
for the voltmeter's input characteristics. Normally, the
optimum compensation point is easily determined and
adjusted by observing probe output on an oscilloscope. A
known amplitude square wave is fed in (usually from the
oscilloscope calibrator) and the probe adjusted for correct
response. Using the probe with the voltmeter presents an
unknown impedance mismatch and raises the problem of
determining when compensation is correct.
Nole 1: It is worth considering that various constructors of text Figure 6
have reported efficiencies ranging from 8% to 115%.
Nole 2: That's twice we've warned you nicely.
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TEKTRONIX
PROBE
TYPE

ATTENUATION
FACTOR

ACCURACY

INPUT
RESISTANCE

INPUT
CAPACITANCE

RISE
TIME

BAND·
WIDTH

MAXIMUM
VOLTAGE

DERATED
ABOVE

P6007

100X

3%

10Mn

2.2pF

14ns

25MHz

1.5kV

200kHz

P6009

100X

3%

10Mn

2.5pF

2.9ns

120MHz

1.5kV

200kHz

PB013A

1000X

Adjustable

100Mn

3pF

7ns

50MHz

12kV

100kHz

P6015

1000X

Adjustable

100Mn

3pF

4.7ns

75MHz

20kV

100kHz

OERATEDTO
AT
FREQUENCY

700VRMS
at 10MHz
450VRMS
at 40MHz
BOOVRMS
at 20M Hz
2000VRMS
at 20M Hz

COMPENSATION
RANGE

ASSUMED
TERMINATION
RESISTANCE

15·55pF

1M

15·47pF

1M

12·60pF

1M

12·47pF

1M

Figure C1. Characteristics of some Wideband High Voltage Probes. Outpullmpedances are Designed for Oscilloscope Inputs
MANUFACTURER
AND MODEL

FULL SCALE
RANGES

Hewlett·Packard 3400
Meter Display

lmVto 300V,
12 Ranges

Hewlett·Packard 3403C
Digital Display
Fluke 8920A
Digital Display

ACCURACY
AT 1MHz

ACCURACY
AT 100kHz

INPUT RESISTANCE
AND CAPACITANCE

MAXIMUM
BANDWIDTH

CREST
FACTOR

O.OOIV to 0.3V Range = 10M and < 50pF,
1V to 300V Range = 10M and < 20pF

10MHz

10:1 At Full Scale,
100:1 At 0.1 Scale

1%

1%

10mV to 1000V,
6 Ranges

0.5%

0.2%

10mVand 100mV Range = 20M and 20pF ±10%,
IV to 1000V Range = 10M and 24pF ±10%

100MHz

10:1 At Full Scale,
100:1 At 0.1 Scale

2mVto 700V,
7 Ranges

0.7%

0.5%

10M and < 30pF

20MHz

7:1 At Full Scale,
70:1 At 0.1 Scale

Figure C2. Pertinent Characteristics of some Thermally Based RMS Voltmeters. Input Impedances Necessitate Matching Network and
Compensation for High Voltage Probes

The impedance mismatch occurs at low and high frequency. The low frequency term is corrected by placing an
appropriate value resistor in shunt with the probe's output. For a 10Mn voltmeter input a 1.1 Mn resistor is
suitable. This resistor should be built into the smallest
possible BNC equipped enclosure to maintain a coaxial
environment. No cable connections should be employed;
the enclosure should be placed directly between the
probe output and the voltmeter input to minimize stray
capaCitance. This arrangement compensates the low frequency impedance mismatch. Figure C4 shows the impedance matching box attached to the high voltage probe.
Correcting the high frequency mismatch term is more
involved. The wide range of voltmeter input capacitances
combined with the added shunt resistor's effects presents
problems. How is the experimenter to know where to set
the high frequency probe compensation adjustment? One
solution is to feed aknown value RMS signal to the probevoltmeter combination and adjust compensation for a
proper reading. Figure C3 shows a way to generate a
known RMS voltage. This scheme is simply a standard
backlight circuit reconfigured for a constant voltage output. The op amp permits low RC loading of the 5.6k
feedback termination without introducing bias current

error. The 5.6kn value may be series or parallel trimmed
for a 300V output. Stray parasitic capacitance in the
feedback network affects output voltage. Because of this,
all feedback associated nodes and components should be
rigidly fixed and the entire circuit built into a small metal
box. This prevents any significant change in the paraSitic
terms. The result is a known 300VRMS output.
Now, the probe's compensation is adjusted for a 300V
voltmeter indication using the shortest possible connection (e.g., BNC-to-probe adapter) to the calibrator box.
This procedure, combined with the added resistor, completes the probe-to-voltmeter impedance match. If the
probe compensation is altered (e.g., for proper response
on an oscilloscope) the voltmeter's reading will be erroneous. 3 lt is good practice to verify the calibrator box output
before and after every set of efficiency measurements.
This is done by direct(yconnecting, via BNC adapters, the
calibrator box to the RMS voltmeter on the 1000V range.
Note 3: The translation of this statement is to hide the probe when you are
not using it. If anyone wants to borrow it, look straight at them, shrug your
shoulders and say you don't know where it is. This is decidedly dishonest,
but eminently practical. Those finding this morally questionable may wish
to re-examine their attitude after producing a day's worth of worthless data
with a probe that was unknowingly readjusted.
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SHORT WIRE DIRECTLY
TO THIS BNC DUTPUT

..---f4

75kto 3W
CARBON COMP

750k"

300VRMS
OUTPUT =60kHz

-!Dl
lN4148

D2
lN4148

Cl
0.033

12V~~-~.,

lOOk

6 El
LT1172
8 E2

GND

VFB
Vc

1

I--+--<
3

2

+

-:t'"

21'F

lN4148
lN4148

.
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Cl • MUST BE A LOW LOSS CAPACITOR.
METALIZED POLYCARB
WIMA FKP2 OR MKP-20 (GERMAN) RECOMMENDED
L1 • SUMIDA 6345-020 OR COILTRONICS C1Xll 0092-1
PIN NUMBERS SHOWN FOR COILTRONICS UNIT
L2. COILTRONICS C1X300-4
01. 02. AS SHOWN OR BCP 56 (PHILLIPS so PACKAGE)
" .1 % FILM RESISTOR (TEN 75kn RESISTORS IN SERIES)
DD NOT SUBSlTRlTE COMPONENTS
COILTRONICS (3OS) 781-8900. SUMIDA (708) 956-0666

Figure C3. High Voltage RMS Calibrator is Voltage
Outpul Version of CCFL Circuit

RMS Voltmeters
The efficiency measurements require an RMS responding
voltmeter. This instrument must respond accurately at
high frequency to irregular and harmonically loaded waveforms. These considerations eliminate almost all AC voltmeters, including DVMs with AC ranges.
There are anumber of ways to measure RMS AC voltage.
Three of the most common include average, logarithmic,
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Figure C4. The Impedance Matching Box (Extreme Left)
Maled 10 the High Voltage Probe. Nole Direct Connection.
No Cable is used

and thermally responding. Averaging instruments are
calibrated to respond to the average value of the input
waveform, which is almost always assumed to be a sine
wave. Deviation from an ideal sine wave input produces
errors. Logarithmically based voltmeters attempt to overcome this limitation by continuously computing the input's
true RMS value. Although these instruments are "real
time" analog computers their 1% error bandwidth is well
below 300kHz and crest factor capability is limited. Almost
all general purpose DVMs use such a logarithmically
based approach and, as such, are not suitable for CCFL
efficiency measurements. Thermally based RMS voltmeters are direct acting thermo-electronic analog computers. They respond to the input's RMS heating value. This
technique is explicit, relying on the very definition of RMS
(e.g., the heating power of the waveform). By turning the
input into heat, thermally based instruments achieve vastly
higher bandwidth than other techniques. 4 Additionally,
they are insensitive to waveform shape and easily accommodate large crest factors. These characteristics are
necessary for the CCFL efficiency measurements.
Figure C5 shows aconceptual thermal RMS-DC converter.
The input waveform warms aheater, resulting in increased
output from its associated temperature sensor. A DC
amplifier forces a second, identical, heater-sensor pair to
the same thermal conditions as the input driven pair. This
differentially sensed, feedback enforced loop makes ambient temperature shifts acommon mode term, eliminating their effect. Also, although the voltage and thermal
interaction is nonlinear, the input-output RMS voltage
relationship is linear with unity gain.
Note 4: Those finding these descriptions intolerably brief are commended
to References 4. 5 and 6.
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DC AMPLIFIER

THERMAL
INSULATION

.- ................. ... -/.-~/-\

Figure C6 shows equipment in a typical efficiency test
set-up. The RMS voltmeters (photo center and left) read
output voltage and current via high voltage (left) and
standard 1X probes (lower left). Input voltage is read on a
DVM (upper right). A low loss clip-on ammeter (lower
right) determines input current. The CCFL circuit and LCD
display are in the foreground. Efficiency, the ratio of input
to output power, is computed with a hand held calculator
(lower right).
Calorimetric Correlation of Electrical Efficiency
Measurements

INPUT

1 ___________ _

Figure C5. Conceptual Thermal RMS-DC Converter

The ability of this arrangement to reject ambient tempera!ure shifts de~en~s on the heater-sensor pairs being
Isothermal. This IS achievable by thermally insulating
them with a time constant well below that of ambient
shifts. If the time constants to the heater-sensor pairs are
matched, ambient temperature terms will affect the pairs
eq.ually in phase and amplitude. The DC amplifier rejects
this common mode term. Note that, although the pairs are
isotherm~l, they. are insulated from each other. Any
thermal interaction between the pairs reduces the
system's thermally based gain terms. This would cause
unfavorable signal-to-noise performance, limiting dynamic
operating range.
Figure C5's output is linear because the matched thermal
pair's nonlinear voltage-temperature relationships cancel
each other.
The advantages of this approach have made its use popular in thermally based RMS-DC measurements.
The instruments listed in Figure C2, while considerably
more expensive than other options, are typical of what is
required for meaningful results. The HP3400A and the
Flu ke 8920A are cu rrently available from thei r man ufacturers. The HP3403C, an exotic and highly desirable instrument, is no longer produced but readily available on the
secondary market.

Careful measurement technique permits a high degree of
confidence in the efficiency measurement's accuracy. It is,
however, a good idea to check the method's integrity by
measuring in a completely different domain. Figure C7
~oes.this by calorimetric techniques. This arrangement,
Identical to the thermal RMS voltmeter's operation (Figure
C5), determines power delivered by the CCFL circuit by
measuring its load temperature rise. As in the thermal
RMS voltmeter adifferential approach eliminates ambient
temperature as an error term. The differential amplifier's
output, assuming a high degree of matching in the two
thermal enclosures, proportions to load power. The ratio
of the two cell's Ex I products yields efficiency information. In a 100% efficient system the amplifier's output
~~ergy would equal the power supply's output. Practically
It IS always less, as the CCFL circuit has losses. This term
represents the desired efficiency information.
Figure C8 is similar except that the CCFL circuit board is
p!aced within the calorimeter. This arrangement nominally
Yields the same information, but is a much more demanding measurement because far less heat is generated. The
signal-to-noise (heat rise above ambient) ratio is unfavorable, requiring almost fanatical attention to thermal and
instrumentation considerations. 5 It is significant that the
tota/uncertainty between electrical and both calorimetric
efficiency determinations was 3.3%. The two thermal
approaches differed by about 2%. Figure C9 shows the
calorimeter and its electronic instrumentation. Descriptions of this instrumentation and thermal measurements
can be found in the References section following the
main text.
Note 5: Calorimetric measurements are not recommended for readers who
are short on time or sanity.
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Figure C6. Typical Efficiency Measurement Instrumentation. RMS Voltmeters (Center left) Measure Output Voltage and Current via
Appropriate Probes. Clip-On Ammeter (Right) Gives low loss Input Current Readings. DVM (Upper Right) Measures Input Voltage .
Hand Calculator (lower Right) is used to Compute Efficiency
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Figure C7. Efficiency Oetermination via Calorimetric Measurement. Ratio of Power Supply to Output Energy
Gives Efficiency Inlormation
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Figure C6. Typical Efficiency Measurement Instrumentation. RMS Voltmeters (Center Left) Measure Output Voltage and Current via
Appropriate Probes. Clip-On Ammeter (RighI) Gives Low Loss Input Current Readings. DVM (Upper RighI) Measures Input Voltage.
Hand Calculator (Lower Right) is used to Compute Efficiency
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Figure C7. Efficiency Determination via Calorimetric Measurement. Ratio of Power Supply to Output Energy
Gives Efficiency Information
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Figure CB. The Calorimeter Measures Efficiency by Determining Circuit Heating losses

Figure Cg. The Calorimeter (Center) and its Instrumentation (Top). Calorimeter's High Degree of Thermal Symmetry Combined with
Sensitive Servo Instrumentation Produces Accurate Efficiency Measurements. lower Portion of Photo is Calorimeter's Top Cover
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APPENDIX D
PHOTOMETRIC MEASUREMENTS
In the final analysis, the ultimate concern centers around
the efficient conversion of power supply energy to light.
Emitted light varies monotonically with power supply
energy,1 but certainly not linearly. In particular, lamp
luminosity may be highly nonlinear, particularly at high
power, vs drive power. There are complex tradeoffs involving the amount of emitted lightvs power consumption
and battery life. Evaluating these tradeoffs requires some
form of photometer. The relative luminosity of lamps may
be evaluated by placing the lamp in a light tight tube and
sampling its output with photodiodes. The photodiodes
are placed along the lamp's length and their outputs
electrically summed . This sampling technique is an
uncalibrated measurement, providing relative data only. It
is, however, quite useful in determining relative lamp
emittance under various drive conditions. Figure 01 shows
this "glometer," with its uncalibrated output appropriately
scaled in "brights." The switches allow various sampling
diodes along the lamp's length to be disabled. The photodiode signal conditioning electronics are mounted behind
the switch panel.

Calibrated light measurements call for a true photometer.
The Tektronix J-17/J1803 photometer is such an instrument. It has been found particularly useful in evaluating
display (as opposed to simply the lamp) luminosity under
various drive conditions. The calibrated output permits
reliable correlation with customer results. 2 The light tight
measuring head allows evaluation of emittance evenness
at various display locations. This capability is invaluable
when optimizing lamp location and/or ballast capacitor
values in dual lamp displays.
Figure 02 shows the photometer in use evaluating a
display.
Note 1: But not always! It is possible to build highly electrically efficient
circuits that emit less light than "less efficient" designs. See Appendix J,
"A Lot of Cut-Off Ears and No Van Goghs-Some Not-So-Great Ideas."
Note 2: It is unlikely customers would be enthusiastic about correlating
the "brights" units produced by the aforementioned glometer.

Figure 01. The "Glometer" Measures Relative Lamp Emissivity. CCFL Circuit Mounts to the RighI. Lamp is Inside Cylindrical Housing.
Photodiodes (Center) Convert Light to Electrical Output (Lower LeH) via Amplifiers (Not Visible in Photo)
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Figure D2. Apparatus for Calibrated Photometric Display Evaluation. Photometer (Upper Right) Indicates Display Luminosity via
Sensing Head (Center). CCFL Circuit (Left) Intensity is Controlled by a Calibrated Pulse Width Generator (Upper Left)

APPENDIX E
OPEN LAMP PROTECTION

The CCFL circuit's current source output means that
"open" or broken lamps cause full output voltage to
appear. If this is objectionable Figure E1 's modification
may be employed. 03 and associated components form a
simple voltage mode feedback loop that operates if Vz
turns on. If T1 sees no load, there is no feedback and the
01-02 pair receive full drive. Collector voltage rises to
abnormal levels, and Vz biases via 01 's VSE path. 01 's
collector current drives the feedback node and the circuit
finds a stable operating point. This action controls Royer

drive, and hence output voltage. 03's sensing across the
Royer provides power supply rejection . Vz's value should
be somewhat above the worst case 01-02 VCE voltage
under running conditions. It is desirable to select Vz's
value so clamping occurs at the lowest output voltage
possible while still permitting lamp start-up. This is not as
tricky as it sounds because the 1Ok-1 /J.F RC delays the
effects of 03's turn-on. Usually, selecting Vz several volts
above the worst case 01-02 VCE will suffice.

AN55-33

Application Note 55

LAMP

Vsw
LT1172
10k

1N4148

1N4148

Figure E1. Q3 and Associated Components form a Local Regulating Loop to Limit Output Voltage

APPENDIX F
INTENSITY CONTROL AND SHUTDOWN METHODS

Figure F1 shows a variety of methods ·for shutting down
and controlling intensity of the CCFL circuits. Pulling the
LT1172 Vc pin to ground puts the circuit into micropower
shutdown. In this mode about50J.IA flows into the LT1172
VIN pin with essentially no current drawn from the main
(Royer center tap) supply. Turning off VIN power eliminates the LT1172's 50J.IA drain. .
Three basic ways to control intensity appear in the figure.
The most common intensity control method is to add a
potentiometer in series with the feedback termination.
When using this method insurethatthe minimum value (in
this case 562Q) is a1% unit. If awider tolerance resistor
is used the lamp current, at maximum intensity setting,
will vary appropriately.
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Pulse width modulation or variable DC is sometimes used
for intensity control. Two interfaces work well. Directly
driving the feedback pin via adiode-22k resistor with DC
or PWM produces intensity control. The other method
shown is similar, but places the11lf capacitor outside the
feedback loop to get bestturn-on transient response. This
is the best method if output overshoot must be minimized.
See the main text section, "Feedback Loop 'Stability Issues" for pertinent discussion.
Figure F2 shows a simple circuit which generates precision variable pulse widths. This capability is useful when
testing PWM based intensity schemes. The circuit is
basically a closed loop pulse width modulator. The crystal
controlled 1kHz input clocks the C1-Q1 ramp generatorvia
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the differentiator-CMOS inverter network and the LTC201
reset switch. C1 's output drives aCMOS inverterto furnish
the output. The output is resistively sampled, averaged
and presented to A1 's negative input. A1 compares this
signal with avariable voltage from the potentiometer. A1's
output biases the pulse width modulator, closing a loop
around it. The CMOS inverter's purely ohmic output structure combines with A1 's ratiometric operation (e.g., both
of A1 's input signals derive from the +5V supply) to hold
pulse width constant. Variations in time, temperature and
supply have essentially no effect. The potentiometer's
setting is the sole determinant of output pulse width. The
Schottky diodes protect the output from latch-up due to
cable induced ESD or accidental events 1 during testing.

As mentioned, the circuit is insensitive to power supply
variation. However, the CCFL circuit averages the PWM
output. It cannot distinguish between aduty cycle shift and
supply variation. As such, the test box's 5V supply
should be trimmed ±O.01V. This simulates a "design
centered" logic supply underactual operating conditions.
Similarly, paralleling additional logic inverters to get lower
output impedance should be avoided. In actual use, the
CCFL dimming port will be driven from a single CMOS
output, and its impedance characteristics must be accurately mimicked.
Note 1: "Accidental events" is a nice way of referring to the stupid things
we all do at the bench. Like shorting a CMOS logic output to a -15V
supply (then I installed the diodes).

The output width is calibrated by monitoring it with a
counter while adjusting the 2kn trim pot.
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Figure F1. Various Options for Shutdown and Intensity Control
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Figure F2. The Calibrated Pulse Width Test Box. A1 Controls C1 Based Pulse Width Modulator, Stabilizing its Operating Point

APPENDlXG
OPERATION FROM HIGH VOLTAGE INPUTS
Some applications require higher input voltages. The 20V
maximum input specified in the figures is set by the
LT1172 going into its isolated flyback mode (see LT1172
data sheet), not breakdown limits. If the LT1172 VIN pin is
driven from a low voltage source (e.g., 5V) the 20V limit
may be extended by using Figure G1 's network. If the
LT1172 is driven from the same supply as L1's center tap,
the network is unnecessary, although efficiency will suffer.
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Figure G1. Network allows CCFL Operation beyond 20V Inputs
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APPENDIX H
RELATED CIRCUITS
Higher Power Operation
There is no inherent limit on CCFL circuit output power.
Figure H1 's arrangement is ascaled up version ofthe text's
CCFL circuits. This design, similar to ones employed for
automotive use, drives a25W CCFL. There are virtually no
configuration changes, although most component power
ratings have increased. The transistors can handle the
higher currents, but all other power components are
higher capacity. Efficiency is about 80%.

r1~

®~

L1

<D

1N4148

®

<D

HeNe Laser Power Supply
Helium-neon lasers, used for avariety of tasks, are difficult
loads for a power supply. They typically need almost 10kV
to start conduction, although they require only about
1500V to maintain conduction at their specified operating
currents. Powering a laser usually involves some form of
start-up circuitry to generate the initial breakdown voltage
and a separate supply for sustaining conduction. Figure
H2's circuit considerably simplifies driving the laser. The
start-up and sustaining functions have been combined
into asingle, closed-loop current source with over 10kVof
compliance. The circuit is recognizable as a reworked
CCFL power supply with a voltage tripled DC output.
When power is applied, the laser does not conduct and the
voltage across the 190Q resistor is zero. The LT1170
switching regulator FB pin sees no feedback voltage, and
its switch pin (Vsw) provides full duty cycle pulse width
modulation to L2. Current flows from L1's center tap
through 01 and 02 into L2 and the LT1170. This current
flow causes 01 and 02 to switch, alternately driving L1.
The0.47~Fcapacitorresonateswith L1, providing boosted
sine wave drive. L1 provides substantial step-up, causing
about 3500V to appear at its secondary. The capacitors
and diodes associated with L1's secondary form avoltage
tripier, producing over 10kV across the laser. The laser
breaks down and current begins to flow through it. The
47kn resistor limits current and isolates the laser's load
characteristic. The current flow causes avoltage to appear
across the 190Q resistor. Afiltered version of this voltage
appears at the LT1170 FB pin, closing a control loop. The
LT1170 adjusts pulse width drive to L2 to maintain the

1N4148

1500

~~ ____-+-_ _--I
TO

1W

+

10k
V1N

T_ 2.21!F

FB

1--+--'VV'Ir-"

cr11ro

1400

0.471!F = WIMA 3X 0.15I!FTYPE MKP-20
01, 02 = ZETEX ZTX849 OR ROHM 2SC5001
L1 = COILTRONICS CTX02-11128
L2 = COILTRONICS CTX150-3-52
COILTRONICS (305) 781-8900

Figure H1. A 20W CCFL Supply

FB pin at 1.23V, regardless of changes in operating conditions. In this fashion, the laser sees constant current
drive, in this case 6.5mA. Other currents are obtainable by
varying the 190Q value. The 1N4002 diode string clamps
excessive voltages when laser conduction first begins,
protecting the LT1170. The 1O~F capacitor at the Vc
pin frequency compensates the loop and the MUR405
maintains L1's current flow when the LT1170 Vsw pin
is not conducting. The circuit will start and run the laser
over a 9V-35V input range with an electrical efficiency of
about 80%.
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Figure H2. Laser Power Supply, Basad on the CCFL Circuit, is Essentially a 1D,DDDV Compliance Current Source

APPENDIX I
WHO WAS ROYER, AND WHAT DID HE DESIGN?
In December 1954 the paper "Transistors as On-Off
Switches in Saturable-Core Circuits" appeared in Electrical Manufacturing. George H. Royer, one of the authors,
described a "d-c to a-c converter" as part of this paper.
Using Westinghouse 2N74 transistors, Royer reported
90% efficiency for his circuit. The operation of Royer's
circuit is well described in this papeL The Royer converter
was widely adopted, and used in designs from watts to
kilowatts .. It is still the basis for a wide variety of power
conversion.
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Royer's circuit is not an LC resonant type. The transformer
is the sole energy storage element and the output is a
square wave. Figure 11 is a conceptual schematic of a
typical converter. The input is applied to a self-oscillating
configuration composed of transistors, atransformer and
a biasing network. The transistors conduct out of phase,
switching (Figure 12, Traces Aand Care 01 's collector and
base, while Traces Band Dare 02's collector and base)
each time the transformer saturates. Transformer saturation causes aquickly rising, high currentto flow (Trace E).

.L7lJ!J~
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This current spike, picked up by the base drive winding,
switches the transistors. This phase opposed switching
causes the transistors to exchange states. Current abruptly
drops in the formerly conducting transistor and then
slowly rises in the newly conducting transistor until saturation again forces switching. This alternating operation
sets transistor duty cycle at 50%.
Photograph 13 is a time and amplitude expansion of 12's
Traces Band E. It clearly shows the relationship between
transformer current (Trace B, Figure 13) and transistor
collector voltage (Trace A, Figure 13).1
Note 1: The bottom traces in both photographs are not germane and are
not referenced in the discussion.

A = 20VIDIV
B= 20VIDIV

C=2V1DIV
D= 2V1DIV
E=5A10IV

HORIZ = 5!lSfDlV

Figure 12. Waveforms for the Classic Royer Circuit

5VIN

POWER
SWITCHING

A = 10VlDlV

B= 2A1DIV

R2
R1

":'

BASE BIASING
AND DRIVE
HORIZ = 500nS/DiV

Figure 11. Conceptual Classic Royer Converter. Transformer
Approaching Saturation Causes Switching

Figure 13. Detail of Transistor Switching. Turn-Off (Trace A)
Occurs Just as Transformer Heads into Saturation (Trace B)

APPENOIXJ
A LOT OF CUT-OFF EARS AND NO VAN GOGHS
Some Not-So-Great Ideas

Not-So-Great Backlight Circuits

The hunt for a practical CCFL power supply covered (and
is still covering) a lot of territory. The wide range of
conflicting requirements combined with ill-defined lamp
characteristics produces plenty of unpleasant surprises.
This section presents a selection of ideas that turned into
disappointing breadboards. Backlight circuits are one of
the deadliest places for theoretically interesting circuits
the author has ever encountered.

Figure J1 seeks to boost efficiency by eliminating the
LT1172's saturation loss. Comparator C1 controls a free
running loop around the Royer by on-off modulation of
transistor base drive. The circuit delivers bursts of high
voltage sine drive to the lamp to maintain the feedback
node. The scheme worked, but had poor line rejection due
to the varying waveform vs supply seen by the RC averaging pair. Also, the "burst" modulation forces the loop to
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const,antly restart the lamp at the burst rate, wasting
energy. Finally, lamp power is delivered by a high crest
factor waveform, causing inefficient current-to-light conversion in the lamp.
.
Figure J2 attempts to deal with sotne of these issues. It
converts the previous circuit to an amplifier controlled
current mode regulator. Also, the Royer base drive is
controlled by aclocked, high frequency pulse width modulator. This arrangement provides a more regular waveform to the averaging RC, improving line rejection.
Unfortunately, the improvement was not adequate. 1%
line rejection is required to avoid annoying flicker when the
line moves abruptly, such as when acharger is activated.
Another difficulty is that, although reduced by the higher
frequency PWM, crest factor is still non-optimal. Finally,
the lamp is still. forced to restart at each PWM cycle,
wasting power.
Figure J3 adds a"keep alive" function to prevent the Royer
from turning off. This aspect worked well. When the PWM
RELATIVELY LOW
FREQUENCY

r--1
r--1. r--1
L-J
L-J
L

-J

goes low the Royer is kept running,maintaining low level
lamp conduction. This eliminates the continuous lamp
restarting, saving power. The "supply correction" block
feeds aportion of the supply into the RC averager, improving line rejection to acceptable levels.
This circuit, after considerable fiddling, achieved almost
94% efficiency but produced less output light than a"less
efficient" version of text Figure 61 The villain is lamp
waveform crestfactor. The keep alive circuit helps, butthe
lamp still. cannot handle even moderate crest factors.
Figure J4 is a very different approach. This circuit is a
driven square wave converter. The resonating capacitor is
eliminated. The base drive generator shapes the edges,
minimizing harmonics for low noise operation. This circuit
works well, but relatively low operating frequencies are
required to get good efficiency. This is so because the
sloped drive must be asmall percentage of the fundamental to maintain low losses. This mandates relatively large
magnetics-a crucial disadvantage. Also, square waves
RELATIVELY HIGH
FREQUENCY

.J
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L

+V~I+----Ir--+-----t--,
1
1
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Figure j1. A FirSt Attempt at Improving the Basic Circuil.
Irreguiar Royer Drive Promotes Losses and Poor Regulation
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Figure J2.A more Sophisticated Failure Still has Losses and
Poor Line Regulation

Application
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Figure J3. "Keep Alive" Circuit Eliminates Turn-On Losses and has 94% Efficiency. Light Emission is Lower than
"Less Efficient" Circuits
TO LAMP AND
FEEDBACK PATH

have different crest factor and rise time than sines,
forcing inefficient lamp transduction.
Not-So-Great Primary Side Sensing Ideas
Text Figures 28 and 29 use primary side current sensing
to control lamp intensity. This permits the lamp to fully
float, extending its dynamic operating range. Anumber of
primary side sensing approaches were tried before the
"top side sense" won the contest.
J5's ground referred current sensing is the most obvious
way to detect Royer current. It offers the advantage of
simple signal conditioning-there is no common mode
voltage. The assumption that essentially all Royer current
derives from the LT1172 emitter pin path is true. Also true,
however, is that the waveshape of this path's current
varies widely with input voltage and lamp operating current. The RMS voltage across the shunt (e.g., the Royer

~
CONTROLLED
"'VI"'T EDGES

CONTROLLED
"'VI"'T EDGES

..I\::'

+V

---~

TO
LT1172

Figure J4. A Non-Resonant Approach. Slew Retarded Edges
Minimize Harmonics, but Transformer Size Goes Up. Output
Waveform is also Non-Optimal, Causing Lamp Losses
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current) is unaffected by this, but the simple RC averager
produces different outputs for the various waveforms.
This causes this approach to have very poor line rejection,
rendering it impractical. J6 senses inductor flux, which
should correlate with Royer current. This approach promises attractive simplicity. It gives better line regulation but
still has some trouble giving reliable feedback as waveshape changes. Also, in keeping with most flux sampling
schemes, it regulates poorly under lowcurrentconditions.

+V ---11+_"",,-,

Figure J7 senses flux in the transformer. This takes
advantage of the transformer's more regular waveform.
Line regulation is reasonably good because of this, but low
current regulation is still poor. J8 samples Royer collector
voltage capacitively, but the feedback signal does not
accurately represent start-up, transient and low current
conditions.
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Figure J5. "Bottom Side" Current Sensing has Poor Line
Regulation due to RC Averaging Characteristics
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Figure J6. Flux Sensing has Irregular Outputs, Particularly
at Low Currents
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Figure J7. Transformer Flux Sensing Gives More Regular
Feedback, but Not at Low Currents
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APPENDIX K
PERSPECTIVES ON EFFICIENCY
The LCD displays currently available require two power
sources, a backlight supply and a contrast supply. The
display backlight is the single largest power consumer in
atypical portable apparatus, accounting for almostSO% of
battery drain with the display at maximum intensity. As
such, every effort must be expended to maximize backlight efficiency.
The backlight presents a cascaded energy attenuator to
the battery (Figure K1). Battery energy is lost in the
electrical-to-electrical conversion to high voltage AC to
drive the cold cathode fluorescent lamp (CCFL). This
section of the energy attenuator is the most efficient;
conversion efficiencies exceeding 90% are possible. The
CCFL, although the most efficient electrical-to-light converter available today, has losses exceeding 80%. Additionally, the optical transmission efficiency of present
displays is under 10% for monochrome, with color types

much lower. Clearly, overall backlight efficiency improvements must come from lamp and display improvements.
Higher CCFL circuit efficiency does, however, directly
translate into increased operating time. For comparison
purposes text Figure 8's circuit was installed in aToshiba
Model 2200 running SmA lamp current. The result was a
19 minute increase in operating time.
Relatively small reductions in backlight intensity can greatly
extend battery life. A 20% reduction in screen intensity
results in nearly 30 minutes additional running time. This
assumes that efficiency remains reasonably flat as
power is reduced. Figure K2 shows that the circuits
presented do reasonably well in this regard, as opposed to
other approaches.
The contrast supply, operating at greatly reduced power,
is not a major source of loss.
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Figure K1, The Backlit LCD Display Presents a Cascaded Energy
Attenuator to the Battery. DC to AC Conversion .is Significantly
more Efficient than Energy Conversions in Lamp and Display
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Figure K2. Efficiency Comparison Between Text Figure 9
and a Typical Modular Converter
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"Better than Bessel" Linear Phase Filters
for Data Communications
Richard Markell

INTRODUCTION

Enter the LTC1264-7 Linear Phase Filter

The pace of the world of digital communications is increasing at a tremendous rate. Daily, the engineer is
requested to compact more data in the same channel
bandwidth with closer channel spacing. As an example,
multilevel Pulse Amplitude Modulation (PAM) systems
can be used to compress data into a bandwidth limited
channel. The most typical PAM system is simply ones and
zeros, the binary system. By shifting from a two-level
system to a four-level system, we double the data bandwidth in a bandwidth limited channel at the expense of
requiring a 8dB higher signal-to-noise ratio at the receiver. 1 This signal-to-noise trade-off to cram more bits
into the same bandwidth is why filtering is becoming more
and more critical in data transmission. This is precisely
why the LTC data communications filters were born.

The LTC1264-7 has group delay which is equal to the
Bessel in the passband while it has rejection at the second
harmonic of the cutoff frequency of -30dB versus the
Bessel's -12dB. Thus, Bessel is banished, replaced by a
better linear phase solution for the data transmission
problem. Even the most conservative data compaction
engineer will agree that the LTC1264-7 is "Better than
Bessel." Enough hoopla2, let's get into the details.

Filters such as the Bessel switched capacitor filter
(LTC1 064-3), although having excellent transient response,
have very poor noise or adjacent channel rejection. DSP is
ahelp if the designer is trying to use telephone bandwidth,
but is not fast enough lor efficient uses of 100kHz of
bandwidth, let alone 200kHz, where data rates approach
400 to 800kbps.

1 Kamilo Feher, "Digital Communications: Microwave Applications,"

Prentice-Hall Inc., Englewood Cliffs, NJ, 1981.
2 Hoopla is an utterance designed to bewilder.

Linear Technology's LTC 1X64-7 family of filters incorporates 2 poles of phase compensation (all pass filtering)
and 6 poles of lowpass elliptiC filtering in a single 14-pin
package. No external resistors are required. The LTC12647 is the first member of the Dash 7 linear phase filter
family.The group includes the LTC1264-7, the LTC1164-7,
the low power (4mA) member of the family with cutoff
frequency to 20kHz and the LTC1 064-7, the originator of
the family, which provides cutoff frequencies to 100kHz.
This application note discusses some of the requirements
and techniques for using filters in digital communications.
The terms "channel bandwidth," "eye diagrams" and
"linear phase" filtering are discussed without the need for
the "engineering speak" which permeates many textbook
explanations of the same subjects.
The eye diagram measures the "quality" of the transmission channel. The eye opening provides subjective indication of bit error rate orthe "goodness of the channel." This
will be discussed in more detail later in this text.
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The eye diagram shown in Figure 1is illustrative of 100kHz
phase performance. Notice the lack of over or undershoot
at the transitions. The well-behaved nature of the transitions allows data coding to multiple levels while retaining
the required signal-to-noise ratio (SNR). However, the real
advantage of the LTC1264-7 is in the stopband rejection.
Figure 2 shows an amplitude comparison of the responses
ofthe LTC1264-7, the8-pole Butterworth, the LTC1 064-2,
and the 8-pole Bessel filter, the LTC1 064-3. The difference
is dramatic! The LTC1264-7 attains 28dB attenuation at 2
times cutoff, while the LTC1064-3 attains only 12dB. The
phase response of both filters remains linear through their
pass bands, although the LTC1064-3 extends this response to almost 2times cutoff. Figures 3a, 3b and 3c, and
Figures 4a, 4b, 4c and 4d detail the burst response and the
transient response of the LTC1 064-1 , the LTC1 064-2 and

the LTC1 064-7 as an additional comparison criterion. We
shall explore the effect all this has on digital transmission
later in this article, but to effect this comparison a short
explanation of some principles of digital transmission is
first needed.
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Figure 3a. Burst Reponse LTC1064-1, felK = 1MHz,
fe = 10kHz, Burst: 10kHz Sine Wave
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Figure 1. Eye Diagram LTC1264-7, fCUTOFF = 100kHz,
Data Rate = 200kbps
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Figure 3b. Burst Response LTC1064-2, felK =1MHz,
Ie = 10kHz, Burst: 10kHz Sine Wave
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Figure 2. Filter Roll-Off Comparison, 'CUTOFF = 40kHz, for
Butterworth 8th Order LPF, LTC1064-2, Bessel 8th Order
LPF, LTC1 064-3 and LTC1264-7 Linear Phase Filter
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Figure 3c. Burst Response LTC1064-7, lelK =750kHz,
fe = 10kHz, Burst: 10kHz Sine Wave
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Figure 4a. Transient Response LTC1064-1,
lelK =1MHz, Ie =10kHz, liN =480Hz

Figure 4b. Transient Response LTC1064-2,
lelK =1MHz, Ie =10kHz, liN =480Hz

Figure 4c. Transient Response LTC1064-7,
lelK =1MHz, Ie =10kHz, liN =480Hz

Figure 4d. Transient Response Equalized
LTC1064-1, (See Appendix B), lelK =1MHz,
Ie = 10kHz, liN = 480Hz

SOME PRINCIPLES OF DATA TRANSMISSION
Transmission of data in agiven bandwidth channel is more
efficient when as many bits/second can be transmitted
through this channel as possible. Shannon theorems
show that the theoretical data rate limit is transmission of
fs symbols in abandwidth (BW = B) of only fs/2Hz. So, for
a binary transmission where one symbol contains one bit,
f8, the number of bits per second is equal to the symbol
rate, fs. Figure 5 shows this situation schematically. For
"M ary"3 systems, such as 4-level Pulse Amplitude Modulation (PAM), each transmitted symbol contains n information bits, where n =log2 M. In this case the symbol rate
is fs = f8/n.
Consider the example where it is required to transmit a
1OOkbps source (= f8)' Theoretically this could be accomplished with achannel bandwidth, B= fs/2 = f8/2 = 50kHz.

With the aforementioned 4-level PAM scheme, the channel bandwidth reduces to 25kHz =fs/2 =f8/4. This type of
encoding is used by many types of digital communications
systems. The trade-offs involve bandwidth versus encoding complexity. If the above mentioned 100kbps source
must be passed in a bandwidth of 6.25kHz = fs/2 = f8/16,
it follows that 256-level PAM or an equivalently dense
packing scheme must be used. Multilevel and multiphase
signals require the filter be linear phase (to preserve pulse
integrity in the time domain) while providing as much rolloff in the stopband as possible. More discussion ofthese
topics is included in the discussion of "eye diagrams."4
3 An

M ary system contains M voltage levels. A binary system has 2 levels,
whereas an M = 8 system has 8 levels and so on. A 2·level system can
detect only 1 and 0, 'but higher level systems of PAM threshold in more
than one place so as to transmit more information in a given bandwidth.
4 Also see the much more detailed discussions in: Feher, Dr. Kamilo,
"Digital Communications--Satellite/Earth Station Engineering," PrenticeHall Inc., Englewood Cliffs, NJ, 1983.
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The channel with bandwidth fs/2Hz is the famous "brick
wall"5 filter. This is the channel all filter designers strive for
but no one can build. So we all strive to come as close as
possible. If the ideal brick wall filter could be achieved, it
would be as shown in Figure 6. Also shown in Figure 6are
two filters which are possible to realize with 8th order
switched capacitor filter technology and external resistors. Both filters have theoretically infinite attenuation at
1.5 times the cutoff frequency. The filter with the peaked
response can be corrected by a multiplication factor
(:xtsin X) so that when the signal is digitally sampled (a
procedure common to digital transmission of signals), the
result is optimally flat in transmission bandwidth.
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Figure 7 shows the amplitude response, normalized, for
the LTC Dash 7 series of filters. A comparison with
Feher's6 alpha = 0.5 filter (where alpha is the roll-off factor:
alpha = 0 is the brick wall filter, alpha = 1 implies twice the
theoretical bandwidth requirement) shows few differences in the amplitude response. The LTC1264-7 will
operate to 250kHz, while the LTC1164-7 will operate
(using only 4mA of supply current) to 20kHz. The LTC1 0647 will operate to 100kHz. Best of all, the eye patterns for
these filters are superior!! To understand why, read on!
5A brick wall filter has a frequency response which is flat (or OdB) with no
ripple in the passband to the cutoff frequency, fe, then rolls off to infinite
attenuation at the beginning of the stopband, fs. The brick wall filter is only
theoretical, thus fc = fs.
6 Feher, ibid.
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Why Linear Phase?
An additional criterion that the "close to ideal" data transmission filter must strive to achieve (and they didn't tell
you in college) is a linear phase response.
Linear phase means that each frequency which passes
through the filtered channel will be delayed in time linearly
according to its frequency. Higherfrequencies have smaller
(in magnitude) delays. The specification of group delay
plots this phenomenon, "the delay of the group (of frequencies)," versus frequency. The objective of a group
delay plot is to have a flat line representing the situation
where all frequencies are delayed the same amount. This
is the best case linear phase filter. All other compromises
are based on this ideal situation.
Group delay is a most important characteristic in digital
data transmission applications because a filter with flat
group delay passes a square wave with little distortion.
The LTC "Better than Bessel" filters compromise phase
linearity outside the passband to achieve more amplitude
attenuation in the stopband. Feher, arecognized authority
in the field of digital communications, notes that for data
transmission, filters should be linear in phase to their
-10dB amplitude pOints in the filter's transition region.
The LTC "-7" filters meet this criterion (Figure 8).

FILTERS FOR DATA COMMUNICATIONS:
HOW AND WHY TO SELECT THEM
The perfect filter for data communications, if it could be
implemented, would be Feher's "brick wall," linear phase,
flat group delay, alpha =0 filter as shown in Figure 9. But,
we cannot build this type of filter.
In this section, we describe the LTC1064/LTC11641
LTC1264-7 "Better than Bessel"filterfamily. These are 6th
order lowpass filters with a 2nd order all pass (phase
equalizing) section designed for data communications.
These filters are contained in asingle 14-pin DIP or 16-pin
SOL package. They are acomplete integrated solution with
the resistors required to program the response of the
switched capacitor filter sections integrated onto the die of
the filter.
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The Dash 7 filters were designed by making them "Better
than BesseL" That is, the low Q Bessel response was modified to incorporate anotch or zero in the stopband to "pull
down" the amplitude response just outside the passband
of the filter. This increases the attenuation from the
Bessel's -12dB at 2x cutoff to -28dB for the LTC1264-7
(also at 2x cutOff). This is shown in Figure 10. The
LTC1064-7 and LTC1164-7 have even better stopband
performance at -34dB at 2x cutoff. While this increased
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attenuation has little effect on the eye diagram, it increases
the attenuation of the carriersignal while not degrading
the data that is superimposed on this carrier. This means
better (that is lower) bit error rates forthe same bandwidth
channel.
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Figure 10. Amplitude Response: LTC1064-3 vs
LTC1064-7 (Bessel vs "Belter than Bessel"),
Ie =100Hz

MEASUREMENT: THE EYE DIAGRAM, AMPLITUDE
AND GROUP DELAY
Since the perfect low passed transmission channel does
not exist, a means must be found to evaluate channel
quality. This means is the so-called "eye" diagram. The eye
diagram is generated by the setup shown in Figure 11.
Figure 12 shows the pseudorandom code generator circuitry used as the random data source.
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Figure 11. Eye Diagram Generation Circuitry and Data Timing
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Symbols transmitted through atheoretical Nyquist channel should have no degradation in amplitude response,
and as such, the measured eye diagram opening (of a real
channel) shows graphically the "quality" of the transmission channel (which includes the lowpass filter inserted in
the transmission path). It can be shown that the degradation in the eye opening is directly related to intersymbol
interference (the interference in the detection of one
symbol in the presence of another) and therefore is a
measure of the systems bit error rate (see Feher) 1.
With this background, some eye opening diagrams exemplify how the LTC1264-7 filter is optimized for applications
in data communications. Figures 13 and 14 show the eye
diagrams of the LTC1 064~2 (8th order Butterworth LPF)
and the new LTC1264-7 linear phase filter (6th order
elliptic LPF + 2nd order phase correction network). It can
be seen that if a digital system thresholds atthe midpoint
in the eye diagrams, the Bit Error Rate (BER) will be higher
for the eye diagram with the smaller "eye opening." The
calculation of Intersymbollnterference (lSI) degradation
due to "channel" or filter imperfections is a measure of
degradation in BER and is calculated:
lSI degradation =
20 log (actual eye opening/100% eye opening)
Thus, it can be seen that the LTC1264-7 is a far superior
filter when used to maximize channel efficiency in digital
systems. However, we must look at the LTC1064-3 (8th
order Bessel LPF) for comparison.
The LTC1 064-3 is shown in the eye diagram illustrated as
Figure 15. This eye diagram shows lSI degradation similar
to the LTC1264-7 with better jitter specifications. Although the Bessel filter appears to be superior from the
viewpoint ofthe eye diagram, the reader should remember
that the LTC1264-7 has farsuperior stopband attenuation,
meaning better attenuation of the "carrier" at 27.5kHz in
this example. This translates to better bit error rates. The
system user must trade off lSI degradation, jitter and the
filter attenuation to ensure best "channel performance."
In addition, remember that the eye diagrams shown here
are for 2-level systems (OV and 5V). For M-Ievel systems,
the increased spectrum efficiency means greater signalto-noise ratios are required necessitating the roll-off characteristics of filters like the LTC1264-7.
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Figure 12. Pseudorandom Code Generator Schematic Diagram

Figure 13. LTC1064-2: fCUTOFF =13.7kHz, fs =27.5kbps,
lSI Degradation = 20 Log (0.75) = -2.5dB. A= 75% Opening,
B= 100% Opening
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To conclude, the LTC1264-7 is a linear phase, better than
Bessel, switched capacitor filter optimized for the data
communications world. The filter will operate to a cutoff
!requency of 200kHz while providing linear phase through
Its passband. The filter can be used in satellite communications, cellular phones, microwave links, ISDN networks
and many other types of digital systems.
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APPENDIX A

Seven Months and No Cigar: The LTC1264-7 Germination Saga
John Massey
Electronic Innovators. Inc.
11902 Parkland Ct .• Fairfax. Virginia 22033
The transmission quality of any phase modulated signal
depends on the group delay in the passband and the
attenuation in the stopband of the (filtered) transmission
channel. In synchronous detection the receiver IF center
frequency is zero and the IF amplifier becomes a lowpass
filter. Since the RF filter operates at a much higher frequencythan the IF, it needs all the group delay margin that
the total receiver design can give it. The lowpass IF
amplifier wants to have a Bessel response characteristic
since the Bessel response has the best group delay of any
of the classical filters. Unfortunately the Bessel filter has
very poor rejection characteristics in the stopband. In a
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very noisy environment one would prefer to have
Butterworth or elliptical roll-off characteristics and Bessel
group delay.
Aboutthree years ago I set outto design such afilter. It was
to have Butterworth roll-off and Bessel group delay. I knew
that although I really wanted elliptical characteristics the
Butterworth characteristics would be easier to phase
equalize (compensate). After returning a number of computer programs which were supposed to optimize group
delay characteristics (and didn't), I found one that did. The
computer generated filter design looked great on paper
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although it contained 29 operational amplifiers. A simple
Monte Carlo analysis showed that part tolerances would
be aproblem. I first builtthe most complex section and put
it on the analyzer. Unfortunately the operational amplifier
could not read and thus it did what it knew to do which was
to have characteristics which were unlike the simulation.
After some looking I found an operational amplifier which
would track the simulation very closely if I adjusted the
resistors somewhat. Now I not only had 29 operational
amplifiers but 30 adjustments. The adjustment was very
difficult. Each section of the filter had to be adjusted
individually; afterthatthey all had to work together. I wrote
some special software which ran on the IEEE bus to
compare the actual filter data from the analyzer with the
simulation data. The computer would then display the
difference between the two in gain and group delay.
Adjustment took two days and I got to about twice the
differential in group delay that I set as my goal. The circuit
had about two times the ambient differential specification
I desired when I spray canned the card. This process took
about seven months and resulted in a prototype Vector
card. I was devastated; seven months and not even close.
One day some time later, I was reading EDN and came
across an article about switched capacitor filters by Rich
Markell. I had talked to a number of such vendors asking
if they knew what group delay was and were they interested in optimizing for group delay. Most said what is

group delay? The few who knew said all their filters would
have the classical group delay of a nonswitched capacitor
filter. Rich said he knew and asked why it was important
to me. I poured out my "seven months and no cigar" story.
He seemed really interested. Afew days later he asked if I
would be interested in looking ataswitched capacitorfilter
breadboard which LTC would build. You bet!! The first
sample was about where I was with my 29 operational
amplifiers but was abouttwo square inches in board space
with external resistors. It was also about twice as stable as
my design when spray canned. But Rich said that I should
not be able to see the changes in group delay. I told him to
get to a spectrum analyzer and look. Then a new design
with external resistors values arrived in the mail. With this
design I could bridge the exact resistor values and build
the design. Adjustment of the filter took less time than
setting up and calibrating the analyzer. I moved one
resistor just a little. I then had Bessel performance in the
passband and elliptical performance in the stopband. My
dream was to have LTC put the resistors inside: NRE 12k
to 15k. As dreams sometimes go, others were interested
in my vision for those elliptical skirts and LTC decided to
put the resistors inside. Thus, I go from 29 operational
amplifiers, 30 adjustments and no cigar to a 14-lead
package with no adjustments-- and a box of cigars. Want
to adjust the skirt edge a little? Just move the clock. Is this
magic or what?!

APPENDIX B

Filter Compromises
The LTC1 064-7 , LTC 1164-7 and LTC1264-7 are the only
"Better than Bessel" filters on the market that include all
resistors integrated onto the silicon. The obvious question
that many designers will have is: Can I do better? Let's
explore this.
Let's try to phase equalize the LTC1 064-1 elliptiC 8th order
LP filter. This filter is a very selective filter and, as such,
approximates abrick wall filter. Figure B1 shows the group
delay response for the LTC1064-1 at a normalized frequency of 1Hz. Our objective is to flatten the group delay
curve as much as possible.
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Figure 81. Group Delay Response LTC1064-1,
'CUTOFF = 1Hz
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Figure B2 shows the architecture used for building allpass
filters. For more detailed information see Appendix D.
Implementation of the all pass network can be partially
done by FilterCAD as shown in Figure B3. Note carefully
that to implement an all pass network, the fo, a and fn
values are entered only once into the custom filter design
table. See Appendix Dif this issue is not clear.

" VIN

R1B 1

LTG1064
MODE 3
SIDE B
R6B
VBpB 3

By incorporating the 6th order all pass filter before the
LTC1 064-1, we have smoothed the variations in the group
delay response. Figures B4 and B5 show the group delay
response of the system fora 10kHz cutoff frequency.
Figures B6 and B7 show the amplitude characteristics.
Note: Each all pass section is very sensitive to the requirement R6/R5 = 1/2 HOBP.
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RESISTOR VALUES (100:1)
1. FCAD CALCULATES R2, R3, R4
2.R1 =R4
3. RG=RS=20k
4. CALCULATE HOBP FROM THE LTC1064
DATA SHEET EQUATIONS"
S. R6 = (RS HOBP)12

RSD
14

HPD

VOUT
ALLPASS

"HOBP 100:1 .. HOBP SO:1
HOBP (100:1) =-R3/R1

....,"
Figure B2. Allpass Network Configuration Using LTC1064
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FilterCAD Ver 1.700
FILTER DESCRIPTION: ALLPASS 6TH ORDER FOR LTC1064-1
FILTER TYPE:
FILTER RESPONSE:

LOWPASS
CUSTOM

PASSBAND RIPPLE:
ATTENUATION:
ACTUAL ATTENUATION:
FILTER GAIN:
ORDER OF FILTER:
CORNER/CENTER FREQ:
STOPBAND FREQUENCY:

0.0000
0.0000
0.0000
0.0000
6
1.0000
1. 0000

dB
dB
dB
dB
Hz
Hz

POLE/ZERO LOCATIONS FOR FILTER
STAGE

Fo
1. 0000
0.7450
0.5200

1
2

3

Fn
INFINITE
INFINITE
INFINITE

Q

0.5470
0.9430
0.5470

OPTIMIZE STRATEGY: NOISE
DEVICE:
LTC1064
CLOCK RATIO:
100:1
CLOCK FREQUENCY:
100.0000 Hz
FILTER
STAGE

MODE

1
2

3
3

3

3

RESISTORS (ABSOLUTE VALUES)
STAGE
1
2
3

R1

STAGE
1
2
3

R1

R2
36.56K
20.00K
20.00K

R3
20.00K
25.31K
21. 03K

R4
36.56K
36.03K
73.96K

R5
R6
RG
RH
USE GUIDELINES ON ALLPASS
6TH ORDER BLOCK DIAGRAM TO
DETERMINE R1, R5, R6, RG

RL

RESISTORS (1% VALUES)

STAGE
1
2
3

R2

36.50K 36.50K
35.7DK 20.00K
73.:lDK 20.00K
! HOBP/2!
0.274
0.357
0.143

R3
20.00K
25.50K
21. OOK

R6/R5
0.270
0.355
0.144

R4
36.50K
35.70K
73.20K

R5

R6

RG

:lO.OOK
:lD.DOK
:lD.ODK

5.40K
7.1DK
:l.B7K

:lD.DOK
:lD.OOK
:lD.DDK

RH

RL

R6/R5 = 1/2!HoBP!
HoBP (100:1) = -R3/R1

Figure B3. FilterCAD Implementation Screen Used to Calculate Resistors R2, R3 and R4.
R1, R5, R6 and RG Must Be Calculated According to Figure B2's Instructions
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Figure 84. LTC1064 6th Order Allpass Plus LTC1064-1
Group Delay vs Frequency

Figure 85. LTC1064 6th Order Allpass Plus LTC1064-1
Detailed Group Delay in Filter Passband

10
-10
-20
is -30

i';;;: -40
'" -50
-60

-2

-70

-3

UI\

-BO

-90
0.1

10

1--+-++H++H--+-H+t+IItlI---j
1--+-++H++H--+-H+t+IItlI---j

-4 f--+-++H++H--+--+-++++1I-Hl----1
-5 L...-.L..l....L.L.J..l..U.l..--L-.J...L..L.UJLl..L.L-....J
50

~

10

~

FREQUENCY (kHz)

FREQUENCY (kHz)

"""""
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Figure 87. Detailed Amplitude Response LTC1064 6th
Order Allpass Network Plus LTC1064-1 Elliptic Filter

APPENDIX C

The LTC1264-7 Filter vs DSP
The LTC1264-7 is the only linear phase "Better than
Bessel" filter available in an SO package. Its 250kHz
maximum cutoff frequency far exceeds the cutofffrequencies that can be realized with Digital Signal Processing
(DSP). Asimilar DSP Finite Impulse Response (FIR) filter
at only 30kHz cutoff frequencies would require approximately 100 filter taps (coefficients) using amultiplier with
at least 12-bit precision. Realization of this filter would
necessitate 45ns multiplication cycles translating to at
least a 22M Hz clock frequency. A 250kHz filter would
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require 5.4ns multiplication cycles and at least a 183MHz
clock. These speeds are years, if not a decade, away from
realization in silicon.
What about DSP?
The current craze about DSP, while perfectly warranted in
many cases, cannot hold a candle to the good old analog
switched capacitor approach at frequencies much above
20kHz to 30kHz. Let's see why.
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DSP Fundamentals
DSP operates by first digitizing the data via an analog-todigital converter. Next, the digitized data is digitally filtered
by multiplying each digital sample by a"coefficient." Many
samples must be multiplied by a coefficient and then
"accumulated" in an accumulation register to perform the
desired filtering function. The number of coefficients
rarely is less than 20 and can sometimes approach 200 in
a complex filter.
DSP has advantages and disadvantages like any other
technology. DSP filters do not drift over time like op amp
RC filters can. They are quite good in approximating the
desired filter response characteristics required. Additionally, when the so-called FIR filter is deSigned, it has linear
phase by definition.

useful to see how the two approaches compare. Figure C1
shows in block diagram format a DSP filter implemented
with discrete registers, multipliers, FIFOs and additional
digital circuitry. (The illuminated may exclaim atthis point:
but what aboutthe TMS320 orthe 56001 ?The illuminated
will see why this approach is far too slow.) The circuitry
to be of any use at all for speeds useful to data communications must use very fast parts.
Figure C2 shows a DSP filter response calculated using a
DSP design program. It is an FIR design and therefore has
linear phase. This filter requires a sample rate of 100kHz.
As shown, it has a30kHz cutoff frequency using 12 bits of
precision. The DSP program calculates that the filter
requires 100 coefficient taps.

DSP is not free, however. Quantization errors in the ADC
limit accuracy of the DSP algorithms. Sixteen-bit ADCs,
while readily available, generally do not achieve 16-bit
accuracy and noise performance even with the best circuit
board layout. Quantization errors also creep into the filter
coefficients limiting filter performance. Overflow errors in
the arithmetic registers can occur without careful software
design and have been known to crash the system. Finally,
aliasing is a problem with DSP since it is a sampled data
system.
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A direct comparison between the switched capacitor approach using the LTC1264-7 and the DSP approach is

[
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CLOCK
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16~

REGISTER
(12 to 16 BITS)

12TO 16
BITS

Figure C2. FIR Filter, Kaiser Window, 100ksps,
=30kHz,12-Bit Precision, 100 Taps

'CUTOFF

FIFO
(12TO 16 BITS)

12TO 16
BITS
REGISTER

BITS

i

i i

CONTROL
LOGIC

COEFF
COUNTER

12TO 16
BITS

L..+--+

MULTIPLIER
12x 12
OR

16x 16
AN56FC1

Figure C1. Simplified DSP Filtering Block Diagram
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This 30kHz FI Rfilter would require a12-bit parallel AID at
its front end. The AID must convert in less than 45ns.
Using a 45ns multiplier/accumulator cycle time, we can
calculate:
45ns x 2cycles (multiply, then accumulate) x 100taps
=9ps + 1ps overhead =10ps
Thus, we need 45ns multipliers to achieve our 30kHz filter
which requires a 100kHz sample rate. These multipliers
are 1994 state-of-the-art components. They require excellent skills to apply and they are expensive.

The LTC1264-7 Solution Wins
As the above example shows, DSP cannot yet go fast
enough to do many of the fundamental filtering requirements for data communications. The 30kHz filter deSigned inthe previous section with DSPcan be much more
easily implemented by a single switched capacitor filter.
The LTC1064-7 linear phase lowpass filter can easily
handle the 30kHz requirement. Should the user want to
take advantage of the LTC1264-7's 250kHz maximum
cutoff frequency, a comparable DSP solution would
require blazing fast 5ns multipliers and similarly fast
registers and peripheral logic. These type of devices do not
exist (as far as I know) today and may not exist until the
next century.

APPENDIX D

Designing Allpass Filters (Delay Equalizers) USing FCAD 1.70
Philip Karantzalis

Introduction
While not intended to do so, FilterCAD can be used to
design all pass filters for phase equalization and phase
shifting applications. FilterCAD, in fact, was used in the
design of the LTC1264-71inear phase filter.
The reader is cautioned that the use of FilterCAD in
designing all pass filters is an iterative process which
requires patience as well as athorough knowledge of the
required delay characteristics of the filter to be designed.
In other words, you must know how much deviation from
"flat" group delay your design can tolerate because you
can never get absolutely flat group delay.

Using FilterCAD to Design an APF
The FilterCAD software can simulate the delay characteristics of an all pass section when the user enters an
equivalent lowpass section into the custom menu twice.
This simulates the delay characteristics of an all pass
section since a 2nd order all pass section has twice the
delay of the equivalent lowpass section.
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Since the amplitude response of any all pass section is
unity, the amplitude response ofthe filter should be.tu!~ed
off in FilterCAD so the user can concentrate on optimIzing
the delay performance.

An Example
Figure D1 shows the normalized custom filter menu for a
single 2nd order section lowpass filter with a Q of 2.00.
The response plot for this single section LPF is shown in
Figure D2. Note that, as described above, the gain response has been turned off, and the graph only shows
phase (top) and group delay (bottom).
The next graph, Figure D3, is acomposite graph showing
the effects of various all pass filters on the lowpass section.
Note that each all pass section is simulated by using two
entries in the custom table. In this example the fo of the
allpass section was varied from 0.7 to 1.00 and the Q was
varied from 0.52 to 0.55. Note again, that minimization of
group delay is afairly tedious process where the designer
is required to do many iterations of the all pass filter
section(s). It is recommended that a maximum of two
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FilterCAD (C) 1988-1990 Linear Technology Corporation
FILTER TYPE:
FILTER RESPONSE:

LOWPASS
CUSTOM

NORMALIZE TO (Hz) :
1
2
3
4
5
6
7

Fo (Hz)
1.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

t
i

Press:

to move cursor UP
to move cursor DOWN
~ to move cursor RIGHT
~ to move cursor LEFT
ENTER to ACCEPT data
ESC to RETURN to FILTER MENU
I to enter INFINITY for value
N to change NORMALIZATION value

1.0000
Fn (Hz)

Q

2.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Fo (Hz)
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

8
9
10
11
12

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

13

14

Fn (Hz)
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Q

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Figure D1. FilterCAD Menu for 2nd Order Section, Q = 2.00
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all pass sections be used in an equalized filter design. This
will avoid compromising the noise performance of the
filter system. However, some elliptic filters may require
three or four all pass sections for equalization.
The Hardware-Implementation
Any of LTC's universal filters can be used to implement
all pass sections as described in this appendix. Remember
that implementation does not require each section to be
entered twice. See Appendix B.

Figure D3. AlJpass Group Delay Equalization of
a Single 2nd Order LPF

This example shows how aLTC1 064-1 elliptic filter can be
equalized up to about 90% of its passband using a 6th
orderallpass designed by iteration and FCAD graphics. By
following this example as a starting point, other filters
may be equalized using the same (or similar) design
procedure.
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FCAD Group Delay Equalization Procedure
1. In lowpass, custom option enter the fo and Qvalues of
the filter to be equalized. (Note that fn values need not be
entered.)

2. Below the fo and Q values of the lowpass filter enter
each all pass fo and Q value twice. As explained above, the
reason for this is because the delay of an all pass filter is
exactly twice that of the equivalent lowpass filter. For this
design which uses a 6th order all pass equalizer, three
all pass sections must be entered twice.
3. Iterate the values of the fo and Qvalues of the all pass
sections only (do not change the values of the lowpass
sections) until the desired group delay flatness is obtained. This must be done by alternately viewing the group
delay on screen in FCAD and variation of the fo and Q
values. The procedure is not user friendly or fast, but it can
be done and it is certainly faster than the method Bessel
used.
The FCAD group delay equalization scheme distorts the
gain response plot of the lowpass filter, but this is not a
"real" situation since, by definition, the gain response of

an all pass filter is unity. This is the reason that we suggest
the gain response of the filter under FCAD be toggled off
while equalizing. The reason the gain response of the
equalized filter is corrupted is because FCAD thinks the
all pass sections entered are lowpass filters and calculates
their gain as if they were. Thus, the overall equalized
response appears as if the lowpass filter we are interested
in equalizing has additionallowpass sections added. To
reiterate, the correct gain response of the equalized lowpass filter must be calculated in FCAD by using only the
lowpass sections of the filter.
The figures show the precise techniques as implemented
in FilterCAD for equalizing an LTC 1064-1 elliptic filter with
a6th order all pass section. Figure B1 is the non-equalized
group delay of the LTC1064-1. This plot was obtained
from FCAD by inputting the 4 stages of the LTC1064-1
lowpass filter into the custom lowpass menu and telling
FCAD to plot the group delay response.
Figures B4 and B5 illustrate the theoretical group delay
response from the fully equalized filter as plotted in
FilterCAD.

APPENDIXE

A Reference Table for Rating Lowpass Filters with Constant Group Delay
Bessel and "Better than Bessel" filters are not the only
filters with flat group delay. While these filters do have
better characteristics than other filters because they have
constant group delay to twice fe and to fe, respectively,
there is another filter that can be used in some situations.
This is the trusty Butterworth filter. While the eye diagram
of the Butterworth filter may not look pretty, reasonable
results may be obtained by using only part ofthe passband
of the filter when more attenuation is needed (in the
stopband) than the Dash 7 type of filter achieves. Table E1
summarizes the Group Delay and attenuation specifications for several filters. The table may be used as asimple
selection guide.
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Table E1. Flal Group Delay Filler Design Table
GROUP DELAY
ATTENUATION (dB)
FILTER
(Fillers are Normalized to Ie =1)
Atfe=2 Atfe=3 Atfc=4
Dash 7Better than Bessel Flatto Ie =1
-36
-69 -77
Dash 3Bessel
Flatto Ie = 1.912 -13.3 -32.7 -51.6
Dash 2Butterworth
Flat to Ie = 0.376* -49
-76 -96
-76 -96
Flatto Ie = 0.494** -49

* Flat group delay to+5%
** Flat group delay to +10%
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Video Circuit Collection
Frank Cox

INTRODUCTION
Even in atime of rapidly advancing digital image processing, analog video signal processing still remains eminently viable. The video AID converters need a supply of
properly amplified, limited, DC restored, clamped, clipped,
contoured, multiplexed, faded and filtered analog video
before they can accomplish anything. After the digital
magic is performed, there is usually more amplifying and
filtering to do as an adjunctto the D/A conversion process,
not to mention all those pesky cables to drive. The analog

way is often the most expedient and efficient, and you
don't have to write all that code.
The foregoing is only partly in jest. The experienced
engineer will use whatever method will properly getthe job
done; analog, digital or magic (more realistically, a combination of all three). Presented here is a collection of
analog video circuits that have proven themselves useful.

CIRCUIT INDEX
I.

Video Amplifier Selection Guide ..................................................................................... 2

II.

Video Processing Circuits ............................................................................................. 3
Variable Gain Amplifier ........ .......................................................................................................................... 3
Black Clamp .................................................................................................................................................. 3
Video Limiter ................................................................................................................................................. 4
Circuit for Gamma Correction ....................................................................................................................... 5
LT1228 Sync Summer ............... .......................................... ......................................................................... 7

III.

LT1204 70MHz Multiplexer Circuits .................................................................................. 8
Stepped Gain Amplifier USing the LT1204 .................................................................................................... 8
LT1204 Amplifier/Multiplexer Sends Video Over Long Twisted Pair .............................................................. 9
Fast Differential Multiplexer ........................................................................................................................ 10

IV.

Misapplications of CFAs ............................................................................................. 11

V.

Appendices - Video Circuits from Linear Technology Magazine.............................................
A. Temperature-Compensated, Voltage-Controlled Gain Amplifier Using the LT1228 .................................
B. Optimizing a Video Gain-Control Stage Using the LT1228 ......................................................................
C. Using a Fast Analog Multiplexer to Switch Video Signals for NTSC "Picture-in-Picture" Displays ..........

12
12
14
18
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VIDEO AMPLIFIER SELECTION GUIDE
PART

GBW(MHz)

LT1217

10

CONFIGURATION
S

COMMENTS
CFA, Is =1mA, Shutdown

LT1200/LT12011
LT1202

11

S,D,Q

Is =1mA per Amp, Good DC Specs

LT1355/LT1356

12

D,Q

400Vl~

LT1211/LT1212

14

D,Q

Single Supply, Excellent DC Specs

LT1215/LT1216
LT1358/LT1359

23
25

D,Q

Single Supply, Excellent DC Specs

D,Q

600Vl~

LT1213/LT1214

28

D,Q

Single Supply, Excellent DC Specs

LT1208/LT1209

45

D,Q

400Vl~

LT1220

45

S

250Vl~,

Good DC Specs, 12-Bit Accurate

LT1224

45

S

400Vl~

SR

LT1190

50

S

Low Voltage

LT1360

50

S

800V/~

LTI206

60

S

250mA Output Current CFA,

LT1363
LT1204

70
70

S
Q

1OOOVl~ SR, Is = 7.5mA per Amp, Good DC Specs
CFA, 4-lnput Video MUX Amp, 1OOOV/~ SR, Superior Isolation

LT1228

80 (gm =0.25)

S

Transconductance Amp + CFA, Extremely Versatile

LT1191

90

S

Low Voltage, ±50mA Output

LT1229/LT1230

100

D,Q

CFA, 1000Vl~ SR, DG = 0.04%, DP =0.1°

LT1223

100

S

CFA, 12-Bit Accurate, Shutdown,
DP = 0.12°

LT1252

100

S

CFA, DG = 0.01%, DP = 0.09°, Low Cost

LT1253

117

D,Q

CFA, DG = 0.03%, DP =0.28°, Flat to 30M Hz, 0.1 dB

LT1259/LT1260

130

D, T

RGB CFA, O.ldB Flat to 30M Hz, DG =0.016%, DP = 0.075°, Shutdown

LT1227

140

S

CFA,

LT1221

150 (Av= 4)

S

250Vl~

Low Voltage, Differential Input, Adjustable Gain, ±50mA Output

SR, Is = 1.25mA per Amp, Good DC Specs

SR, Is = 2.5mA per Amp, Good DC Specs
SR

SR, Is = 5mA per Amp, Good DC Specs

1100V/~

600V/~

SR, Shutdown

1300Vl~

SR, Good DC Specs, DG = 0.02%,

SR, DG = 0.01%, DP =O.W, Shutdown

SR, 12-Bit Accurate

LT1193

160 (Av = 2)

S

LT1203/LT1205

170

D,Q

MUX, 25ns Switching, DG =0.02%, DP =0.04°

LT1192

350 (Av = 5)

S

Low Voltage, ±50mA Output

LT1194

350 (Av= 10)

S

Differential Input, Low Voltage, Fixed Gain of 10

LT1222

500 (Av = 10)

S

12-Bit Accurate

LT1226

1000 (Av = 25)

S

400Vl~

Key to Abbreviations:
CFA = Current Feedback Amplifier
DG = Differential Gain
DP = Differential Phase
MUX = Multiplexer
.
SR = Slew Rate
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S
D
Q
T

Single
= Dual
= Quad
= Triple

=

SR, Good DC Specs

Note:
Differential gain and phase is measlired with a 150n load, except for the
LT1203/LT1205 in which case the load is 1000n.
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VIDEO PROCESSING CIRCUITS
Variable Gain Amplifier Has ±3dB Range While
Maintaining Good Differential Gain and Phase
The circuit in Figure 1 is a variable gain amp suitable for
composite video use. Feedback around the transconductance amp (LT1228) acts to reduce the differential input
voltage at the amplifier's input, and this reduces the
differential gain and phase errors. Table 1 shows the
differential phase and gain for three gains. Signal-to-noise
ratio is better than 60dS for all gains.

The following techniques are critical in the design shown
in Figure 2:

Table 1
INPUT
(V)

ISET
(rnA)

DIFFERENTIAL
GAIN

DIFFERENTIAL
PHASE

0.707
1.0
1.414

4.05
1.51
0.81

0.4%
0.4%
0.7%

0.15 0
0.10
0.5 0

1. The use of diodes with a low forward voltage drop
reduces the voltage that the amp must slew.

Black Clamp
Here is a circuit that removes the sync component of the
video signal with minimal disturbance to the luminance
(picture information) component. It is based on the classic
op amp half-wave-rectifier with the addition of a few
refinements.

750

The classic "diode-in-the-feedback-Ioop" half-wave-rectifier circuit generally does not work well with video frequency signals. As the input signal swings through zero
volts, one of the diodes turns on while the other is turned
off, hence the op amp must slew through two diode drops.
During this time the amplifier is in slew limit and the output
signal is distorted. It is not possible to entirely preventthis
source of error because there will always be some time
when the amp will be open-loop (slewing) as the diodes
are switched, but the circuit shown here in Figure 2
minimizes the error by careful design.

2. Diodes with a low junction capacitance reduce the
capacitive load on the op amp. Schottky diodes are agood
choice here as they have both low forward voltage and low
junction capaCitance.
3. Afast slewing op amp with good output drive is essential. An excellent CFA like the LT1227 is mandatory for
good results.
4. Take some gain. The error contribution of the diode
switch tends to be constant, so a larger signal means a
smaller percentage error.

3.4k
2500

7500

:-~wv--te) OUT

1.5k

750
7500
VS=±15V
VOUT = lVp_p
SIN MEASURES> BOdS

AN57-RJ1

Figure 1. ±3dB Variable Gain Video Amp Optimized lor Differential Gain and Phase
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750
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Figure 2. Black Clamp Circuit

Since this circuit discriminates between the sync and
video on the basis of polarity, it is necessary to have an
input video signal that has been DC restored (the average
DC level is automatically adjusted to bring the blanking
level to zero volts). Notice that not only is the positive
polarity information (luminance: point Ain the schematic)
available, but that the negative polarity information (sync:
point Bin the schematiC) is also. Circuits that perform this
function are called "black clamps." The photograph (Figure 3) shows the circuit's clean response to a 1T1 pulse
(some extra delay is added between the input and output
for clarity).

Video Limiter
Often there is a need to limit the amplitude excursions of
the video signal. This is done to avoid exceeding luminance reference levels ofthe video standard being used, or
to avoid exceeding the input range of another processing
stage such as an AID converter. The signal can be hard
limited in the positive direction, a process called "white
peak clipping," but this destroys any amplitude information and hence any scene detail in this region. A more
gradual limiting ("soft limiter") or compression ofthe peak
white excursion is performed by elements called "knee"
circuits, after the shape of the amplifier transfer curve.
A soft limiter circuit is shown in Figure 4 which uses the
LT1228 transconductance amp. The level at which the
limiting action begins is adjusted by varying the set
current into pin 5 of the transconductance amplifier. The
LT1228 is used here in a slightly unusual, closed-loop
configuration. The closed-loop gain is set by the feedback
and gain resistors (RF and RG) and the open-loop gain by
the transconductance of the first stage times the gain of
the CFA.

Figure 3. Black Clamp Circuit Response to a "1T" Pulse
(±15V Power Supplies)

AN57-4

1 A 1T pulse is a specialized video waveform whose salient characteristic is
a carefully controlled bandwidth which is used to quickly quantify gain and
phase flatness in video systems. Phase shift and/or gain variations in the
video system's passband result in transient distortions which are very
noticeable on this waveform (not to mention the picture). [For you video
experts out there, the Kfactor was 0.4% (the TEK TSG120 video signal
generator has a Kfactor of 0.3%)].
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ducers to convert the video signal back to light when the
signal is sent to a display, a CRT monitor for example.
Transducers often have a transfer function (the ratio of
signal in to light ou~ that is unacceptably nonlinear.

3.4k

750
2500

7500

>-+---<rw.r.... J OUT

The newer generation of camera transducers (CCOs and
the improved versions of vidicon-like tubes) are adequately
linear, however, picture monitor CRTs are not. The transfer functions of most CRTs follow a power law. The
following equation shows this relation:
Light Out = k· VSIG'Y

Figure 4. l T1228 Soft Limiter

As the transconductance is reduced (by reducing the set
current), the open-loop gain is reduced below that which
can support the closed-loop gain and the amp limits. A
family of curves which show the response of the limiting
amplifier subject to different values of set current with a
ramp input is shown in Figure 5. Figure 6 shows the
change in limiting level as ISET is varied.
Circuit for Gamma Correction
Video systems use transducers to convert light to an
electric signal. This conversion occurs, for example, when
a camera scans an image. Video systems also use trans-

where k is a constant of proportionality and gamma (y) is
the exponent of the power law (gamma ranges from 2.0
to 2.4).
This deviation from nonlinearity is usually called just
gamma and is reported as the exponent of the power law.
For instance, "the gamma of this vidicon is 0.43." The
correction of this effect is gamma correction.
In the equation above, notice that a gamma value of 1
results in a linear transfer function. The typical CRT will
have a transfer function with a gamma from about 2.0 to
2.4. Such values of gamma give a nonlinear response
which compresses the blacks and stretches the whites.
Cameras usually contain acircuitto correctthis nonlinearity.
Such a circuit is a gamma corrector or simply a gamma
circuit.

I I

~1.0

5

~

0

h ~ ~ ::;;-::: ~
ij lEi!! F'"

./

fY'

~ .....
~ 1.0

...
:::0

Il.

,.,

0

-

I/, / '
~

~

...... ~

~~

I--"::

....

ISET (mA)
,
2.7 1.9 -

1.4 1.0 0.68-

o.3f1
I
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Figure 5. Output of the Limiting Amp (ISET = D.68mA),
with a Ramp Input. As the Input Amplitude Increases
from D.25V to 1V, the Output is limited to 1V

Figure 6. The Output of the limiting Amp with Various
limiting levels (lSET). The Input is a Ramp with a
Maximum Amplitude of D.75V
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1k

1N4148
1500 '
1N4148

RESPONSE AT POINT®

10k

D
RESPONSE AT POINT®

~

OUT

1k
AN57'Al7

Figure 7. Gamma Amp (Input Video Should Be Clamped)

Figure 7 shows a schematic of atypical circuit which can
correctfor positive or negative gamma. This is an upgrade
of a classic circuit which uses diodes as the nonlinear
elements. The temperature variation of the diode junction
voltages is compensated to the first order by the balanced
arrangement. LT1227s and LT1229s were used in the
prototype, but a quad (LT1230) could save some space
and work as well.
Figure 8 shows aresponse curve (transfer function) for an
uncorrected CRT. To make such a response linear, the
gamma corrector must have a gamma that is the reciprocal of the gamma of the device being linearized. Figure 8,
curve Ashows a response curve (transfer function) for an
uncorrected CRT. The response of a two diode gamma
circuit like that in Figure 7 is shown in Figure 8, curve B.
Summing these two curves together, as in Figure 8, curve
C, demonstrates the action of the gamma corrector. A
straight line of appropriate slope, which would be an ideal
response, is shown for comparison in Figure 8, curve D.
Figure 9 is a triple exposure photograph of the gamma
corrector circuit adjusted for gammas of -3, 1 and +3
(approximately). The input is a linear ramp of duration
52!JS which is the period of an active horizontal line in
NTS~ video.

1.0

I---t---I-----:.I"'----+-~r----l

LIGHT
OUT
(RELATIVE
I-----jY-+--+----F+---+---I
SCALE) 0.5

0.5

1.0
1.5
2.0
2.5
INPUT SIGNAL LEVEL (V)

3.0

AN'' ' '

Figure 8. Uncorrected CRT Transfer Function

AN57f09

Figure 9. Gamma Corrector Circuit Adjusted for Three
Gammas: -3,1, +3 (Approximately). The Input is a
Linear Ramp
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LT1228 Sync Summer

75n, is used on the output of the summing amp to
attenuate the switching noise from the DAC and to remove
some of the high frequency components of the waveform.
A more selective filter is not used here as the DAC has low
glitch energy to start with and the signal does not have to
meet stringent bandwidth requirements. The LT1363 used
for the summing amp has excellent transient characteristics with no overshoot or ringing. Figure 10c shows two

The circuit shown in Figure 10a restores the DC level and
adds sync to avideo waveform. For this example the video
source is a high speed DAC with an output which is
referenced to -1.2V. The LT1228 circuit (see the LT1228
data sheet for more details) forms a DC restore 2 that
maintains azero volt DC reference forthe video. Figure 1Ob
shows the waveform from the DAC, the DC restore pulse,
and composite sync. The LT1363 circuit sums the video
and composite sync signals. The 74AC04 CMOS inverters
are used to buffer the TIL composite sync signal. In
addition they drive the shaping network and, as they are
mounted on the same ground plane as the analog circuitry,
they isolate the ground noise from the digital system used
to generate the video timing signals. Since the sync is
directly summed to the video, any ground bounce or noise
gets added in too. The shaping network is simply a third
order Bessellowpass filter with abandwidth of 5MHz and
an impedance of 300n. This circuitry slows the edge rate
of the digital composite sync signal and also attenuates
the noise. The same network, rescaled to an impedance of

2 This is also referred to as "DC clamp" (or just clamp) but, there is a
distinction. Both clamps and DC restore circuits act to maintain the proper
DC level in a video signal by forcing the blanking level to be either zero
volts or some other appropriate value. This is necessary because the video
signal is often AC coupled as in a tape recorder or a transmitter. The DC
level of an AC coupled video signal will vary with scene content and
therefore the black referenced level must be "restored" in order for the
picture to look right. A clamp is differentiated from a DC restore by its
speed of response. A clamp is faster, generally correcting the DC error in
one horizontal line (63.5iJS for NTSC). A DC restore responds slower,
more on the order of the frame time (16.7ms for NTSC). If there is any
noise on the video signal the DC restore is the preferred method. A clamp
can respond to noise pulses that occur during the blanking period and as
a result give an erroneous black level for the line. Enough noise causes the
picture to have an objectionable distortion called "piano keying." The black
reference level and hence the luminance level change from line to line.

.V
V·
1k

>T.......Wv--teJ OUT

3400

~ .v

1k

COMPOSITE SYNC
T2L LEVELS

T143PF

1L-Jl
\

74AC04

2.2k

5100

Figure 10a. Simple Sync Summer
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horizontal lines of the output waveform with the DC
restQred and the sync added. Figure 10d is an expanded
view of the banking interval showing aclean, well formed
sync pulse.
LT1204 70MHz MULTIPLEXER CIRCUITS
Stepped Gain Amp Using the LT1204

ANS7F1Ob

Figure 10b. Video Waveform from DAC;
Clamp Pulse and Sync Pulse Used as Inputs
to Sync Summer

Figure 10c. Reconstructed Video Out
of Sync Summer

This is astraightforward approach to aswitched-gain amp
that features versatility. Figures 11 and 12 show circuits
which implement a switched-gain amplifier; Figure 11
features an input Z of 1ooon, whileFigure 12's input Z is
75n. In either circuit, when LT1204 amp/MUX #2 is
selected the signal is gained by one, or is attenuated by the
resistor divider string depending on the input selected.
When LT1204 amp/MUX #1 is selected there is an additionalgain of sixteen. Consult the table in Figure 11. The
gain steps can be either larger or smaller than shown here.
The input impedance (the sum of the divider resistors) is
also arbitrary. Exercise caution in taking large gains however, because the bandwidth will change as the output is
switched from one ampto another. Taking more gain in the
amp/MUX #1 will lower its bandwidth even though it is a
current feedback amplifier (CFA). This is less true for a
CFA than for a voltage feedback amp.
VIN

62.5mVp.p-....------~

TO 8Vp.p

ZIN= 1k

4990 t-IV~~--..::..j
1250

t----''''''''''_-+_VOUT

1Vp.p

1250

Figure 10d. Close-Up of Figure 10c,
Showing Sync Pulse

AMP, INPUT
1,1
1,2
1,3
1,4
2,1
2,2
2,3
2,4

Av

16
8
4
2
1
0.5
0.25
0.125

(dB)
24
18
12
6
0
,..6
-12
-18

AN57·F11

Figure 11. Switchable Gain Amplifier Accepts Inputs from
62.5mVp.p to BVp.p
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LT1204 Amplifier/Multiplexer Sends Video Over
Long Twisted Pair

VIN
62.5mVp.p ......-------~
TO 8Vp.p
ZIN=750

Rl

37.40

R2
18.70

R3
9.310

.....--YtI\.,---.- Vour
1Vp.p

R4
9.310

R5
1000

AN57F12

Figure 12. Switchable Gain Amplifier, Z,N = 750
Same Gains as Figure 11

Figure 13 is a circuit which can transmit baseband video
over more than 1000 feet of very inexpensive twisted-pair
wire and allow the selection of one-of-four inputs. Amp/
MUXA1 (LT1204) and A2 (LT1227) form asingle differential driver. A3 is a variable gain differential receiver built
using the LT1193. The rather elaborate equalization (highlighted on the schematic) is necessary here as the twisted
pair goes self-resonant at about 3.BMHz.
Figure 14 shows the video test signal before and after
transmission but without equalization. Figure 15 shows
before and after with the equalization connected. Differential gain and phase are about 1% and 1°, respectively.

470
lk

470

2k

Figure 13. Twisted Pair Driver/Receiver

INPUT
OUTPUT
1000 FEET TWISTED PAIR

AN~FT'

Figure 14. Multiburst Pattern Without Cable Compensation

INPUT
OUTPUT
1000 FEET TWISTED PAIR

AN"''

Figure 15. Multiburst Pattern With Cable Compensation

AN57-9

Application Note 57
AO Al

S7D

EN

750

6an

CABLE

lk'

• OPTIONAL

AN67F16

Figure 16. Fast Differential Multiplexer

Fast Differential Multiplexer
This circuit (Figure 1S) takes advantage of the gain node
on the LT1204 to make a high speed differential MUX for
receiving analog signals over twisted pair. Commonmode noise on loop-through connections is reduced because of the unique differential input. Figure 15's circuit
also makes arobust differential to single-ended amp/MUX
for high speed data acquisition.
Signals passing through LT1204 #1 see a noninverting
gain of two. Signals passing through LT1204 #2 also see
anon inverting gain of two and then an inverting gain of one
(for aresultant gain of minus two) because this amp drives
the gain resistor on amp #1. The result is differential
amplification of the input signal.
The optional resistors on the second input are for input
protection. Figure 17 shows the differential mode response versus frequency. The limitto the response (at low

AN57-10

frequency) is the matching of the gain resistors. One
percent resistors will match to about 0.1 % (SOd B) if they
are from the same batch.
Vs=±l'5V

RL=l?,~;?

II IIIIII II 111111
II IIIIII II IIIIII

OIFFERENTIAL MODE RESPONSE

,/

~OMMON.MODE
RESPONSE

",

~
10K

lOOk

1M
10M
FREQUENCY (Hz)

100M
AN57F17

Figure 17. Differential Receiver Response vs Frequency
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MISAPPLICATIONS OF CFAs
In general the current feedback amplifier (CFA) is remarkably docile and easy to use. These amplifiers feature "real,"
usable gain to 1OOMHz and beyond, low power consumption and an amazingly low price. However, CFAs are still
new enough so that there is room for breadboard adventure. Consult the diagrams and the following list for some
of the pitfalls that have come to myattention 3.
1. Be sure there is a DC path to ground on the noninverting input pin. There is a transistor in the input that needs
some bias current.
2. Don't use pure reactances for afeedback element. This
is one sure way to get the CFA to oscillate. Consult the
amplifier data sheet for guidance on feedback resistor
values. Rememberthatthese values have adirect effect on
the bandwidth. If you wish to tailor frequency response
with reactive networks, put them in place of RG, the gain
setting resistor.

r
11
1

---1
1

*

-=
-=::
r---*--------~M~;D~~C~~;-:/<l ___ ~6)
EQUIVALENT
CIRCUIT

EQUIVALENT CIRCUIT
VS FREQUENCY

_
-

3. Need a noninverting buffer? Use afeedback resistor!
4. Any resistance between the inverting terminal and the
feedback node causes loss of bandwidth.

~--:------------------~
Figure 18. Examples of Misapplications

5. For good dynamic response, avoid parasitic capacitance on the inverting input.
6. Don't use a high Q inductor for power supply decoupiing (or even a middling Qinductor for that matter). The
inductor and the bypass capacitors form a tank circuit,
which can be excited by the AC power supply currents,
causing just the opposite of the desired effect. A lossy
ferrite choke can be avery effective way to decouple power
supply leads without the voltage drop of a series resistor.
For more information on ferrites call Fair Rite Products
Corp. (914) 895-2055.

3 All the usual rules for any high speed circuit still apply, of course.
A partial lis!:
a. Use a ground plane.
b. Use good RF bypass techniques. Capacitors used should have short leads,
high self-resonant frequency, and be placed close to the pin.
c. Keep values of resistors low to minimize the effects of parasitics.
Make sure the amplifier can drive the chosen low impedance.
d. Use transmission lines (coax, twisted pair) to run Signals more than a
few inches.
e. Terminate the transmission lines (back terminate the lines if you can).
f. Use resistors that are still resistors at 100MHz.
Refer to AN47 for a discussion of these topics.
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APPENDICES "'- VIDEO CIRCUITS FROM LINEAR TECHNOLOGY MAGAZINE
APPENDIX A

A Temperature-Compensated, Voltage-Controlled Gain
Amplifier Using the LT1228
.
It is often convenient to control the gain of a video or
intermediate frequency (IF) circuit with a voltage. The
LT1228, along with a suitable voltage-to-current conyerter circuit, forms aversatile gain-control building block
Ideal for many of these applications.
In addition to gain control over video bandwidths this
circuit can add adifferential input and has sufficient o~tPut
drive for 50n systems.

Table A1. Characteristics 01 Example
lriput Signal Range
Desired Output Voltage
Frequency Range
Operating Temperature Range
Supply Voltages
Output Load
Control Voltage vs Gain Relationship
Gain Variation Over Temperature

O.5V to 3.0VPK
1.0VPK
OHzto 5MHz
O'Cto 50'C
±15V
1500 (750 + 750)
OV to 5V Min to Max Gain
+3% from Gain at 25'C

The transconductance of the LT1228 is inversely proportional to absolute temperature at a rate of -0.33%/oC. For
circuits using closed-loop gain control (Le., IF or video
automatic gain control) this temperature coefficient does
not present a problem. However, open-loop gain-control
circuits that require accurate gains may require some
compensation. The circuit described here uses a simple
thermistor network in the voltage-to-current converter to
achieve this compensation. Table A1 summarizes the
circuit's performance.

always, the designer's engineering judgment must be fully
engaged. Selection of the values for the input attenuator
gain-set resistor, and current feedback amplifier resistor~
is relatively straightforward, although some iteration is
usually necessary. For the best bandwidth, remember to
keep the gain-set resistor R1 as small as possible and the
set current as large as possible with due regard for gain
compression. See the" Voltage-Controlled Current Source"
(ISET) box for details.

Figure A1 shows the complete schematic of the gaincontrol amplifier. Please note thatthese component choices
are notthe only ones that will work nor are they necessarily
the best. This circuit is intended to demonstrate one
approach out of many for this very versatile part and, as

Several of these circuits have been built and tested using
various gain options and different thermistor values. Test
results for one of these circuits are shown in Figure A2.
The gain error versus temperature for this circuit is well
within the limit of±3%. Compensation over amuch wider

15V

R3A
10.7k

R2A
10.7k

R3
2740

Figure A1. Differential-Input, Variable-Gain Amplifier
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range of temperatures or to tighter tolerances is possible,
but would generally require more sophisticated methods,
such as multiple thermistor networks.
The VCCS is a standard circuit with the exception of the
current-set resistor R5, which is made to have a
temperature coefficient of-0.33%/oC. R6 sets the overall
gain and is made adjustable to trim out the initial tolerance
in the LT1228 gain characteristic. Aresistor (Rp) in parallel
with the thermistor will tend, over a relatively small range,
to linearize the change in resistance of the combination
with temperature. Rs trims the temperature coefficient of
the network to the desired value.
This procedure was performed using a variety of thermistors. BetaTHERM Corporation is one possible source,
phone 508-842-0516. Figure A3 shows typical results
reported as errors normalized to a resistance with a
-0.33%/oC temperature coefficient. As apractical matter,
the thermistor need only have about a 10% tolerance for
this gain accuracy. The sensitivity of the gain accuracy to
the thermistor tolerance is decreased by the linearization
network in the same ratio as is the temperature coefficient.
The room temperature gain may be trimmed with R6. Of
course, particular applications require analysis of aging
stability, interchangeability, package style, cost, and the
contributions ofthe tolerances of the other components in
the circuit.
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Figure A2. Gain Error for Circuit in Figure 18 Plus Temperature Compensation Circuit Shown in Figure 20 (Normalized to
Gain at 25°C)

/
_

1/

-2

~

/

~ -4

a:
a:
W

-6

I

-8
-10

I

/

I

-12
-60 -40

-20
0
20
40
TEMPERATURE (OC)

60

80

Figure A3. Thermistor Network Resistance Normalized to a
Resistor with Exact -0.33%fC Temperature Coefficient

.L7lJ!J~

AN57-13

Application Note 57

APPENDIX B

Optimizing a Video Gain-Control Stage Using the LT1228
Video automatic-gain-control (AGC) systems require a
voltage- or current-controlled gain element. The performance of this gain-control element is often a limiting
factor in the overall performance of the AGC loop. The gain
element is subject to several, often conflicting restraints.
This is especially true of AGC for composite color video
systems, such as NTSC, which have exacting phase- and
gain-distortion requirements. To preserve the best possible signal-to-noise ratio (S/N), l it is desirable for the
input signal level to be as large as practical. Obviously, the
1 Signal-lo-noise

ralio, SIN = 20 x log(RMS signal/RMS noise).

AN57-14

larger the input signal the less the SIN will be degraded by
the noise contribution of the gain-control stage. On the
other hand, the gain-control element is subjectto dynamic
range constraints; exceeding these will result in rising
levels of distortion.
Linear Technology makes ahigh speed transconductance
(gm) amplifier, the LT1228, which can be used as aquality,
inexpensive gain-control element in color video and
some lower frequency RF applications. Extracting the
optimum performance from video AGC systems takes
careful attention to circuit details.

Application Note 57
82.511

75011

TEKTRONIX
1780RVIDEO
MEASUREMENT
SET

Figure B1. Schematic Diagram

As an example of this optimization, consider the typical
gain-control circuit using the LT1228 shown in Figure B1.
The input is NTSC composite video, which can cover a
10dB range from 0.56V to 1.8V. The output is to be 1Vp_p
into 75Q. Amplitudes were measured from peak negative
chroma to peak positive chroma on an NTSC modulated
ramp test signal. See "Differential Gain and Phase" box.

Table B1. Measured Performance Data (Uncorrected)

Notice that the signal is attenuated 20:1 by the 75Q
attenuator atthe input ofthe LT1228, so the voltage on the
input (pin 3) ranges from 0.028V to 0.090V. This is done
to limit distortion in the transconductance stage. The gain
of this circuit is controlled by the current into the ISET
terminal, pin 5 of the IC.ln aclosed-loop AGC system, the
loop-control circuitry generates this current by comparing the output of a detector2 to a reference voltage,
integrating the difference and then converting to a
suitable current. The measured performance for this
circuit is presented in tables 81 and 82. Table 81 has the
uncorrected data and Table 82 shows the results of the
correction.

INPUT
BIAS
DIFFERENTIAL DIFFERENTIAL
(V) VOLTAGE ISET(mA)
GAIN
PHASE
SIN

All video measurements were taken with a Tektronix
1780R video-measurement set, using test signals generated by a Tektronix TSG 120. The standard criteria for
characterizing NTSC video color distortion are the differential gain and the differential phase. For a brief explana2 One way to do this is to sample the colorburst amplitude with a
sample-and-hold and peak detector. The nominal peak-to-peak amplitude
of the colorburst for NTSC is 40% of the peak luminance.

INPUT
(V)

ISET(mA)

DIFFERENTIAL
GAIN

DIFFERENTIAL
PHASE

SIN

0.03
0.06
0.09

1.93
0.90
0.584

0.5%
1.2%
10.8%

2.7 0
1.20
3.0 0

55dB
56dB
57dB

Table B2. Measured Performance Data (Corrected)

0.03
0.06
0.09

0.03
0.03
0.03

1.935
0.889
0.584

0.9%
1.0%
1.4%

1.450
2.25 0
2.85 0

55dB
56dB
57dB

tion of these tests see the box "Differential Gain and
Phase." For this design exercise the distortion limits were
set at asomewhat arbitrary 3% for differential gain and 3°
for differential phase. Depending on conditions, this should
be barely visible on a video monitor.
Figures 82 and 83 plot the measured differential gain and
phase, respectively, against the input signal level (the
curves labeled "A" show the uncorrected data from Table
81). The plots show that increasing the input signal level
beyond 0.06V results in a rapid increase in the gain
distortion, but comparatively little change in the phase
distortion. Further attenuating the input signal (and
consequently increasing the set current) would improve
the differential gain performance but degrade the
SIN. What this circuit needs is a good tweak!
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Figure 84. Small-Signal Transconductance vs
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Figure 83. Differential Phase vs Input Level

Optimizing for Differential Gain
Referring to the small signal transconductance versus DC
input voltage graph (Figure 84), observe that the
transconductance of the amplifier is linear over a region
centered around zero volts. 3 The 25°C gm curve starts to
become quite nonlinear above 0.050V. This explains why
the differential gain (see Figure 82, curve A) degrades so
quickly with signals above this level. Most RF signals do
not have DC bias levels, but the composite video signal is
mostly unipolar.
3 Notice also that the linear region expands with higher temperature.

Heating the chip has been suggested.

AN57-16

Video is usually clamped at some DC level to allow easy
processing of sync information. The sync tip, the chroma
reference burst, and some chroma signal information
swing negative, but 80% of the signal that carries the
critical color information (chroma) swings positive. Efficient use of the dynamic range ofthe LT1228 requires that
the input signal have little or no offset. Offsetting the video
signal so that the critical part of the chroma waveform is
centered in. the linear region of the transconductance
amplifier allows alarger signal to be input before the onset
of severe distortion. Asimple way to do this is to bias the
unused input (in this circuitthe inverting input, pin 2) with
a DC level.
In avideo system it might be convenient to clamp the sync
tip at a more negative voltage than usual. Clamping the
signal prior to the gain-control stage is good practice
because a stable DC reference level must be maintained.
The optimum value of the bias level on pin 2 used for this
evaluation was determined experimentally to be
about 0.03V. The distortion tests were repeated with this
bias voltage added. The results are reported in Table 82
and Figures 82 and 83. The improvementto the differential
phase is inconclusive, but the improvement in the differential gain is substantial.
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APPENDIX C

Using a Fast Analog Multiplexer to Switch Video Signals
for NTSC "Picture-in-Picture" Displays
The majority of production 1 video switching consists of
selecting one video source out of many for signal routing
or scene editing. For these purposes the video signal is
switched during the vertical interval in order to reduce
visual switching transients. The image is blanked during
this time, so if the horizontal and vertical synchronization
and subcarrier lock are maintained, there will be no visible
artifacts. Although vertical-interval switching is adequate
for most routing functions, there are times when it is
desirable to switch two synchronous video signals during
the active (visible) portion of the line to obtain picture-inpicture, key, or overlay effects. Picture-in-picture or active
video switching requires signal-to-signal transitions that
are both clean and fast. A clean transition should have a
minimum of pre-shoot, overshoot, ringing, or other aberrations commonly lumped under the term "glitching."

OFF·AIR VIDEO
SOURCE OR VIDEO
PATTERN
GENERATOR

OUTPUT

t

LOOP
THROUGH

-

INPUTS

Using the LT1204

A quality, high speed multiplexer amplifier can be used
with good results for active video switching. The important specifications for this application are a small, controlled SWitching glitch, good switching speed, low distortion, good dynamic range, wide bandwidth, low path loss,
low channel-to-channel crosstalk, and good channel-tochannel offset matching. The LT1204 specifications match
these requirements quite well, especially in the areas of
bandwidth, distortion, and channel-to-channel crosstalk
which is an outstanding -90dB at 10MHz. The LT1204
was evaluated for use in active video switching with the
1 Video

production, in the most general sense, means any purposeful
manipulation of the video Signal, whether in a television studio oron a
desktop PC.
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Figure C1. "Picture-in-Picture" Test Setup

test setup shown in Figure C1. Figure C2 shows the video
waveform of aswitch between a50% white level and a0%
white level about 30% into the active interval and back
again at about 60% of the active interval. The switch
artifact is brief and well controlled. Figure C3 is an expanded view of the same waveform. When viewed on a
monitor, the switch artifact is just visible as a very fine
line. The lower trace is a switch between two black level
(OV) video signals showing a very slight channel-tochannel offset, which is not visible on the monitor. Switching between two DC levels is a worst-case test !is almost
any active video will have enough variation to totally
obscure this small switch artifact.

Application Note 57
Video-Switching Caveats

Figure C2. Video Waveform Switched
from 50% White Level to 0% White Level
and Back

Figure C3. Expanded View of Rising
Edge of LT1204 Switching from 0% to
50% (50ns Horizontal Division)

In a video processing system that has a large bandwidth
compared to the bandwidth of the video signal, a fast
transition from one video level to another with a lowamplitude glitch will cause minimal visual disturbance.
This situation is analogous to the proper use of an analog
oscilloscope. In order to make accurate measurement of
pulse waveforms, the instrument must have much more
bandwidth than the signal in question (usually five times
the highest frequency). Not only should the glitch be
small, it should be otherwise well controlled. A switching
glitch that has a long settling "tail" can be more troublesome (that is, more visible) than one that has more
amplitude but decays quickly. The LT1204 has
aswitching glitch that is not only low in amplitude but well
controlled and quickly damped. Refer to Figure C4 which
shows a video multiplexer that has a long, slow-settling
tail. This sort of distortion is highly visible on a
video monitor.
Composite video systems, such as NTSC, are inherently
band-limited and thus edge-rate limited. In a
sharply band-limited system, the introduction of signals
that contain significant energy higher in frequency than
the filter cutoff will cause distortion of transient waveforms (see Figure C5). Filters used to control the bandwidth of these video systems should be group-delay
equalized to minimize this pulse distortion. Additionally, in
aband-limited system, the edge rates of switching glitches
or level-to-Ievel transitions should be controlled to
prevent ringing and other pulse aberrations that could be
visible. In practice, this is usually accomplished with
pulse-shaping networks. Bessel filters are one example.
Pulse-shaping networks and delay-equalized filters add
cost and complexity to video systems and are usually
found only on expensive equipment. Where cost is a
determining factor in system design, the exceptionally low
amplitude and brief duration of the LT1204's switching
artifact make it an excellent choice for active video
switching.

Figure C4. Expanded View of "Brand-X"
Switch 0% to 50% Transistion
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Figure C5. Pulse Response 01 an Ideal Sharp-Cutoff Filter at Frequency Ie

Conclusion
Active video switching can be accomplished inexpensively
and with excellent results when care is taken with both the
selection and application of the high speed multiplexer.
Both fast switching and small, well-controlled switching
glitches are important. When the LT1204 is used for active

video switching between two flat-field video signals (a
very critical test) the switching artifacts are nearly invisible. When the LT1204 is used to switch between two live
video signals, the switching artifacts are invisible.

Linear Technology, the magazine, is published 3 times a year.
The magazine features articles, circuits and new product
information from the designers at LTC. To subscribe please call

1-800-4-UNEAR
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5V to 3.3V Converters for Microprocessor Systems
Robert Dobkin, Mitchell Lee, Dennis O'Neill and Milt Wilcox
Introduction

Linear Regulators

The new generation of high performance microprocessors are built on dense, low breakdown voltage processes
in order to accommodate increased transistor counts.
These new processors require high current power at 3.3V,
developed from the 5V input used to power the rest of the
system. Special techniques are required to ensure proper
operation of the microprocessor and good heat dissipation within the computer system.

Table 1shows the range of components available for linear
regulation of 3.3V with a 5V input. With only 1.7V of
headroom, low dropout is essential. Low dropout regulators are available delivering currents from 125mA to 7.5A,
allowing almost any microprocessor to be powered with a
local3.3V generation circuit. Thefirstfourdevices (LT1 020,
LT1120, LT1121 and LT1129) are PNP micropower low
dropout regulators. Since PNPtransistors are much larger
than monolithic NPNs, higher current regulators use an
NPN pass device. The LT1117, LT1 086, LT1083 through
LT1085, and LT1087 all use NPN pass devices. The NPN
structure requires about 1.2V headroom compared to the
400mV to 500mV dropout typical of PNP regulators, and
ground current of 5mA or 10mA, independent of output
current. Because of this constant quiescent current, the
LT1117 and LT1 083 family are not suitable for applications requiring micropower standby.

The 3.3V supply may be either a linear or switching type.
For most applications a linear regulator is preferable since
it minimizes components and has acceptable efficiency for
a whole computer system. In portable computers where
high efficiency is paramount because of battery operation,
a switching supply is necessary.
This application note contains acollection of 3.3V regulator circuits, each optimized for a 5V input and surface
mount technology. The circuits are split into two categories, linear and switching, and further arranged by current
capability.
Most of the circuits, with the possible exception ofthe high
current linear regulators, are surface mountable. Where
appropriate, part numbers are given for surface mount
coils, capacitors, and diodes. Resistors and small capaCitors, unless there are special characteristics, are generic
and manufacturer's part numbers are not shown.
Both linear and switching regulators are available for the
purpose of converting 5V to 3.3V. In general, the linear
regulators are the best choice at lower (::5:3A) current
levels where their dissipation is minimized, or in lineoperated equipment where 66% theoretical efficiency is
acceptable. Switchers are favored in higher current and
efficiency-conscious applications. Efficiencies in the 90%
to 95% range are the norm for switchers described in this
application note.

Table 1. 3.3V Linear Regulators
LOAD
CURRENT
125mA

PASS
DEVICE
LT1020

125mA

LT1120

150mA

LT1121-3.3

700mA

LT1129-3.3

800mA

LT1117-3.3

1.5A

LT1086-3.3

3A

LT1085-3.3

5A

LT1084

7.5A

LT1083

10A

2xLT1087

DEVICE

PNP
PNP
PNP
PNP
NPN
NPN
NPN
NPN
NPN
NPN

SHUTDOWN
CURRENT
401lA

TOLERANCE"
2.1% (69mV)

401lA

2.1% (69mV)

161lA

3% (100mV)

161lA

3% (100mV)

-

2% (65mV)

-

1.6% (53mV)

-

1.9% (61mV)

-

1.9% (61mV)

-

1.9% (61mV)

1.6% (53mV)

'Includes line, load, and temperature variations. Adjustable parts also
include worst case effect of external 1% resistors.
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Controlling Transient loads
Microprocessors require the input voltage to be maintained within ±S% under worst case transients. The dynamic nodes internal to the processor are sensitive to
voltage. Transients drawn by the processor are so fastthat
no active loop can respond in time. Adequate reserves of
charge must be maintained in a group of capacitors to
supply this current until the regulator can respond. This is
true for both linear and switching regulators.
Modern power saving processors may draw large transient currents unlike older processors. Many include sleep
modes which slow down or stop the processor when it is
not in use. The transition from normal operation to sleep
mode, or sleep mode to normal operation usually causes
a large step in power supply current. The supply current
can jump several amps in a matter of nanoseconds-far
faster than any regulator can respond. Proper printed
circuit layout and bypass capacitors are needed to provide
these current transients.
Typical printed circuit board layouts include apower plane
and aground plane which are separate from the rest ofthe
system. Connected to the pins of the processor are small
100nF bypass capacitors, as is common practice in processor layout. these capacitors control the voltage for
very fast transients in the 10ns to 100ns time period.
Further from the processor is a large reservoir capacitor
located at the output of the regulator. This capacitor is
typically 1OOWto 200W and provides the energy reservoir
for 1OOns to 2~ until the control loop in the regulator can
correct the output. For longer durations, the control loop
in the regulator keeps the output voltage constant.
When the load is released the overshoot must be controlled as well, and the capacitors absorb the energy and
limit overshoot from the regulator. The capacitors must
be low inductance and connected directly to the power
plane close to the processor. Several inches of trace
going to a capacitor can be sufficient to cause large
transient voltages under changing load conditions because of the inductance in the circuit traces. The power
cycling associated with the new processors makes this
situation far worse than older processors which operated continuously.
An input bypass capacitor is placed close to the regulator
to provide a low source impedance. The input to the
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regulator must also provide an energy reservoir. Typically,
here again, is a1Ow to 100W capacitor that provides the
energy at the input of the regulator during aload transient.
This capacitor is mandatory since the regulator is usually
situated far from the input power supply.
Both the input and output capacitors playa role in the
stability of the regulator and help assure adequate transient response. The capacitor values shown in this app
note represent the minimum required for stability. Additional capacitance may be necessary to handle load transients. See the design example.
Thermal Design
Heat sinking is an important consideration. For processors drawing SA, the power dissipated in the regulator can
be as high as 8.SW. This amount of power requires
adequate heat sinking internal to the computer system.
The general rule for surface mounted components is to
maximize the amount of copper connected to the leads
of the IC. Flood all open areas, intermediate layers, and
the back side of the board with copper. This aids in
spreading and radiating the heat. Surface mount components can dissipate up to 2.SW (1.SA output current)
using only circuit traces and ground planes totaling 2 or
3 square inches.
For higher output currents alarger heat sink is needed. To
compute the thermal resistance of the heat sink it is
necessary to know the maximum operating temperature
of the regulator, maximum ambient inside the computer
enclosure and the air flow over the heat sink. For a power
dissipation of SW (3A output current), maximum junction
temperature of 12SoC and maximum ambienttemperature
of 80°C:
8HS = (TJ - TA)/PD - 8JC
8HS = (12S - 80)/S - 3
8HS = 6°C/W
where:
PD = Power Dissipation (OC)
TJ = Maximum Junction Temperature (0C)
TA= Maximum Ambient Temperature (OC)
8JC =Junction to Case Thermal Resistance of IC (OC/W)
8HS = Heat Sink Thermal Resistance (OC/W)
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The heat sink for this application must have a thermal
resistance of 6°C/W or less. Figure 1shows the effect of air
flow over the surface of a 6°C/W heat sink (Thermalloy
7025B-MT). With no air flow the thermal resistance is
dominated by convection currents; this is why the graph
stops at approximately 100 feet per minute air flow. A
much smaller heat sink could be used in this application if
some air flow, such as from the computer's cooling fan,
could be guaranteed. At higher output currents and dissipations it is almost always necessary to provide some air
flow in order to avoid an unreasonably large heat sink.
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LinearTechnology regulators in the LT1 083/4/5/6, LT1117
and LT1121/9 families are designed to withstand over 5V
with no problems.
The MOSFET has an on resistance of approximately 30mQ
when the gate is driven to 12V. There is a 12V power
supply available in most systems and a high value resistor
can be used to tie the gate of the MOSFET high. If 12V is
not available, an LTC1157 high-side driver (Figure 3) can
be used to drive the gate of the MOSFET.

SHORT FOR 3.3V
OPEN FOR 5V r<
(SHORTING LlNKI<+-.
IN "p PACKAGE)

"-

-4:-

'\

INP~¥---+--l

"-

3.3VOR 5V
OUTPUT

~

Figure 3. lT1157 Swilches Belween 5V and 3.3V
1

100

1000
AIR VELOCITY (FEET PER MINUTE)

Switching Regulators
Figure 1. Thermal Resistance vs Air Flow

Selectable 5V and 3.3V
Figure 2 shows a regulator configuration which is pin
selectable for 3.3V or 5V output. An external N-channel
power MOSFET bypasses the regulator to provide 5V
output. When the gate ofthe MOSFET is grounded by apin
on the microprocessor, the MOSFET turns off and the
regulator supplies a3.3V output. For this type of circuit to
operate properly, the regulator must be designed to withstand 5V forced on its output pin without damage. All

J

SHORT FOR 3.3V
OPEN FOR 5V r<
(SHORTING LINK I<+-.
IN "p PACKAGE)

-4:-

5V
INPUT

Properly designed step-down, or buck, switching regulators can provide 5V to 3.3V conversion efficiencies as high
as 95%. In a step-down switching regulator, the inductor
current flows from the input when the switch is ON and
through a diode (or synchronously switching FET) from
ground when the switch is OFF. Keys to high efficiency
include minimizing quiescent current, using a low resistance power MOSFET switch and in higher current applications, using a synchronous switch to reduce the diode
losses. In continuous operation (Le., the inductor current
does not go to zero), the duty cycle for a 5V to 3.3V
switching regulator is 66%. This means that the switch is
ON for 2/3 of each cycle and OFF for the remaining 1/3.
Table 2 shows four switching regulators suitable for 5V to
3.3V conversion. All of these regulators break the 90%
efficiency barrier over awide range of load currents. High
efficiency makes for a compact layout and allows all
surface mount solutions at high current since heat sinking
is either modest or unnecessary.

Figure 2. 3.3V Regulator wilh 5V Bypass Circuil
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Table 2. 3.3V Switching Regulators

Power Supply Sequencing and Rise Time

LOAD
CURRENT
200mA to
400mA

SYNCHRO· SHUmOWN
DEVICE
NOUS
CURRENT
l TC1174·3.3
No
1J,JA

0.5mAto 2A

l TC1147-3.3

Yes

10J,JA

92%

1A to 5A

lTC1148-3.3

Yes

94%

5A to 20A

lT1158

Yes

10J,JA
2.2mA

EFFICIENCY
90%

91%

The LTC1174, LTC1147 and LTC1148 step-down, high
efficiency switching regulators feature Burst Mode™
operation to maintain low quiescent current at light loads
(sleep mode) and in the LTC1148, synchronous operationat higher output currents. The LTC1147 and LTC1148
use aconstant off-time, current-mode architecture. This
results in excellent line and load transient response,
constant inductor ripple current and well controlled startup
and short-circuit currents.
The LTC1174 and LTC1147 are nonsynchronous converters for applications under 1A. The LTC1148 is fully
synchronous for improved efficiency in the 2A to 5A
output range. In Figure 17 an LTC1147 is used for 1A
output current. This circuit consumes less board space
than the LTC1148 circuit of Figure 18, at the cost of 2.5%
worse efficiency. The LT1158 is a half-bridge driver designed for 5V to 20A applications. At these current levels
multiple paralleled MOSFETs are necessary to maintain
high efficiency. The LT1158 is used in Figures 21 and 22.
The compactness of a switching regulator solution is
appealing, but not all of the required components shrinkas
easily as semiconductors and resistors. In particular, coils
and high value capaCitors present special miniaturization
problems. Coil size is limited by practical considerations of
core volume, temperature rise, and window area. Very
high power densities have been achieved through the use
of ferrite cores and materials such as molypermalloy.
Unfortunately, the selection of surface mount bobbins for
"E" style split cores has lagged behind. This area is the
focus of development work but product introductions are
slow in coming. A list of surface mount component suppliers can be found in Appendix A of Application Note 54.
Burst Mode™ is a trademark of linear Technology Corporation
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New 3.3V microprocessors must interface with 5V logic
circuits. As a precaution against damaging logiC interfaces, supply turn-on characteristics must be controlled.
For example, one specification calls for a maximum
difference between the system (5V) supply and the
microprocessor (3.3V) supplies of 2.25V. Not all of the
circuits shown will meet this specification or have been
characterized for input/output differential.
The linear regulators inthe LT1083thru LT1086familywill
maintain proper startup and shutdown voltages for mixed
supply systems. On turn-on, the output follows the input
less the 1.2V dropout voltage until 3.3V is reached on the
output. At turn-off, an internal diode insures the 3.3V
supply follows the 5V supply down.
Recommended Circuit Design Example
Figure 4 shows a recommended circuit for general purpose 5V to 3.3V conversion in desktop machines. Since
the microprocessor draws only a fraction of the total
system power, the 66% efficiency of a linear regulator
gives acceptable performance. The system requirements
are:
VIN = 5V ±0.25V
VOUT = 3.3V ±0.3V
lOUT = 3A
Transients Loads: 200mA to 3A in 1OOns and 3A to 100mA
in 100ns
Maximum Circuit Height: 1.5"
Bypass Option: 5V out through low resistance switch if
3.3V processor is not installed.
The LT1085 fullfills these requirements with the output
bypaSSing capacitors shown in Figure 4. The 5V bypass
switch, detailed in Figures 2 and 3 can be added as an
option. A pin on the 3.3V microprocessor serves as the
ground shorting switch to disable the bypass circuit.
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Thermal design, as previously discussed, would require a
6°e/W heat sink. The Thermalloy 7025B-MT or Aavid
533402 meet this requirement as well as the 1.5" maximum height requirement.
Regulation, including all combinations of line, load, and
temperature, is better than 1.6% (53mV) forthe LT1 085well inside the 300mV specification. Figure 5 shows the
transient response to a 3A load change. The transient

response should be checked in the finished circuitto verify
the layout and capacitor placement.
Figure 6 shows the output voltage tracking as the system
is powered up and down. Note thatthe 5V supply never out
runs the 3.3V supply by more than approximately 1.2V,
thereby protecting the processor from damage.
Ground current for the LT1085 is just 5mA, even at 3A
output current.
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Figure 4. Multiple Bypassing is Necessary in Order to Assure Good Transient Response
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CIRCUIT INDEX
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Switching Regulators
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Figure 7. The L11120 and LT1020 Include On-Chip
Comparator Functions. See Their Data Sheets for Details
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to 5V with No III Effects
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Figure 10. The L11117 is Available in a Low Cost,
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Figure 11. See Figure 4 in the Design Example for
Practical Bypassing Values

Figure 12. Five Components Deliver Up to 7.5A
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Figure 13. Independently, LT1087s Handle 5A. Their Reference
Sense Pins Force Current Sharing for Parallel Operation at 10A
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Figure 15. Pulling IpGM (Pin 7) High Increases the Internal Current Threshold and Output Current Capability
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Figure 17A. LTC1147 (5V to 3.3V/1A) Buck Converter with Surface Mount Technology.
Shutdown Current is Just 1011A
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Figure 17B. LTC1147 (5V to 3.3V/1A) Buck Converter Measured Efficiency
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Figure 18A_ LTC1148 (5V 10 3.3V!1A) Fully Synchronous Buck Converter
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Figure 18B. LTC1148 (5V 10 3.3V!1A) Buck Converter Measured Efficiency
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Figure 19A. lTCl148 (5V 10 3.3V/2A) Buck Converter
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Figure 19B. lTCl148 (5V 10 3.3V/2A) Buck Converter Measured Efficiency
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C3: SANYO (OS-CON) 20SA100M, ESR =0.03m, IRMS =2.25A
C7: SANYO (OS-CON) 10SA220M, ESR = 0.03sn, IRMS = 2.3SA
01,02: SILICON IX PMOS BVOSS =20V, OCRON =0.100n, Og =SOnC
03: SILICONIX NMOS BVOSS =30V, OCRON =o.oson, Og =30nC
01: MOTOROLA SCHOTTKY VBR = 30V
R2: KRL NP-2A-Cl-0R020J, Po = 3W
L1: 17TURNS #16 ON MAGNETICS 77120-A7

Figure 20A. LTC1148 (5V to 3.3V/5A) Buck Converter. Beyond 5A the LT1158 is a Beller Choice
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Figure 20B. LTC1148 (5V to'3.3V/5A) Buck Converter Measured Efficiency
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Figure 21 A. High Efficiency High Current 5V to 3.3V Switching Regulator
Output Current = 7.5A Cont. 10A Peak
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Figure 21 B. High Efficiency High Current 5V to 3.3V Switching Regulator
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Figure 22A. High Efficiency High Current5V to 3.3V Switching Regulator
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APPENDIX
The following photographs illustrate the effect of various
types and values of output capacitance on the transient
response of the LT1 085. The .current step for these
photographs is equal to the wOrst case supply current
change specified by Intel. This current step occurs when
the processor transitions from an idle state to a running
state or from a running state to an idle state. The current
step illustrated in the photographs is from 100mA to 3A
and then from 3A back to 1OOmA. Both transitions occur
in 100ns.

A number of different capacitor types and combinations
were used. In each case the capacitors were chosen to
limitthe output voltage deviation toless than ±5% of 3.3V.
For all photographs:
1) The top trace is the output variation and the vertical
scale is equal to 100mV per division.
2) The bottom trace is the output current step at 2A per
division. The horizontal scale for all photographs is
50J.lS per division.
COUT = 100~/10V AVX Tantalum,
Surface Mount in Parallel with 100~/16V
Aluminum Electrolytic

COUT = 100~/10V AVX

Tantalum, Surface Mount

AP1<A2

COUT =100~/10V AVX Tantalum,
Surface Mount in Parallel with 390~/16V
Aluminum Electrolytic

COUT= 2-100~/10VAVX

Tantalum, Surface Mount in Parallel

. ""
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COUT = 220J,tf/1 OV OS-CON

COUT =1OOJ,tf/16V OS-CON in Parallel with
220J,tf/16V Aluminum Electrolytic

COUT =100J,tf/16V OS-CON

COUT = 22J,tf!20V OS-CON in Parallel with
390J,tf116V Aluminum Electrolytic

....
COUT =100J,tf/16V OS-CON in Parallel witb , '
'1001lf/16V Aluminum Electrolytic-
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Applications of the LT1300 and LT1301
Micropower DC/DC Converters
Dale Eagar and Steve Pietkiewicz
INTRODUCTION
The design of battery-powered equipment can often be
quite challenging. Since few ICs can operate directly from
the end-of-life voltage from a 2-cell battery (about 1.8V),
most systems require a DC/DC converter. The system
designer often has alimited area in which to place the DC/
DC converter; associated inductors and capacitors must be
small. Surface mount components are a must and heat
sinks are out of the question! The LT1300 and LT1301
micropower DC/DC converter ICs provide new possibilities
for more efficient, compact and cost effective designs.
When designing equipment for battery-powered
operation, a number of important design constraints
should be considered. Some of these are detailed in the
check list given here:

• Design for high efficiency. A high efficiency converter
increases battery life, eliminates most heatsinks, reduces
weight and decreases PC board area. The designer
should strive for high efficiency at:
- Full Load
- Light Load

• Plan to utilize all the capacity of the battery. Can the
circuit run down to the "dead cell" voltage? Is there a
micropower shutdown mode?
• Can the DC/DC converter circuitry provide high output
power for short time intervals? Often this is arequirement
on battery-powered equipment.
• Cost. Is the complete circuit cost competitive?
• Does the design meet packaging constraints?
- Height
- PC Board Area
- Weight
The LT1300 family of DC/DC converters allows amaximum
of flexibility in the design of circuits which provide
solutions for battery-operated and other equipment
needing high efficiency, space effiCient, micropower
power solutions.

INDEX TO LT1300 CIRCUITS
Figure Description
Page
1
LT1300/LT1301 Block Diagram ................................................................................................................ 2
2
2-Cell to 5V DC/DC Converter Delivers >200mA with a 2V Input .............................................................. 3
Lower Power Applications Can Use Smaller Components. L1 is Tallest Component at 3.1 mm ................ 5
8
11
4-Cell to 3.3V or 5V Converter Output Goes to Zero When in Shutdown .................................................. 6
13
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18
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19
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20
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can be reduced via the ILiM pin to approxi~atehi 400mA,
further improving efficiency in systems requiring lower
peak ppwers. ,

Introduction

Theory of Operation

The new LT1300 and LT1301 micropower DC/DC converters provide improvements in both electrical and physical
efficiency, two key areas of battery-based power supply
design. Housed in 8-lead DIPs or SOIC packages, the
devices feature a 1A on-chip switch with a VCESAT onust
170mV. The internal os'cillator frequency is set at 155kHz,
allowing the use of tiny, 5mm diameter surface mount
inductors along with. standard D-case size tantalum c,apacitors. A complete 2-.cefl to 12V, 5V, or 3.3Vconverter
can fit in less than 0.4 square inches of PC board area.

Figure 1 is a blo,ck diagram.ofthe LT1300/LT1301 . Also
refer to Figure 2 for associated component hookup. When
A1's negative input, related to the SENSE pin voltage by the
appropriate resistor-divider ratio, is higher than the1.25V
reference voltage, A1 's output is low. A2, A3' and the
oscillator are turned off, ,drawing no current. Only the
reference and A1consume current, typically 120~. When
the voltage at A1's negative input decreases below 1.25V,
overcoming A1 's SmV hysteresis, A1 's output goes high,
enabling the oscillator, current comparator A2, and driver
A3. Quiescent current increases to 2mA as the device
prepare's for high current switching.Q1 then turns on in a
controlled saturation for (nominally) 5.3fJS or until current
comparator A2 trips, whichever comes first. After afixed
off-time of (nominally) 1.2J.lS; Q1 turns on again. Refering
to Figure 2, the LT1300~s switching causes current to
alternately build up in L1 and dump into output capacitor
C1 via D1 , increasing the output voltage. When the output
is high enough to cause A1 's output to go low (Figure 1),
switching action cease.s. C1 is left to supply current to the

NEW LT1300 AND lT1301 MICRO POWER
DC/DC CONVERTERS

The devices use Burst Mode™operation to maintain high
efficiency across the full load range. The fully operating
quiescent currentis only 120~. It can be further reduced
to 1O~ by taking the SHUTDOWN pin high, which also
disables the device. The output voltage of the LT1300 can
be set at either 5V or 3.3V via the logic-controlled SELECT
pin, and the LT1301 output can be set at either 5V or 12V
using the same pin. The ILiM pin .allows the reduction of
peak switch cllrrent and allows the use of even smaller
components. The switch current is nominally set at 1Aand
Burst Mod,'· is a trademark of Un,ar Technology Corporation

Figure 1. LT1300/LT1301 Block Diagram
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load until VOUT decreases enough to force A1 's output
high, and the entire cycle repeats. If switch current reaches
1A, causing A2 to trip, switch on-time is reduced and offtime increases slightly. This allows continuous mode
operation during bursts. Current comparator A2 monitors
the voltage across 3Q resistor R1 which is directly related
to inductor L1's current. Q2's collector current is set by
the emitter-area ratio to 0.6% of Q1 's collector current.
When R1 's voltage drop exceeds 18mV, corresponding to
1Ainductor current, A2's output goes high, truncating the
on-time portion ofthe oscillator cycle and increasing offtime to about 2j..lS as shown in Figure 3, trace A. This
programmed peak current can be reduced by tying the
ILiM pin to ground, causing 15~ to flow through R2 into
Q3's collector. Q3's current causes a 1OAmV drop in R2,
so that only an additional7.6mV is required across R1 to
turn off the switch. This corresponds to a 400mA switch
current, as shown in Figure 3, trace B. The reduced peak
L1'
10)!H

2x
: AA
-CELL

+

SHUTDOWN
100)!F

SELECT
SHDN

VIN
SW
D1
1N5817

LT1300
NC

SENSE I - - - t - -

+

~~o~IPUT

C1
100)!F

'SUMIDA CD54-100LC
COILCRAFT D03316-103

Figure 2. 2-CelltD 5V DC/DC Converter Delivers> 2DDmA
with a 2V Input

TRACE A
500mNDIV
ILiM PIN
OPEN

TRACE B
500mNDIV
ILiM PIN
GROUNDED
5~DIV

Figure 3. Switch Pin Current with ILiM Floating or Grounded
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switch current reduces 12R losses in Q1, L1, C1, and 01.
You can increase efficiency by doing this provided that the
accompaning reduction in full load output current is acceptable. Lower peak currents also extend alkaline battery
life due to the alkaline cells' high internal impedance.
5V from 2 Cells
Figure 2's circuit provides 5V from a 2-cell input. Shutdown is effected by taking the SHUTDOWN pin high. VtN
current drops to 1O~ in this condition. This simple boost
topology does not provide output isolation and in shutdown the load is still connected to the battery via L1 and
01. Figure 4shows the efficiency of the circuit with arange
of input voltages, including a fresh battery (3V) and an
"almost dead" battery (2V). At load currents below a few
milliamperes, the 120~ quiescent current of the device
becomes significant, causing the fall-off in efficiency de90
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Although efficiency curves present useful information, a
more important measure of battery-powered DC/DC converter performance is operating life. Figures 6 and 7 detail
battery life tests with Figure 2's circuit at load currents of
1OOmA and 200mA respectively. Operating life curves are
shown using both Eveready E91 alkaline cells and new L91
"Hi-Energy" lithium cells. These lithium cells, new to the
market, are specifically designed for high drain applications. The performance advantage of lithium is about 2:1
at 100mA load current (Figure 6), increasing to 2.5:1 at
200mA load (Figure 7). Alkaline cells perform poorly at
high drain rates because their internal impedance ranges
5.0
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Figure 4. Efficiency of Figure 2's Circuit
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Figure 5. Burst Mode Operation in Action
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tailed in Figure 4. At load currents in the 20mAto 200mA
range, efficiency flattens out in the 80% to 88% range,
depending on the input. Figure 5 details circuit operation.
VOUT is shown in trace A. The burst repetition pattern is
clearly shown as VOUT decays, then steps back up due to
switching action. Trace Bshows the voltage at the switch
node. The damped, high frequency waveform at the end of
each burst is due to the inductor "ringing off," forming an
LC tank with the switch and diode capacitance. It is not
harmful and contains far less energy than the high speed
edge which occurs when the switch turns off. Switch
current is shown in trace C. The current comparator inside
the LT1300 controls peak switch current, turning off the
switch when the current reaches approximately 1A.

AN59°F05

Figure 6. Two Eveready L91 Lithium AA Cells Provide
Approximately Twice the Life of E91 AA Alkalin.e Calls at
a 1DDmA Load Current
.
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Figure 7. Doubling Load Current to 200mA Causes E91 Alkaline
Battery Life to Drop by 2/3; L91 Lithium Battery Shows 2.5:1
Difference in Operating Life
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from 0.20n to 0.50n, causing a large voltage drop within
the cell. The alkaline cells feel quite warm at 200mA load
current, the result of 12R losses inside the cells.
The reduced power circuit shown in Figure 8 can generate 5V at currents up to 50mA. Here the IUM pin is
grounded, reducing peak switch current to 400mA.
Lower profile components can be used in this circuit.
The capacitors are C-case size solid tantalum and inductor L1 is the tallest component at 3.2mm. The reduced
peak current also extends battery life since the 12R loss
due to internal battery impedance is reduced. Figure 9
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Figure 8. Lower Power Applications Can Use Smaller
Components. L1 is Tallest Component at3.1 mm
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Figure 10. 50mA Load and Reduced Switch Current Are
Kind to E91 AA Alkaline Battery; the Advantages of L91
Lithium Are Not as Evident

details efficiency versus load current for several input
voltages and Figure 1ashows battery life ata 50mA load.
Note that the L91 lithium battery lasts only about 40%
longer than the alkaline. The higher cost of the lithium
cells makes the alkaline cells more cost effective in this
application. A pair of Eveready AAA alkaline cells (type
E92) lasts 96.6 hours with 5mA load, very close to the
rated capacity of the battery.
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A 4-Cell Application
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A4-cell pack is aconvenient, popular battery size. Alkaline
cells are sold in A-packs at retail stores and four cells
usually provide sufficient energy to keep battery replacement frequency reasonable. Generating 5V from four
cells, however,is a bit tricky. A fresh 4-cell pack has a
terminal voltage of 6.4V but at the end of its life, the pack's
terminal voltage is around 3.2V; hence, the DC/DC converter must step the voltage either up or down, depending
on the state of the batteries.
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Aflyback topology with a costly, custom designed transformer could be employed, but Figure 11 's circuit gets
around these problems by using aflying capacitor scheme
along with asecond inductor. The circuit also isolates the
input from the output, allowing the output to go to OV
during shutdown. The circuit can be divided conceptually
into boost and buck sections. L1 and the LT1300 switch
comprise the boost or step-up section, and L2, D1 , and C3
comprise the buck or step-down section. C2 is charged to
VIN and acts as alevel shift between the two sections. The
switch node toggles between ground and VIN + VOUT, and
the L2-C2 diode node toggles between -VIN and VOUT +
VD. Figure 12 shows efficiency versus load current for the
circuit. All four energy storage elements must handle
power, which accounts for the lower efficiency of this
circuit compared to the simpler boost circuit in Figure 2.

Figure 12. Efficiency of Up-Down Converter in Figure 11

Efficiency is directly related to the ESR and DCR of the
capacitors and inductors used. Better capacitors cost
more money. Better inductors· do not necessarily cost
more, but they do take up more space. Worst case RMS
current through C2 occurs at minimum input voltage and
measures O.4A at full load with a3V input. C2's specified
maximum RMS current must be greater than this worst
case current. The Sanyo capacitors noted specify a maximum ESR of 0.045n with amaximum ripple current rating
of 2.1A. The Gowanda inductors specify amaximum DCR
of 0.058n.

C2'*
100"F

~

__- .____________~~nn,-~+~~~__~

:AA4x

-CELLS

1N5817

+

5V/3.3V
C1**
100flF
SHUTDOWN

LT1300
SHDN

L2'
27"H

5VOR
SENSE I---------lf--~i-- 3.3V
220mA

*L1, L2 = GOWANDA GA20-272K (716) 532-2234
"C1, C2, C3 = SANYO OS-CON 16SA100M (619) 661-6835

Figure 11. 4-Cell to 3.3V or 5V Converter Output Goes to Zero When in Shutdown.
Inductors May Have, But Do Not Require Coupling; a Transformer or Two Separate
Units Can Be Used
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LT1301 Outputs 5V or 12V
The LT1301 is identical to the LT1300 in every way except
output voltage. The LT1301 can be set to a 5V or 12V
output via its SELECT pin. Figure 13 shows a simple 3.3V
or 5V to 12V step-up converter. It can generate 120mA at
12V from either 3.3V or 5V inputs, enabling the circuit to
provide VPP on a PCMCIA card socket. Figure 14 shows
the circuit's efficiency. Switch voltage drop is a smaller
percentage of input voltage at 5V than 3.3V, resulting in a
high efficiency at 5V input.
L1"
3.3V
22~H
OR 5V - 1 - - - - t - - - -__p--...rY""'"'---,
INPUT

+

SELECT
SHDN

SHUTDOWN

VIN
SW

1N5817

1---t-~~6~~PUT
47~F

"L1 = SUMIDA
CD75·220K
(708) 956-0666

Figure 13. LT1301 Delivers 12V from 3.3V or 5V Input
90

II

88

VIN =5V

~ 84

I-

~+-

82

c:;
~ 80

I

78

J

'I
76
74
1

10
LOAD CURRENT (mA)

The LT1300 micropower, high speed, step-up DC/DC
converter opens up many new applications to the user,
such as those requiring high efficiency in battery-operated
equipment. The LT1300 can be used to produce high
voltages for many specialized tasks with high efficiency.
Here are three such applications. In the first application, a
flame detector, the LT1300 is used to produce 325VDC
while drawing a mere 200~ from two C-size cells.

An interesting characteristic of flame is that it emits short
wavelength ultraviolet light «260nm). This short wavelength light falls into a window of the light spectrum that
is relatively empty. Tungsten light, fluorescent light and
sunlight below the atmosphere are almost totally devoid of
spectral energy in this window. The circuit shown in
Figure 15 uses a photoelectric sensor with a sufficiently
high cathode work function to make it blind to anything
with awavelength longer than 260nm (such as normal UV,
visible light or infrared). Cathode work function is a
measure of how hard it is to free an electron from an atom;
when related to light illuminating acathode, it specifies the
minimum energy of a photon that can liberate an electron.
UV photons have higher energy than visible light.
Theory of Operation (see Figure 15)

II I"VIN=3.3V
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Flame Sensor

1------.

LT1301

THE LT1300: TWO CELLS TO REAL WORLD INTERFACE
By Dale Eagar

100
AN59.Fl.

Figure 14. Efficiency of Figure 13's Circuit

The LT1300 and transformer T1 form aflyback converter
to step up the voltage from 3V to 325V. The secondary
winding of T1 connects through 01 (a MUR11 00) to C1, a
holding capacitor for the 325VOC, which in turn is applied
to the anode of the photoelectric sensor tube V1. The
LT1300 SENSE pin senses the voltage on C1 , as scaled by
the turns ratio, through T1. The voltage on the primary
winding is programmed to be 10.6V, translating to 325V
on C1. When C1 has charged to 325V the feedback loop
comprised of 03, R2 and Q1 kicks in and charges C4
through 04. When the voltage at C4 exceeds 3.3V the
LT1300 goes into its wait mode. In wait mode the LT1300

AN59-7

Application Note 59

05
1N5718

R2
1k
03
1N758A

3V

02
lN4148

3V

T

3V

+ C3
100l1F
6.3V

VIN
PULSE

-+__+-_......::.j3 SHUTDOWN
R1
lOOk

-=-

T-=-

SW 7

C2
Ul
O.01 F
LT1300
NC 5 ILiM
SENSE F4_ _ _....

I1

C4

V1 = HAMAMATSU R2868
FLAME SENSOR
HAMAMATSU (408) 261·2022
T1 = COILTRONICS CTX02·12186
COILTRONICS (407) 241-7876
Q1 = ZETEX ZTXl88
ZETEX (516) 543·7100
C1 = 47pF > 500V
.

T°.47I1F

Figure 15. Flame Detector

consumes only 120J,lA of current. The LT1300 stays in
wait mode until the voltage on C4 falls below 3.3V atwhich
time the LT1300 turns on to burst recharge both C1 and
C4. Burst Mode operation ensures 30Hz oscillation in this
system. This rate is determined by the value of C4, the
internal sense resistance to ground in the LT1300 (approximately 1MQ), and the amount of overcharge C4 gets
when charging. D5 is a Schottky catch diode to keep
reverse current out of U1.
When illuminated with a photon of sufficient energy the
photoelectric tube's cathode liberates an electron. The
tube V1 has 325V across its terminals to get sufficient
energy into a liberated photo-electron to ionize the gas
thatfills the tube. Once the gas in the tube ionizes there are
more electrons available; they cause a chain reaction in
the tube that causes the tube to avalanche. When the tube
avalanches most of the charge on C1 is transferred to C2
and the voltage across C1 drops to afraction of its original
325V; When C2 has charged to 3.6V all the excess charge
residing in C1 gets bypassed through D2 back into the
battery. The voltage across C2 is the output signal called
PULSE. PULSE asserts the shutdown pin of the LT1300,
allowing the plasma in the photoelectric tube to quench.

AN59-8

For you analog purists, page 8 of the October 1993 issue
of Linear Technology magazine shows a discriminator
circuit with low-battery detect for a complete 3V flame
alarm. The discriminator is needed because the photo
detector occasionally detects acosmic ray or some rare
room light photon.
Infinite Input Impedance Voltage Buffer
In the flame detector circuit (Figure 15), it is difficult to
measure the voltage across C1 because almost any load
invalidates the meter reading. This next application for the
LT1300 is a voltage buffer that overcomes this measurement problem. This is afour-terminal, unity-gain buffer as
shown functionally in Figure 16. The input impedance is
r---------~p_+OUT

+IN
-IN - - - - - - - - - - < l I - - O U T

Figure 16. Voltage BuHer Block Diagram
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Zl
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10k
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R8
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R7
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C3

TO.O

l I'F

T1 = COILTRONICS CTX02·12179
COILTRONICS (407) 241·7876
Rl, Rl0 = VICTOREEN SLiM-MOX100
VICTOREEN (216) 248-9300

Figure 17. Voltage Buller Schematic

essentially infinite, the input bias current is negligible and
the input offset voltage is less than 0.05V. The output
voltage tracks the input voltage from OV to 520V. For
safety (and to isolate the input capacitance) a 100M
resistor is placed in series with the input, but with the
±570pA of input bias current (over temperature) for the
LT1 097, this translates into only ±57mV of additional
offset. The input impedance of this buffer measures four
trillion ohms when measured with a 1OOV to 400V input.
The detailed circuit is shown in Figure 17.
Theory of Operation
U1 monitors the voltage difference between the circuit's
noninverting input and output and attempts to make it
zero. If the voltage on the noninverting input is less than
the voltage on the noninverting output, U1 's output goes
positive, turning 01 on Slightly. 01 acts as acurrent sink
discharging C3. When the voltage on C3 falls below
approximately 0.6V, U2 is enabled. When it is enabled U2

turns its switch on (U2's pin 7 pulls low, to near OV). This
causes approximately 3V to be imposed across the primary winding of T1. The magnetizing inductance of the
primary winding of T1, across which avoltage is applied,
requires a steadily increasing current. At the same time,
C4 is charged through D2. When the current flowing
through the switch of the LT1300 reaches 1A, the LT1300
switches off. The magnetizing inductance of the primary
winding of T1, seeing that the LT1300 is attempting to
discontinue current flow, takes over by swinging positive
in voltage until it finds something that will take the 1A of
magnetizing current. While the primary winding is finding
somewhere to putthe magnetizing current, the secondary
winding takes it upon itself to do the same, but due to its
turns ratio with the primary winding, it moves 100 times
faster and 100 times as far as the primary winding. T1 's
secondary dumps asignificant portion ofthe magnetizing
energy into C7 via D3, thus forming a flyback inverter.
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Z1 dissipates the energy stored in T1 's leakage inductance. During theflybacktime, C4 charges C3through D1.
This causes the voltage across C3 to exceed 0.6V, shutting
down U2. U2 stays shut down until 01 discharges C3 to
restart the sequence.
When the +output voltage is more positive than the +input
voltage the output of U1 goes low, 01 stays off, R8 keeps
C3 charged to more than 0.6V, and U2 stays shut down.
The parallel combination of R10 and the load resistance
(e.g., 10M in ahandheld voltmeter) discharges C7 and the
+output and the +input voltages are again equal. The
current output ofthis circuit is limited to asafe value (1 rnA
at 50V, 0.1 rnA at 500V) even when the +input is attached
to 500V. We do not recommend increasing the valueof C7
because at higher voltages it may become ashock hazard.
Battery life is 40 hours for a pair of AA alkaline batteries
driving 1OMn at 500V.
Cold Cathode Florescent Lamp Driver
CCFLs seem to be the latest craze; they offer high brightness, long life, small size and produce white light. Figure
18 shows a CCFL driver circuit.
Theory of Operation
This is aforward/flyback inverter optimized for minimum
parts count. When enabled, U1 charges the primary winding of T1 to 1A, and lets go. T1 then flies back exciting
many hundreds of volts across its secondary winding,
which in turn ionizes the CCFL. Because the initial current
through the CCFL is only in one direction, C2 takes on aDC
potential. As the circuit runs, the voltage across C2 stabilizes at about 100VDC. Additionally, C2 removes the DC
current component from the tube, extending tube life. The
nonlinear VII characteristic of the CCFL, in conjunction
with C2, forces the converter to run in both forward and
flyback modes simultaneously. The light intensity can be
pulse-width modulated by modulating the shutdown pin.
When the shutdown pin is pulled high the LT1300 goes
into its shutdown mode where it draws only 1O~ of input
current.

AN59-10

Electronic Light Stick
Camping in November with my kids has its own unique
problems, even if we aren't camping in six feet of snow.
Although we had the usual light sources something was
missing, namely a light that simulates the natural sunset
at bedtime to wind the kids down for the night. The circuit
in Figures 18 and 19 (see explantation below) details a
high efficiency fluorescent lantern with a built-in sunset
feature.
The function of the circuit is as follows:
• To turn on: switch SW1 into the ON position.
• To turn off fast: switch SW1 into the OFF position.
• To simulate sunset:
1. Turn light ON.
2. Switch SW1 into the SUNSET position.
This application uses the circuitry of both Figure 18 and
Figure 19. The pulse-width output of Figure 19 drives the
pulse-width input of Figure 18.
C2

3V

1060~Frr-+-----'i~~
SW 7

V1N

PWM
IN

3 SHUTDOWN
U1
LT1300

NC

.~

5 ILiM

D1
1N5718

SENSE 4

CCFL LAMP = JKL BF650-20B
JKL (800) 897-3056
T1 = COILTRONICS CTX02-12189
COILTRONICS (407) 241-7876
C2 = 15pF, 500V

Figure 18. CCFl Driver
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Figure 19. Electronic Light Stick Controller for the CCFl Driver
Circuit Shown in Figure 18. This Controller, When ContrOlling the
CCFl, Causes the Light Output level to Fade from Full Brightness
to Off, Thus Simulating a Natural Sunset.

U1A, R1 to R4 and C1 form asawtooth oscillator for pulsewidth modulating the light (implementing light levels less
than 100%). U1 B acts as a comparator, comparing the
sawtooth output of the oscillator with the programmed
light level (as seen on the +terminal of C2). C2 is the
holding capacitor that programs the light level; when it is
charged to 2.5V the light is on 100% of the time. As the
voltage on C2 drops below 2.5V, the overall light level
decreases because the light is being pulse-width modu-

lated. When the voltage on C2 is at or below 1Vthe light is
off. D1 and R5 charge and hold C2 when SW1 is in the ON
position. R5 and SW1 discharge and hold C2 when SW1
is in the OFF position. The combination of D2, R6 and U1 B
discharge C2 when SW1 is in the SUNSET position. The
discharging of C2 when in the SUNSET mode is doubly
exponential causing the tail end ofthe simulated sunsetto
go very slowly (a good idea because kids have a logarithmic response to light). The first exponential aspect of the
SUNSET decay is implemented by R6 and C2 which form
an exponential RC time constant. The second exponential
aspect of the SUNSET decay is implemented because R6
is driven by U1 B pin 7, whose duty factor is changing,
causing the off-time to decrease exponentially as the light
level fades. The output of U1 Bis a pulse-width modulated
level gating the light driver on and off. The lamp is
illuminated when U1 B's output is low. C3 is a trash
compactor and R7 and C4 form a trash compactor to
decouple U1 from the high frequency ripple generated by
the switcher.

Constant Current Source
The LT1300 can be configured as a constant current
source, a current source that not only possesses good
power conversion efficiency, but can be shut down to a
state of practically no current draw. These benefits coupled
with the LT1300's ability to operate over a wide input
voltage range, make the LT1300 an ideal candidate for
many current operated devices. Popular uses include
solenoid drivers, relay drivers, small motor drives and LED
drivers.
Here is an example of ahigh efficiency LED driver. The LED
light source (shown in Figure 20) is used in applications

1.8VTO 10V
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L = LEDs ON
PWM = ADJUSTABLE
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":"
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Figure 20. Backlight lED Driver
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Theory of Operation
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Figure 21. Efficiency 01 LED Drivar

ranging from LCD backlights to special flashlights that
preserve full night vision. This circuit sports an impressive
list of features:
• Logic Input to Strobe LED's On/Off
• Low Current Draw When Off (1 OJ.iA)
• Constant LED Drive Current When On (20mA)
• LED Current Unaffected by Temperature
• LED 'Current Constant with Input Voltage Range
(1.8V to 10V)
• High Overall Efficiency (87%)
• Small Size
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When enabled the LT1300 runs in Burst Mode operation,
regulating the voltage on the FB pin t03.3V. Subtracting
2.5V (corresponding to the knee voltage of the LT10042.5) from the 3.3V voltage atthe FB pin yieldsO.8V, which
is seen across R2. This O.8V and the value of R2 sets the
output current level through the LEOs. For proper functionality the voltage across the LED stack should be:
1. Greater than the maximum input voltage less one
Schottky drop.
2. Less than 14V.
The LT1300 is optimized for battery operation and lends
itself to these and many more applications.
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PCMCIA Card and Card Socket Power Management
Doug La Porte

INTRODUCTION
Most portable computers have built-in sockets to accept
small PC cards for use as extended memories, fax modems, network interfaces, wireless communicators and a
wide assortment of other functions. The Personal Computer Memory Card International Association (PCMCIA)
has released specifications that outline the general power
requirements for these cards.
The specification calls for an unusual amount of voltage
switching. Both supplies are switchable to different voltages to accommodate awide range of card types. The Vee
supply must provide either 3.3V or 5V. The VPP supply
must source 12V, 3.3V, 5V, OVand realize a high impedance state. These diverse, specific requirements call for
specialized solutions.
PC card designers may want to design their cards to
require the Vee supply only. Flash memory card designers who need to ensure aclean VPP supply may generate
their own 12Von the card. Type I PC cards, at an outside
thickness of 3.3mm, require ultra-thin highly efficient
circuitry. The DC/DC converter IC, inductor, capacitors
and diodes are critical components that require unique
design to meet the stringent height requirements.
PCMCIA SOCKET POWER MANAGEMENT
PCMCIA Specification Voltage Switching Requirements
Host power delivery to the PC card socket flows through
two paths; the main Vee supply pins and the VPP programming pins. Figure 1 shows atypical system's connections.
The Vee supply must be capable of providing up to 1A at
either 3.3Vor 5V. The latest specification has provisions for
a future voltage referred to as XXV (XX to be less than
3.3V). The actual voltage value will be determined at a later
date. The VPP supply must source 12Vat up to 120mA, the
Vee voltage at lesser currents, OV and realize a high
impedance state.

5V 3.3V 12V

PCMCIA
CONTROLLER

PCMCIA SOCKET
. VOLTAGE
SWITCHING
. MATRIX

OVNcd12v/Hi-Z
(120mAMAX)
3.3V/5v/OFF
(lA MAX)

VPPl
VPP2 PCMCIA
VCC1
CARD
VCC2 SOCKET
GND (4 PINS)
AN6Q-F01

Figure 1. Typical Single Socket Power Management

The PCMCIA specification requires the Vee voltage to be
selectable from 3.3V, 5V or an off state. The X.X voltage of
the future will not be addressed until the voltage has been
defined. The specification does not outline any current draw
requirements. The industry standard maximum current
that the socket will support is 1A. This number is derived
from the maximum connector rating of 500mA per pin and
assumes both pins in good condition with current being
shared equally. In practice this amount of current draw is
exceptional and should not be encouraged for continuous
use. One ofthe most stringent actual requirements isa Type
III hard disk drive card. Present hard drives require 5Vat
600mA to 820mA for a short duration during spin-up with
current draw dropping to 300mA to 420mA during read and
write operations.
The PCMCIA specification requires the VPP voltage to be
selectable from OV,Vec, 12V or a high impedance state.
Again, the specification does not outline any current draw
requirements. The VPP voltage's primary use is for programming flash memory with the current requirements
derived from the flash memory needs. A single byte wide
flash memory device will require 12V at 30mA for write or
erase operations, The PC card bus is 16-bits wide necessitating two flash devicesbeing written to atthe same instant.
Astandard flash memory card will require at least 60mA of
current during write or enise operations. Many flash cards
designed as solid state disc drives, often referred to as ATA
.cT, LTC and LTare regis1ered lrademarks of Linear Technology Corporation.
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flash drives, will have
16-bit wide banks of memory to
facilitate simultaneous writing and erasing. This speeds
card operation but will double th~ current requirement.
These cards will draw 120mA while writing/erasing.
Additional Practical Considerations

While the PCMCIA specification provides the basis for the
voltage switching requirements, there are many real world
requirements that must also be considered. These issues
include switch resistance, inrush current during voltage
switching, voltage ringing during;switching, short-circuit
protection and cost effectiveness asa System, not just the
function.
The MOSFETswitch on-resistance ROS(ON), should be low
enough to, maintain the correct voltage tolerance at the
card input. The most critical case ,is when the Vee is 5V.
The specification requires the voltage to beSV ±5%
(±0.25V). The most stringent requirement wiJuld be during hard disk drive spin-up where the' card can pull' up to
820mA. Many systems will have amain supply with a
tolerance of ±2%. When the main power supply is at its
minimum value of 4.aOV, this leaves only 0.150V maxi~
mum voltage drop acrosstneswitch. To ensure that the
hard drive will spin-up without dropping the voltag'e below
4. 7SV the s,witch on-resistance must be less than 0.183n~
To ensure operation at the 1A limit the switch oiHesistimce mustbe less than 0.1S0!t It is common practice to
raise the nominal voltage slightly above SV to relax the
voltage tolerance. For example, raising thenominal voltage to S.1 OV will allow the tolerance to inGreaseto ±4%.
The nature of PC cards and portable systems requires the
card being powered on and off as needed to conserve
power. With many PC cards draWing iJp 2W, this power
up/down sequencing can put dema'n'ding transient requirements on your system power supply. More important ~han the static current requirement of the card is the
dynamic requirement dueto inpOtcapacitance. Cards will
have up to1S0JlF of input capacitance. This large capacitor
coupled with a fast switchwUl pull many amperes Of
current from the system supply. With aSimple switch the
only factors limiting the inrush currerit are the switch's
rise tinie, the switch's ROS(ON)" the card input capacitor
value and the input capacitor's equivalent series resis-
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tance (ESR-). Many large input capacitors will be for oncard switching power supplies and will likely have an ESR
,in,the 0.1n range. As noted above, the switch's ROS(ON)
would be 0.183n or lower. These low resistance values
will do little to limit the inrush current. In asimple switch,
this leaves rise time as the only parameter that can keep
inrush current to manageable levels. More sophisticated
switches will also employ current limiting. Many simple
switches, without current limiting, have rise times as fast
as 1dO~. This gives a peak current of over 7A! With the
rise time slowed to SOO~, the peak current is down toa
reasona~le 1.SA. Current limiting will protect the system
against even larger input capacitors. To make the transient
response of the system supply manageable, the PCMCIA
switch should have a controlled, slowed rise time and
current limiting. Slowed rise time and current limiting
eliminate inadvertent system resets triggered by a momentary pull on the main supply.
The VPP lines also require slowed switch rise times. The
VPP pins are for flash memory programming and will not
have excessive input capacitance. As such, inrush current
is not a major issue. The switch times must be slowed to
avoid voltage ringing and overshoot at the flash memory,
device. The flash memory device has a 14V absolute
maximum input voltage specification. Voltages beyond this
limit, for as little as 20ns, can permanently damage the
device. If the switch has afast rise time there will be ringing
due to the trace and connector inductance. It will take only
a couple of inches of trace to form enough inductance to
cause excessive ringing. For this reason the VPP switch
must have a controlled, slowed rise time.
The PCMCIA socket will usually have asmall doorto protect
it from unwanted objects entering. Other than this door the
socket pins are exposed to the outside world. The exp~sed
socket pins are vulnerable to being shorted by foreign
objects such as paper clips. The card installer is generally
not trained and may have little or no technical knowledge.
Some users may attempt to install damaged, possibly
short-circuited cards. In short, once the product is in the
hands of the consumer, the designer and manufacturer
have little Gontrol overits use and abuse. To ensure arobust
system and satisfied customer, PCMCIAswitch protection
features such as current limiting and thermal shutdown are
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anecessity. These features will protectthe card, socket and
main system power supply.
System design issues also deserve consideration. The
switch matrix's digital interface should connect directly to
industry standard controllers. This may seem atrivial issue
but additional glue logic will add unnecessary cost and
consume real estate. The other system issue is the availability of a12V supply. Some systems have ageneral purpose
12V supply in the system design from the start and there are
only minor issues to consider. The flash memory devices
have a strict 12V ±0.6V specification for guaranteed programming. When the main 12V supply tolerance is added
to the switch resistance, the main supply tolerance must be
very tight. The voltage should also be free of excessive
noise spikes that may exceed the flash device maximum
voltage limit. In addition, some switch matrix devices need
aconstant 12V supply to operate while those incorporating
on-chip charge pumps require 12V only during flash
memory programming. Deriving the clean 12V supply in a
Simple, cost effective manner is a significant part of the
design that must not be overlooked.
LTC1472: Fully Protected Switch Matrix
The LTC®1472 is a complete Vee and VPP switch matrix
that addresses all the PCMCIA socket switching needs. The
part is fully integrated with no need for external switching
FETs. Vee switch ROS{ON) is below 0.1200 to support the
current requirement of up to 1A. The Vee output is switched
between 3.3V, 5V and high impedance. VPP 12V switch
ROS{ON) is below 0.50 to support its current requirement.
The VPP output pin is switched between OV,Vee, 12V and
high impedance. The Vee logiC inputs are exclusively OR'd
to allow direct interfacing with both logic high and logic low
industry standard controllers without any external glue
logic. The LTC1472 is available in the space saving narrow
16-pin SOIC package.
The LTC1472 features SafeSlot™ protection. Built-in
SafeSlot current limiting and thermal shutdown features
are vital to ensuring a robust and reliable system. The Vee
current limit is above the 1A socket limit to maintain
compatibility with all existing cards yet provide protection

against inadvertent short circuiting. The VPP current limit
is above 200mA to also maintain compatibility and provide
protection. All switches are break-before-make type with
controlled rise and fall times for minimal system supply
impact. The LTC1472's slowed rise time combined with the
current limiting minimizes inrush current to manageable
levels. Slowed rise time on the VPP switch ensures smooth
voltage transitions without damaging ringing and .overshoot.
Figure 2 shows a typical LTC1472 application used in
conjunction with the LT®1301 to supply the 12V input. The
LT1301 is optional. If your system already has a suitable
12V supply it can be directly connected to the VPPIN pin.
You should be cautious when using ageneral purpose 12V
supply. Make certain that it does not have spikes or transients exceeding the flash memory 14V maximum voltage
rating and thatthe regulation is within the 5% flash memory
tolerance.
11
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Figure 2. Typical LTC1472 Application with the LT1301
3.3VJ5V Boost Regulator

SafeS/ot Is a trademark of Linear Technology Corporation
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The LTC1472 does not require,a continuous 12V supply.
The device has on-chip charge pumps,Junning from the 5V
supply for driving the switches. For this reason theU1301
is in shutdown mode, consuming only 10J,JA, most of the
time. The LT1301 becomes operational only when the
controller programs the LTC1472 to deliver 12V to the VPP
pin. The LTC1472 also conserves power by going to a low
111A standby mode when both Vee and VPP outputs are
switched off. The schematic in Figure 2includes a10k pulldown resistor on the VeC(OUT) pin. This resistor will ensure
that when switching the Vee voltage from 5V to the off state,
the voltage will not float at 5V. The current PCMCIA specification requires the voltage be pulled down to o.av within
300ms when turned off. This pull-down resistor is adequate
to ensure proper operation.

lTC1470 VccProtected Switch Matrix with the lT1312
VPP linear Regulator

The LT1312's VPP pins are programmable to provide either
OV, 3.3V, 5V, 12Vora high impedancestate. Figure 3 shows
the basic block diagram ofthe LT1312. Two enable inputs
(ENO and EN1) and the Vcc Sense inputs select these. five
states. The logic inputs interface directly with logic high and
logic low industry standard controllers:When aVee voltage
is selected, a comparator in the LT1312 automatically
switches the VPPOUT pin to 5V or 3.3V depending on the
voltage present atthe Sense pin. The LT1312 has a200mA
nominal output current capability with a 250mA shortcircuit current limit and thermal shutdown. These protection features can be very important when considering the
overall reliability and robustness of the main system. As
shown in Figure 4, the rise time ofthe LT1312 is sufficiently
slow to avoid ringing and overshoot. An additional feature
ofthe LT1312 is its low 25J,JA quiescentcurrent in OVor high
impedance modes.
.

Another approach is to use a linear regulator for VPP
voltages with a protected Vee switch. The LTC1470 is a
complete Vee switch matrix. The part is fully integrated with
no need for external switching FETs. Performance specifications are the same as the Vee section of the LTC1472
described above. The LTC1470 is available in the space
saving a-pin SOIC package with adual version, the LTC1471
in a 16-pin narrow SOIC. The LT1312 is a programmable
output voltage linear regulator designed specifically for
PCMCIA VPP drive applications. The LT1312 takes a raw,
unregulated 13Vto 20V input supply and produces aclean,
regulated, selectable output voltage in conformance with
the PCMCIA standard. It comes in an a-pin SOIC with adual
version, the LT1313 in a 16-pin narrow SOIC.

Vs

--------1

VPPOUT

VALID

END

Figure 4. LT1312 VPP Switching Waveform

I -__- - - - - - - V P P O U T

Vee SENSE

4V
END

-.:..-------1

ENl --:-----L~~J

Figure 3. LT1312 Block Diagram
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Like the LTC1472, the LTC1470 also features SafeSlot
protection. The switches are break-before-make type with
controlled rise and fall times for minimal system power
supply impact. The built-in SafeSlot current limiting and
thermal shutdown features are vital to ensuring a robust
and reliable system. The LTC1470 also does not require a
continuous 12V supply. The device has on-chip charge
pumps running from the 5V supply for driving the switches.

Figure 5 shows a typical LTC1470 application with the
LT1312 used to control the VPP section. If your application
does not require VPP switching, the LT1312 is eliminated.
The LTC1470 conserves power by going to a low 11JA
standby mode when the output is switched off. The schematic in Figure 5 includes a 10k pull-down resistor on the
VCC(OUT) pin to guarantee that the Vcc voltage will not float
when turned off.
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with the LT1312
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Because the LT1312 provides excellent output regulation,
the input voltage may come from a loosely regulated
source. One convenient and economic source of power is
an auxiliary winding on the main 3.3V or 5V switching
regulator inductor of the system power supply.
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CARD
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3.3V
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LTC1142 or LTC1148-5 Auxiliary Winding
Power Supply
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An auxiliary winding to the 5V inductor of an LTC1142 or
LTC1148-5 based 5V power supply creates a loosely
regulated 14V power supply as shown in Figure 6. Diode
D2 rectifies the 9V output from this additional winding
adding it to the main 5V output. (Note the phasing of the
auxiliary winding shown in Figure 6.)
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Figure 5. Typical LTC1470 Application with the
LT1312 VPP Driver/Regulator
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Figure 6. Deriving 14V Power trom a 5V Auxiliary Winding

AN60-5

Application Note 60
Referencing the .auxiliary winding to the main 5V output
provides OC current feedback from the auxiliary supply to
the main 5Vsection. Returning the lead of C5 to the 5V
output as shown improves the AC transient response.
ATIL logic high on the enable line (END) activates the 12V
output. This will force the 5V section of the LTC1142 (or
LTC1148-5) into the continuous mode of operation. A
resistor divider, composed of R2, R3 and switch Q3 forces
an offsetto cou nteractthe inte rnal offset atthe - Se nse in put
of the part. Burst Mode™operation ceases when this
external offset cancels the device's built-in 25mV offset
forcing the switching regulator into continuous mode operation. (See the LTC1142 and LTC1148 data sheets for
further detail.) In this mode, the LT1312's output can be
loaded without regard to the 5V output load.
Only when the LT1312 delivers 12V is the continuous
operation mode invoked. The LT1312's input power comes
directly from the main power source (battery pack) through
diode 01 when delivering OV, 3.3Vor 5V. Again, the LT1312
output can be loaded without regard to loading on the 5V
output of the regulator. For cases of fixed Vee voltage (i.e.,
Vee = 5V only), grounding the Sense pin of the LT1312
automatically selects 5V in the Vec mode.
Figure 7 is a graph of the output voltage versus output
current for the auxiliary 14V supply shown in Figure 6.
Note thatthe auxiliary supply voltage is higher when the 5V
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LTC1142 or LTC1148·3.3 Auxiliary Power for Low Input
Voltage Applications
For low-battery count applications « 6.5V) it is necessary
to modify the circuit of Figure 6. As the input voltage falls,
the 5V duty cycle increases to the point where there is
simply not enough time to transfer energy from the 5V
primary winding to the auxiliary secondary winding. For
applications where heavy 12V load currents exist in conjunction with these low input voltages, the auxiliary winding can be derived from the LTC1142's 3.3V section or
from an LTC1148-3.3 part. The 3.3V duty cycle is more
than adequate to support 12V currents. Figure 8 shows
this circuit. In this case atransformer with aturns ratio of
1:3.6 replaces the 3.3V section inductor. In the previous
circuit, power is drawn directly from the batteries through
01, when the switching regulator (LTC1142 or LTC11485) is in Burst Mode operation and the VPP pins require
3.3V or 5V. For these lower input voltages this technique
is invalid as the input will fall below the LT1312 linear
regulator's dropout voltage. To correct for this situation,
the switch Q3 forces the switching regulator into continuous mode operation whenever3.3V,5Vor 12Vis selected.
Equipment with Existing 5V or 12V Supplies
The previous circuits were solutions for portable equipment that require multiple supplies from battery power.
For line-powered equipment or products that already have
5V available, the deSigner need only to generate a rough
supply to utilize the LT1312. Figure 9shows howto use the
LT1172 as a boost regulator to convert the 5V input to
13.75V for use by the LT1312.
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~ 16
w

output loading is heavier. This is due to the increased
energy flowing through the main 5V inductor.

IOUT5V = 1A

f::

13

12
11

0.1

10

100

I\UXILiARY OUTPUT CURRENT (mA)

1000

AN6O.""
Figure 7. Auxiliary Winding Output Voltage vs Current
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Some equipment such as PCs will have an existing 12V
supply. More often than not this supply is noisy and not
well regulated to the 12V ±5% flash memory specification.
Figure 10 shows a solution utilizing the LT1111 boost
regulator to deliver a 13.75V for input to the LT1312.
Burst Mode is a trademark of Linear Technology Corporation
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Dual Socket Design with the LTC1471 and LT1313

LTC1314: Vee Switch Driver and VPP Switch Matrix

For applications requiring two PC card sockets the designer can use the dual versions of the LTC1470 and the
LT1312. The LTC1471 dual Vee switch matrix has the
same performance characteristics as the LTC1470 and
comes in the narrow body 16-pin SOIC. The LT1313 dual
VPP regulator driver shares the same performance characteristics as the single version, the LT1312, and is also
packaged in the narrow body 16-pin sOle. Figure 11
shows atypical two-socket application using the LTC1471
for Vee switching and the LT1313 regulating an overwinding to derive the VPP voltages. Performance is the same as
if the single version were used but with some board space
and cost savings realized.

Figure 12 shows another approach that is very space and
power efficient. Here the LTC1314 PCMCIA switch matrix,
used. in conjunction with the LT1301 DC/DC converter,
provides complete power management for a PCMCIA
card socket. The LTC1314 and LT1301 combination
provide a highly efficient, minimal parts count solution.
This circuit is especially good for designers who are
adding a PCMCIA socket to existing systems that currently have only 5V or 3.3V available. Table 1 shows the
truth table for the LTC1314. The LTC1314's logic interface allows direct connection to active high Vee or active
low Vee type controllers eliminating the need for additional glue logic.

01
. . . - - - - - - , 6.5VT018V
MBRS~~lT3
VINI--+-.--.......---IH-~
.:tLC1 +T C2
R4 r.J C4
1Oj OO PF
- r 221if ..J.. 22f1F 22n
PDRIVE
01":,
":'
-i1

*
F
i:! . . .--.. .
H~2 ~~RS140~111

H

NDRIVE

(5VREG)

SENSE+
SENSE-

rl

VLOGIC
...-_ _....,

51k

.r

14V AUXILIARY SUPPLY

_
-

_
-

<I
<I

R1
100n,,'"
+
' - - . . ; . ..... CS

..LC3
R2
-r-1000pF 100n

rl .......

R3
18k

r-0-3- ! - !:::;: 04

T1
D2
30f1H MBRS130lT3
18T

R5
0.033n

T T
.:!:. ..... C6

.
220f1F

1: ..... C7

T22f1F
5V
OUTPUT

V
S

AENO

Vs
TO "A" SOCKET
VPPOUT r-:;t-VPP PINS

I T1f1F

AEN1
_
AVALID
,-------

":'

ASENSE
lT1313

220f1F

r---'-

1.2N70021 1.2N7002

aENO BVPPOUT

t-+-.......- - - - - - - - - - - - - - - - - - - - '

B_VPP_PGM
B_VPP_Vccl-+--------'---------------'

----------------------J

BVALID
GND

r-- ~~g~E~A~cc PINS
TO "B" SOCKET
t-:;t- VPP
PINS

I T1f1F

r- BEN1

t-+--+----4-------------.....

A,.VPP_PGM
A,.VPP_Vcc I - + - - I - - - - - - - - - - - - - - - - - . . . - . . . J

VPP_VAlIOI-......

....,l

"'-.~-+---.,;...;.;.;.;=;.;;;.;..~..;;.;...-1J.......

lTC1148-S

1I2l~~1142

...-J\IV\,....-..

":'
FROM "B"
BSENSE I--- SOCKET Vcc PINS
GND

~

~

51V

3r

SV,N

3V,N

f

TO "A" SOCKET

/\oUT I
+ I VCC PINS
lTC1471
10k ~
A_VCe-31 - - - - - - - - - - - - - - - - - - - - - - - 1 A E N O
-r1f1F
A_VCe-S
AEN1
":'":'
B_VCC_3
BENO
BOUT
TO "B" SOCKET
l
+1 VCC PINS
S
B_VCeBEN1 .....
_10k
1f1F
C1, C2: AVX TPSD226M02SR0200 01: SILICON IX Si94300Y
..J..
CS. AVX TPS0226M025R0200
Q2. SlliCONIX SI94100Y
":'
_.",
C6, C7: AVXTPSE227M010R0100 T1: DALE lPE-6582-A026 (60S) 66S-9301

f *_

Figure 11. Typical Two-Socket Application with the LTC1471 and LT1313

AN60 .. 9

Application Note 60
L1
22"H

D1
MBRS130LT3
12V
OUTPUT

+ C2

+ C1

33"F

47"F
NC

5V

PCMCIA
CARD SLOT
CONTROLLER

gL1: SUMIDA
~~ i~~g~~~~~~~~~~~ ":"
CD75-220K (708) 956-0666
Figure 12. LTC1314 and LT1301 Configuration
Table 1. LTC1314 Truth Table
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X
X
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The LTC1314 drives three N-channel MOSFETs that provide Vcc pin power switching. On-chip charge pumps
provide the necessary voltage to fully enhance the switches.
With the charge pumps on-chip the MOSFET drive is
available without the need for a 12V supply. This method
of Vcc switching allows the use of fully enhanced
N-channel MOSFETs for low on resistance and low cost.
The LTC1314 provides a natural break-before-make action and smooth transitions due to the asymmetrical turnon and turn-off of the MOSFETs.

The 3_3V Vcc switch must use two MOSFETs due to the
parasitic body diode of the MOSFET. The on resistance of
the 3.3V channel is still below 0.180, adequate for any
realistic current level. Different MOSFETs can be used for
lower resistance. To limit the inrush current when charging capacitive loads, an RC network is inserted between
the LTC1314 and the MOSFET's gate. This will slow the
rise time down to acouple of milliseconds. Inrush current
is limited only by slowing down the rise time. With a150J.tf
input capacitor and the 2ms rise time, the inrush current
is limited to just 275mA.
The VPP switching is accomplished by a combination of
the LTC1314 and LT1301 DC/DC converter. The LT1301
DC/DC converter is in shutdown mode, consuming only
1O~, to conserve power until the VPP pins require 12V.
When VPP pins require 12V, the LT1301 is activated and
the LTC1314's internal switches will route the VPPIN pin to
the VPPOUT pin. The LT1301 is capable of delivering 12V
at 120mA maintaining high efficiency as shown in Figure
13. As shown in Figure 14, the LTC1314's break-beforemake and slope-controlled switching will ensure that the
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The majorCharacteristics ofthe previous designs that are
missing are current limiting and thermal shutdown. The
low cost approach does not have these features and is
susceptible to short-circuit connections at the pins and
excessive inrush current if extremely large capacitive
loads are experienced. This may be acceptable in some
systems if the main supply is carefully current limited to
maintain operation or if some other form of protection is
added. Care should be exercised when allowing exposed
external pin connections to go without short-circuit
protection.
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devices. When using a general purpose 12V supply,
make certain that you meetthese criteria to ensure asafe,
robust system.
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Figure 13. 12V Efficiency of LT1301

The LTC1314 with Higher Voltage Supplies Available
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Figure 14. LTC1314/LT1301 VPP Switching Waveform

output voltage transition will be smooth, of moderate
slope, and without overshoot. This is critical for flash
memory products to prevent damaging parts from overc
shoot and ringing exceeding the 14V part limit.
The LTC1314's VPPIN pin may be connected directly to a
stable 12V supply. However, this should be done with
caution. The 12V supply available with most computer
systems has an excessive voltage tolerance and is accompanied by significant digital switching noise. The
specification for flash memory requires 12V ±5%. Voltages greater than 14V will result in damaged memory

AN60-10

Often systems have an available supply voltage greater
than 12V. The LTC1314 can be used in conjunction with
the LT1121 linear regulator to supply the PC card socket
with all necessary voltages. Figure 15 shows this circuit.
The LTC1314 will enable the LT1121 linear regulator only
when 12Vis required at the VPP pin. In all other modes the
LT1121 is in shutdown mode and consumes only 161lA.
This LT1121 also provides thermal and current limiting
features to increase the robustness of the socket. This
configuration can be used in conjunction with the LTC1142
auxiliary winding techniques shown earlier to provide a
current limited, protected solution.
LTC1315 Dual Switch Driver and VPP Switch Matrix
For applications requiring two PC card sockets the LTC1315
provides a single package switch matrix solution. The
LTC1315 is a dual version of the LTC1314 with two
complete "An and "B" sections and operates in a similar
fashion. Figure 16 shows a typical circuit utilizing the
LT1301 to derive 12V from the 5V line. For maximum
efficiency, the ASHDN and BSHDN signals are diode OR'd
to enable the LT1301 only when 12V VPP is required.
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THE OTHER SIDE OF THE FENCE: PC CARD ON-CARD
POWER MANAGEMENT
Designers of PC cards may want to have greater control of
the power management and not be at the mercy of the
socket's provisions. Many sockets do not support all ofthe
voltages that the PCMCIA standard outlines ormay not be
able to meet the card's current demands. In addition, not
all PCMCIA sockets will incorporate smooth voltage transitions thus damaging PC cards. To assure maximum
reliability and broad compatibility, the PC card designer
can design the card for Vcc only operation. With the
release of the new. PCMCIA low voltage card specifications, cards requiring only 3.3V will become popular. This
will often necessitate on-card 3.3V to 5V conversion and
VPP generation.

(350~). The LTt106 also ,produces a VPP valid signal
when the voltage at the AVPP pin is greater than 11.5V to
indicate that avalid programming voltage is available. An
additional comparator output indicates whether the Vee
supply is 3.3V or 5V. The LT11 06 is also selectable to
produce 5V o(12V and has a shutdown pin to reduce
SUpply currentto only 1OpA. The Soft Start pin controls the
rise time of the output by a single resistor and capacitor.
D1

3.3V~g3---~-"""JV'Irn..-............

LT11 06

The size constraints of PC cards make on-card power
management design extremely challenging. Board "Real
Estate" problems are further compounded by severe height
requirements. There are few components available compatible with the Type I card's 1.19mm height requirement.
Type II cards are only marginally easier at 1. 752mm height
for center mounted cards and 2.31 mm for offset mounted
cards. These dimensions are for typical applications and
vary depending on board thickness and card frame.

The LT1106 combines an efficient switching regulator
with many special PCMCIA interface features. On-chip
comparators sense the socket VPP pins. If 12V is present,
internal drivers enhance the P-channel MOSFET switches,
01 and 02, and the LT11 06 goes into a low power mode
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CIN: TANTALUM
FOR TYPE I CARDS (1.19mm MAX HEIGHT)
L1: COILTRONICS CTX02-11238 (407) 241-7876
OR DALE ILS-2538-10 (605) 665-9301
D1: PHILIPS BAT54C (4 IN PARALLEL)
FOR TYPE II CARDS (2.2mm MAX HEIGHn
L1: MURATA ERIE LQH3C100K04MOO
D1: PHILIPS PRLL5818 OR MOTOROLA MBR0530

LT1106: PC Card 3.3VJ5V to 12V Converter for
Flash Memory
Flash memory cards are atypical Type I and Type II PC card
application. The PC card socket should provide the necessary VPP 12V programming voltage. Card designers often
prefer to have this critical voltage undertheir own control.
The LT11 06 is aswitching regulator in the ultra-thin 20 pin
TSSOP package designed specifically for use in PC cards.
Figure 17 shows a typical application of the LT1106.as a
boost regulator from 3.3V or 5V to 12V at 60mA.

1~F

t - - - r ~:rID
3/5 DETECT t - - - r 3/5
VPP VALID

Figure 17. Typical LT1106 Application

AVPP

;;;:

~
VPPVAL

ON/OFF

• Figure 18. LT1106 VPP Switching Wavelorm
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In Figure 18 the output voltage transition is smooth with
no overshoot and ringing. This type of response assures
the reliability of flash memory products.
Important performance features, in addition to the thin
TSSOP package of the LT11 06, make the part ideal for PC
card applications. The 500kHz switching frequency allows
the use of a small value, small size inductor. Small inductors in an ultra-thin form factor, critical for Type I and Type
" PC card applications are achievable. The LTll 06 has
been designed to require only 1j.iF input and outputcapacitance. The LTll06 also features Burst Mode operation
with efficiency as high as 85% to minimize battery drain
and anyon-card thermal issues.
Inductor, diode, and capacitor selection are critical to
achieving good regulation and high efficiency at the output
currents desired. The LT11 06 circuit (Figure 17) requires
a 10jJH inductor. This inductor must not saturate at the
LT11 06's rated current, must have low DC resistance, and
its inductance as afunction offrequency must be relatively
constant up to the 500kHz oscillator frequency. The combination of characteristics makes the inductor design
formidable. There are several acceptable inductors listed
in Figure 17.
The diode selection criteria are also difficult to meet. The
diode must switch quickly, have low leakage and have alow
forward voltage drop. The switching speed requirement is
due primarily to the LTll 06's 500kHz oscillator and the low
forward voltage drop of the part is necessary to achieve
good efficiency. At the time of this writing there is no diode
that will satiSfy this requirement in a package less than
1.19mm in height necessary for Type I cards. There are
several SOT-23 packaged, fast switching diodes that can be
paralleled to share the current requirements and therefore
run at a lower forward voltage drop. The BAT54C Schottky
diode from Philips is a dual diode in the SOT-23 package
that is a solution to this problem. The circuit in Figure 17
uses four of these packages (eight diodes) in parallel to get
the forward voltage drop down to 530mV at 600mA.

CapaCitor selection is also critical. The capacitors must be
sufficient in value with an ESR below 0.5Q to assure good
efficiency and output ripple values. The small 1j.iF output
capaCitor value allows the use of ceramic capaCitors. Thin
surface mount ceramic capacitors are readily available.
Paralleling ten 0.1 j.iF capaCitors, often used to decouple
ICs, yields a cost effective solution.
Figure 19 shows the efficiency ofthe LTll 06 when producing 12V at various current levels. You can see how the
selection of the passive components affects the efficiency
of the regulator. The dashed lines represent the 12V converter made with the ultra-thin Type I card components and
shows good efficiency above 80% for most current ranges.
The larger Type " components allow the same circuit
topology to produce 2% to 3% better efficiency.
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Figure 19. 12V Output Efficiency

LT11 06 3.3V to 5V DC/DC Converter for Type I Cards
The LT11 06 has an output voltage select pin for 12V output
or 5V output. Connecting this pin to the 3.3V input will
program the LTll06 for 5V output. Utilizing the same
components as the 12V output design, this circuit will
provide 5Vat up to 120mA output current. For maximum
efficiency, the ON/OFF control allows the device to be
activated only when required. Figure 20 shows a typical
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application. The LT1106's higher frequency operation allows for smaller components making itan ideal part for oncard DC/DC regulation. The typical efficiency is plotted in
Figure 21.
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cally for high frequency, small component operation. For
this reason the inductor and capacitor values will notbe as
small as the LT1106 design. The LT1300's SOICpackage
and the use of a larger inductor with tantalum capacitors
limitthis design to Type II orTypel1i cards. Figure 22 shows
atypical circuit utilizing the LT1300 to deliver 5V at 250mA
from a3.3V input. While the passive devices are not as thin
as those used with the LT11 06, the parts specified are much
thinner than those used in conventional designs with a
more standard height requirement. Figure 23 shows the
typical efficiency of this design.
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Figure 20. LT11.06 3.3V 10 5V DC/DC Converter
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Figure 22. LT1~00 3.3Vlo 5V Converter
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LT1300 3.3V to 5V DC/DC Converter for Type II Cards
For pC cards requiring 3.qV to 5V conversion at more than
120mA,a design utilizing the LT1300 can provide asol,ution
for Type II and Type III cards. While the LT1300 can deliver
more currentthan the LT11 06, it was not designed specifi-
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CONCLUSION
PCMCIA expansion sockets are becoming more popular
with portable equipment. The expansion sockets are also
being used in desktop systems and other systems that
require easy expandability. The PCMCIAspecification gives
a set of guidelines that form a good starting point for the
design of any portable system. There are a host of other
practical design issues to consider for arobust system. The
main issues are switch on-resistance, inrush current, shortcircuit protection and switch output ringing during switching. The main features to look for in the switch matrix are
easy interface to standard controllers, low enough on-

resistance, slowed switch rise times, and current limiting
and thermal shutdown. By designing with these features
the PCMCIAsocketwill meetthevoltage requirements of all
cards and will ensure a reliable system with a satisfied
customer.
On-card power management can take many forms. Conversion from 3.3V or 5V to other voltages, both positive
negative, can be achieved through careful design and
component selection. The specific voltage requirements
will be as varied as the wide diversity of PC card products
themselves. Forsolutionstoyourspecific needs, call Linear
Technology for applications assistance.
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Practical Circuitry for Measurement and Control Problems
Circuits Designed for a Cruel and Unyielding World
Jim Williams
INTRODUCTION
This collection of circuits was worked out between June
1991 and July of 1994. Most were designed at customer
request or are derivatives of such efforts. All represent
substantial effort and, as such, are disseminated here for
wider study and (hopefully) use. 1 The examples are
roughly arranged in categories including power conversion, transducer signal conditioning, amplifiers and signal
generators. As always, reader comment and questions
concerning variants of the circuits shown may be addressed directly to the author.
Clock Synchronized Switching Regulator
Gated oscillator type switching regulators permit high
efficiency over extended ranges of output current. These
regulators achieve this desirable characteristic by using a
gated oscillator architecture instead of a clocked pulse
width modulator. This eliminates the "housekeeping" cur-

rents associated with the continuous operation of fixed
frequency designs. Gated oscillator regulators simply
self-clock at whatever frequency is required to maintain
the output voltage. Typically, loop oscillation frequency
ranges from afew hertz into the kilohertz region, depending upon the load.
In most cases this asynchronous, variable frequency
operation does not create problems. Some systems, however, are sensitive to this characteristic. Figure 1 slightly
modifies a gated oscillator type switching regulator by
synchronizing its loop oscillation frequency to the systems clock. In this fashion the oscillation frequency and its
attendant switching nOise, albeit variable, become coherent with system operation.
Note 1: "Study" is certainly a noble pursuit but we never fail to
emphasize use.
LT and LTC are registered trademarks and LT is a trademark of Linear Technology Corporation.
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Figure 1. ASynchronizing Flip-Flop Forces Switching Regulator Noise to Be Coherent with the Clock
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Circuit operation is best understood by temporarily ignoring the flip-flop and assuming the LT1107 regulator's
AOUT and FB pins are connected. When the output voltage
decays the set pin drops below VREF, causing AOUT to fall.
This causes the internal comparator to switch high, biasing the oscillator and outputtransistor into conduction. L1
receives pulsed drive, and its flyback events are deposited
into the 100j.lf capacitor via the diode, restoring output
voltage. This overdrives the set pin, causing the IC to
switch off until another cycle is required. The frequency of
this oscillatory cycle is load dependent and variable. If, as
shown, a flip-flop is interposed in the AOUT-FB pin path,
synchronization to a system clock results. When the
output decays far enough (trace A, Figure 2) the AOUT pin
(trace B) goes low. At the next clock pulse (trace C) the
flip-flop 02 output (trace D) sets low, biasing the comparator-oscillator. This turns on the power switch (Vsw
pin is trace E), which pulses L1. L1 responds in flyback
fashion, depositing its energy into the output capaCitor to
maintain output voltage. This operation is similar to the
previously described case, except that the sequence is
forced to synchronize with the system clock by the flipflops action. Although the resulting loops oscillation frequency is variable it, and all attendant switching noise, is
synchronous and coherent with the system clock.
A start-up sequence is required because this circuit's
clock is powered from its output. The start-up circuitry
was developed by Sean Gold and Steve Pietkiewicz of LTC.
The flip-flop's remaining section is connected as a buffer.

The CLR1-CLK1 line monitors output voltage via the
resistor string. When power is applied 01 sets CLR210w.
This permits the LT11 07 to switch, raising output voltage.
When the output goes high enough 01 sets CLR2 high and
normal loop operation commences.
The circuit shown is astep-up type, although any switching regulator configuration can utilize this synchronous
technique.
High Power 1.5V to 5V Converter
Some 1.5V powered systems (survival 2-way radios,
remote, transducer-fed data acquisition systems, etc.)
require much more power than stand-alone Ie regulators
can provide. Figure 3's design supplies a 5V output with
200mA capaCity.
The circuit is essentially a flyback regulator. The LTl170
switching regulator's low saturation losses and ease of
use permit high power operation and design simpliCity.
Unfortunately this device has a 3V minimum supply requirement. Bootstrapping its supply pin from the 5V
output is possible, but requires some form of start-up
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~
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Figure 2. Waveforms for the Clock Synchronized
Switching Regulator. Regulator Only Switches (Trace E)
on Clock Transitions (Trace C), Resulting in Clock
Coherent Output NOise (Trace A)
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mechanism. The 1.SV powered LT1073 switching regulator forms a start-up loop. When power is applied the
LT1 073 runs, causing its Vsw pin to periodically pull
currentthrough L1. L1responds with high voltage flyback
events. These events are rectified and stored in the 4701lf
capacitor, producing the circuits DC output. The output
divider string is set up so the LT1 073 turns off when circuit
output crosses about 4.SV. Under these conditions the
LT1073 obviously can no longer drive L1, but the LT1170
can. When the start-up circuit goes off, the LT1170 VIN pin
has adequate supply voltage and can operate. There is
some overlap between start-up loop turn-off and LT1170
turn-on, but it has no detrimental effect.
The start-up loop must function over awide range of loads
and battery voltages. Start-up currents approach 1A,
necessitating attention to the LT1073's saturation and
drive characteristics. The worst case is a nearly depleted
battery and heavy output loading.
Figure 4 plots input-output characteristics for the circuit.
Note that the circuit will start into all loads with VBAT =
1.2V. Start-up is possible down to 1.0V at reduced loads.
Once the circuit has started, the plot shows it will drive full
200mA loads down to VBAT = 1.0V. Reduced drive is
possible down to VBAT = 0.6V (a very dead battery)! Figure
Sgraphs efficiency at two supply voltages over a range of
output currents. Performance is attractive, although at
lower currents circuit quiescent power degrades efficiency. Fixed junction saturation losses are responsible
for lower overall efficiency at the lower supply voltage.
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Figure 5. Efficiency vs Operating Point for the 1.5V to
5V Converter. Efficiency Suffers at Low Power Because
of Relatively High Quiescent Currents

Low Power 1.5V to 5V Converter
Figure 6, essentially the same approach as the preceding
circuit, was developed by Steve Pietkiewicz of LTC. It is
limited to about 1S0mA output with commensurate restrictions on start-up current. It's advantage, good efficiency at relatively low output currents, derives from its
low quiescent power consumption.
The LT1073 provides circuit start-up. When output voltage, sensed by the LT1 073's "set" input via the resistor
divider, rises high enough Q1 turns on, enabling the
LT1302. This device sees adequate operating voltage and
responds by driving the output to SV, satisfying its feedback node. The SV output also causes enough overdrive
at the LT1 073 feedback pin to shut the device down.
Figure 7 shows maximum permissible load currents for
start-up and running conditions. Performance is quite
good, although the circuit clearly cannot compete with the
previous design. The fundamental difference between the
two circuits is the LT1170's (Figure 3) much larger power
switch, which is responsibleforthe higher available power.
Figure 8, however, reveals another difference. The curves
show that Figure 6 is significantly more efficient than the
LT1170 based approach at output currents below 100mA.
This highly desirable characteristic is due to the LT1302's
much lower quiescent operating currents.

Figure 4. Input-Output Data for the 1.5V to 5V
Converter Shows Extremely Wide Start-Up and
Running Range into Full Load
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Low Power, Low Voltage Cold Cathode Fluorescent
Lamp Power Supply
Most Cold Cathode Fluorescent Lamp (CCFL) circuits
require an input supply of 5V to 30V and are optimized for
bulb currents of 5mA or more. This precludes lower power
operation from 2- or 3-cell batteries often used in palmtop
computers and portable apparatus. A CCFL power supply
that operates from 2V to 6V is detailed in Figure 9. This
circuit, contributed by Steve Pietkiewicz of LTC, can drive
a small CCFL over a 1OO~ to 2mA range.
The circuit uses an LT1301 micropower DC/DC converter
IC in conjunction with a current driven Royer class converter comprised of T1, 01 and 02. When power and
intensity adjust voltage are applied the LT1301 's ILiM pin
is driven slightly positive, causing maximum switching
current through the IC's internal switch pin (SW). Current
flows from T1 's center tap, through the transistors, into
L1. L1's current is deposited in switched fashion to ground
by the regulator's action.

J

The Royer converter oscillates at afrequency primarily set
by T1 's characteristics (including its load) and the 0.068JJf
capacitor. LT1301 driven L1 sets the magnitude of the
01-02 tail current, hence T1 's drive level. The 1N5817
diode maintains L1 's current flow when the LT1301 's
switch is off. The 0.068JJf capacitor combines with T1 's
characteristics to produce sine wave voltage drive at the
01 and 02 collectors. T1 furnishes voltage step-up and
about 1400Vp-p appears at its secondary. Alternating
currentflows through the 22pF capacitor into the lamp. On
positive half-cycles the lamp's current is steered to ground
via 01. On negative half-cycles the lamp's current flows
through 03's collector and is filtered by C1. The LT1301 's
ILiM pin acts as aOV summing point with about 25~ bias
current flowing out of the pin into C1. The LT1301 regulates L1's current to equalize 03's average collector current, representing 1/2 the lamp current, and R1 's current,
represented by V/JR1. C1 smooths all current flow to DC.
When VA is set to zero, the ILiM pin's bias current forces
about 1OO~ bulb current.
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Figure 9. Low Power Cold Cathode Fluorescent Lamp Supply Is Optimized for Low Voltage Inputs and Small Lamps
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Circuit efficiency ranges from 80% to 88% at full load,
depending online voltage. Current mode operation combined with the Royer's cQnsistent wavEishape vs input
results in excellent linerejeclion. The circuit has none of
the line rejection problems attributable to the hysteretic
voltage control loops typically found in low voltage mieropower DCfDC converters. This is an especially desirable characteristic forCCFL control, where lamp intensity
must remain constant with shifts in line voltage. Interaction between the Royer converter, the lamp and the
regulation loop is far more complex than might be supposed, and subject to a variety of considerations. For
detailed discussion see Reference 3.

fashion, causing negative biased step-up at T1 's secondary. 01 provides rectification, and C1 smooths the output
to DC. The resistively divided output is compared to a
command input, which may be DC or PWM, by the IC's
"ILlM"pin. The IC, forcing the loop to maintain OV at the
ILiM pin, regulates circuit output in proportion to the
command input.
Efficiency ranges from 77% to 83% as supply voltage
varies from 1.8Vto 3V. Atthe same supply limits, available
output current increases from 12mA to 25mA.
HeNe Laser Power Supply
Helium-Neon lasers, used for a variety oftasks, are difficult loads for a power supply. They typically need almost
1OkVto start conduction, although they require only about
1500V to maintain conduction at their specified operating
currents. Powering a laser usually involves some form of
start-up circuitry to generate the initial breakdown voltage
and a separate supply for sustaining conduction. Figure
11 's circuit considerably simplifies driving the laser. The

Low Voltage Powered LCD Contrast Supply
Figure 10, a companion to the CCFL power supply previously described, is acontrastsupplyfor LCD panels. It was
designed by Steve Pietkiewicz of LTC. Thetircuit is
noteworthy because it operates from a 1.8V to 6V input,
significantly lower than most designs. In operation the
LT1300fLT1301 switching regulator drives T1 in flyback
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Figure 10. Liquid Crystal Display Contrast Supply Operates from 1.BV to 6V'with "':4V to -29V Output Range
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start-up and sustaining functions have been combined
into asing.le, closed-loop current source with over 10kVof
compliance. The circuit is recognizable as a reworked
CCFL power supply with a voltage tripled DC output. 2
When power is applied, the laser does not conduct and the
voltage across the 190Q resistor is zero. The LT1170
switching regulator FB pin sees no feedback voltage, and
its switch pin (Vsw) provides full duty cycle pulse width
modulation to L2. Current flows from L1's center tap
through 01 and 02 into L2 and the LT1170. This current
flow causes 01 and 02 to switch, alternately driving L1.
The 0.47/lf capacitor resonates with L1, providing boosted
sine wave drive. L1 provides substantial step-up, causing

om"F
5kV

about 3500V to appear at its secondary. The capacitors
and diodes associated with L1's secondary form avoltage
tripler,producing over 10kV across" the laser. The laser
breaks down and current beginsto flow through it. The 47k
resistor limits current and isolates the I~ser's load characteristic. The currentflow causes avoltage to appear across
the 190Q resistor. A filtered version of this voltage appears at the LT1170 FB pin, closing a control loop. The
LT1170 adjusts pulse width drive to L2 to maintain the FB
pin at 1.23V, regardless of changes in operating conditions.ln this fashion, the laser sees constant current drive,
Nole 2: See References 2 and 3 and this text's Figure 9.
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Figure 11. LASER Power Supply Is Essentially A 1D,DDDV Compliance Current Source
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inverters use a large transformer to generate the 400Hz
9SV square wave required to drive the panel. Figure 12's
circuit, developed by Steve Pietkiewicz of LTC, eliminates
the transformer by employing an LT1108 micropower
DC/DC converter IC. The device generates a9SVDC potential via L1 and the diode-capacitor doubler network. The
transistors switch the EL panel between 9SV and ground.
C1 blocks DC and R1 all.ows intensity adjustment. The
400Hz square wave drive signal can be supplied by the
microprocessor or a simple multivibrator. When compared to conventional EL panel supplies, this circuit is
noteworthy because it can be built in asquare inch with a
O.S inch height restriction. Additionally, all components
are surface mount types, and the usual large and heavy
400Hz transformer is eliminated.

in this case 6.SmA. Other currents are obtainable by
varying the 1900 value. The 1N4002 diode string clamps
excessive voltages when laser conduction first begins,
protecting the LT1170. The 10pF capacitor at the Vc pin
frequency compensates the loop and the MUR40S maintains L1's current flow when the LT1170 Vsw pin is not
conducting. The circuitwill start and run the laser over a
9V to 3SV input range with an electrical efficiency of about
80%.
.
compact Electroluminescent Panel Power Supply
Electroluminescent (EL) panel LCD backlighting presents
an attractive alternative to fluorescent tube (CCFL) backlighting in some portable systems. EL panels are thin,
lightweight, lower power, require no diffuser and work at
lower voltage than CCFLs. Unfortunately, most EL DC/AC
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3.3V Powered Barometric Pressure Signal
Conditioner
The move to 3.3V digital supply voltage creates problems
for analog signal conditioning. In particular, transducer
based circuits often require higher voltage for proper
transducer excitation. DC/DC converters in standard configurations can address this issue but increase power
consumption. Figure 13's circuit shows a way to provide
proper transducer excitation for a barometric pressure
sensor while minimizing power requirements.
The 6kn transducer T1 requires precisely 1.SmA of excitation, necessitating a relatively high voltage drive. A1
senses T1 's current by monitoring the voltage drop across
the resistor string in T1 's return path.

A1 's output biases the LT1172 switching regulator's operating point, producing a stepped up DC voltage which
appears as T1 's drive and A2's supply voltage. T1 's return
current out of pin 6closes aloop backatA1 which is slaved
to the· 1.2V reference. This arrangement provides the
required high voltage drive (",1 OV) while minimizing power
consumption. This is so because the switching regulator
produces only enough voltage to satisfy T1 's current
requirements. Instrumentation amplifier A2 and A3 provide gain and LTC1287 AID converter gives a 12-bit digital
output. A2 is bootstrapped off the transducer supply,
enabling it to accept T1 's common-mode voltage. Circuit
current consumption is about 14mA. If the shutdown pin
is driven high the switching regulator turns off, reducing
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Figure 13. 3.3V Powered, Digital Output, Barometric Pressure Signal Conditioner
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total power consumption to about 1mA. In shutdown the
3.3V powered AID's output data remains valid. In practice,
the, circuit provides a 12"blt representation of ambient
barometric pressure afterealibration. To calibrate, adjust
the "bridge current trim" for exactly 0.1500V at the
indicated point. This sets T1 's current to the manufacturers specified point. Next, adjustA3's trim so thatthe digital
output corresponds to the known ambient barometric
pressure. If a pressure standard is not available the
transducer is supplied with individual calibration data,
permitting circuit calibration.
Some applications may require operation over a wider
supply range and/or a calibrated analog output. Figure
14's circuit is quite similar, except that the AID converter
is eliminated and a 2.7V to 7V supply is acceptable. The
calibration procedure is identical, except that A3's analog
output is monitored.

Single Cell Barometers
'.
It is possible to power these circuits from a single cell
without sacrificing performance. Figure 15, adirect extension ofthe above approaches, simply substitutes aswitching. regulator that will run from a single 1.5V battery. In
other respects loop action is nearly identical.
Figure 16, .also a 1.5V powered design, is related but
eliminates the instrumentation amplifier. As. before, the
6kQtransducerT1 requires precisely 1.5mAof excitation,
necessitating a relatively high voltage drive. Ai's positive
input senses T1 's current by monitoring the voltage drop
across the resistor string in T1 's return path. Ai's negative
input is fixed by the 1.2V LT1004 reference. Ai's output
biases the 1.5V powered LT111 0 switching regulator. The
LT111 D's switching produces two outputs from L1. Pin
4's rectified and filtered output powers Ai and T1. Ai's
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Figure 15_ 1.5V Powered Barometric Pressure Signal Conditioner Uses
Instrumentation Amplifier and Voltage Boosted Current Loop

output, in turn, closes a feedback loop at the regulator.
This loop generates whatever voltage step-up is required
to force precisely 1.SmA through T1. This arrangement
provides the required high voltage drive while minimizing
power consumption. This occurs because the switching
regulator produces only enough voltage to satisfy T1 's
current requirements.
L1 pins 1 and 2 source a boosted, fully floating voltage,
which is rectified and filtered. This potential powers A2.
Because A2 floats with respect to T1, it can look differentially across T1 's outputs, pins 10and 4.ln practice, pin 10
becomes "ground" and A2 measures pin 4's output with
respectto this point. A2's gain-scaled output is the circuit's
output, conveniently scaled at 3.000V = 30.00"Hg. A2's
floating drive eliminates the requirement for an instrumentation amplifier, saving cost, power, space and error
contribution.

To calibrate the circuit, adjust R1 for 1S0mV across the
100n resistor in T1 's return path. This sets T1 's current
to the manufacturer's specified calibration point. Next,
adjust R2 at a scale factor of 3.000V = 30.00"Hg. If R2
cannot capture the calibration, reselect the 200k resistor
in series with it. If apressure standard is not available, the
transducer is supplied with individual calibration data,
permitting circuit calibration.
This circuit, compared to a high-order pressure standard,
maintained 0.01"Hg accuracy over months with widely
varying ambient pressure shifts. Changes in pressure,
particularly rapid ones, correlated quite nicely to changing
weather conditions. Additionally, because 0.01"Hg corresponds to about 10feet of altitude at sea level, driving over
hills and freeway overpasses becomes quite interesting.
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Until recently, this type of accuracy and stability has only
been attainable with bonded strain gauge and capacitivelybased transducers, which are quite expensive. As such,
semiconductor pressure transducer manufacturers whose
products perform at the levels reported are to be applauded. Although high quality semiconductor transducers are still not comparable to more mature technologies,
their cost is low and they are vastly improved over earlier
devices.

The LTC485 RS485 transceiver is set up in the transmit
mode. The crystal and discrete components combine with
the IC's inverting gain to form a Pierce type oscillator. The
LTC485's differential line driving outputs provide frequency coded temperature data to a 1000-foot cable run.
A second RS485 transceiver differentially receives the
data and presents a single-ended output. Accuracy depends on the grade of quartz sensor specified, with 1°C
over O°C to 100°C achievable.

The circuit pulls 14mAfrom the battery, allowing about
250 hours operation from one Dcell.

Ultra-Low Noise and Low Drift Chopped-FET Amplifier

Quartz Crystal-Based Thermometer
Although quartz crystals have been utilized as temperature
sensors (see Reference 5), there has been almost no
widespread adaptation of this technology. This is primarily
due to the lack of standard product quartz-based temperature sensors. The advantages of quartz-based sensors
include Simple signal conditioning, good stability and a
direct, noise immune digital output almost ideally suited to
remote sensing.
Figure 17 utilizes an economical, commercially available
(see Reference 6) quartz-based temperature sensor in a
thermometer scheme suited to remote data collection.
10M
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Figure 17. Quartz Crystal Based Circuit Provides
Temperature-to-Frequency Conversion. RS485
Transceivers Allow Remote Sensing

Figure 18's circuit combines the extremely low drift of a
chopper-stabilized amplifier with a pair of low noise FETs.
The result is an amplifier with 0.051lV/oC drift, offset within
51lV, 100pA bias current and 50nV noise in a0.1 Hzto 10Hz
bandwidth. The noise performance is especially noteworthy; it is almost 35 times better than monolithic chopperstabilized amplifiers and equals the best bipolar types.
FETs 01 and 02 differentially feed A2 to form asimple low
noise op amp. Feedback, provided by R1 and R2, sets
closed-loop gain (in this case 10,000) in the usual fashion.
Although 01 and 02 have extraordinarily low noise characteristics, their offset and drift are uncontrolled. A1, a
chopper-stabilized amplifier, corrects these deficiencies.
It does this by measuring the difference between the
amplifier's inputs and adjusting 01 's channel current via
03 to minimize the difference. 01 's skewed drain values
ensurethatA1 will be ableto capture the offset. A1 and 03
supply whatever current is required into 01 's channel to
force offset within 51lV. Additionally, A1's low bias current
does not appreciably add to the overall100pA amplifier
bias current. As shown, the amplifier is set up for a
non inverting gain of 10,000 although other gains and
inverting operation are possible. Figure 19 is a plot of the
measured noise performance.
The FETs' VGS can vary over a 4:1 range. Because of this,
they must be selected for 10% VGS matching. This matching allows A1 to capture the offset without introducing any
significant noise.
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Figure 18. Chopper-Stabilized FET Pair Combines Low Bias, Offset and Drift with 45nV Noise
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Figure 19. Figure 18's 45nV Noise performance in a 0.1 Hz to 10Hz Bandwidth.
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Figure 20 shows the response (trace B) to a 1mV input
step (trace A). The output is clean, with no overshoots or
uncontrolled components. If A2 is replaced with a faster
device (e.g., LT1 055) speed increases by an order of
magnitude with similar damping. A2's optional overcompensation can be used (capacitor to ground) to optimize
response for low closed-loop gains.

A = 500~V/DIV

B= 5v/DIV

100llSiDIV

Figure 20. Step Response for the Low Noise x 10,000
Amplifier. A 10x Speed Increase Is Obtainable by
Replacing A2 with a Faster Device

High Speed Adaptive Trigger Circuit
Line receivers often requirean adaptive triggerto compensate for variations in signal amplitude and DC offsets. The
circuit in Figure 21 triggers on 2mVto 1OOmV signals from
100Hz to 1OMHz while operating from a single 5V rail. A1,
operating at again of 20, provides wide band AC gain. The
output of this stage biases a2-way peak detector (01-04).
The maximum peak is stored in 02's emitter capacitor,
while the minimum excursion is retained in 04's emitter
capacitor. The DC value of A1's output signal's midpoint
appears at the junction of the 500pF capacitor and the
10MQ units. This point always sits midway between the
signal's excursions, regardless of absolute amplitude.
This signal-adaptive voltage is buffered by A2 to set the
triggervoltage atthe LT1116's positive input. The LT1116's
negative input is biased directly from A1's output. The
LT1116's output, the circuit's output, is unaffected by 50:1
signal amplitude variations. Bandwidth limiting in A1 does
not affect triggering because the adaptive trigger threshold varies ratiometrically to maintain circuit output.
Split supply versions of this circuit can achieve bandwidths to 50MHz with wider input operating range (See
Reference 7).

5V~_-----.

5V

2k

-=

750n

5V

lk

50n

~O.Ol~F
~
INPUT

+

Cl

C2

I100I1FTo.lI1F
-

a

L.---W:~---'-+----+--1

NPN = 2N3904
PNP = 2N3906

-=

Figure 21. Fast Single Supply Adaptive Trigger. Output Comparator's ~rip Level Varies Ratiometrically
with Input Amplitude, Maintaining Data Integrity Over 50:1 Input Amplitude Range
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Wideband, Thermally-Based RMS/DC Converter
Applications such as wideband RMS voltmeters, RF leveling loops, wide band AGe, high crest factor measu~e
ments, SCR power monitoring and high frequency nOise
measurements require wideband, true RMS/DC conversion. The thermal conversion method achieves vastly
higher bandwidth than any other approach. Therm~1
RMS/DC converters are direct acting, thermoelectromc
analog computers. The thermal technique is explicit, relt
ing on "first principles," e.g,. a waveforms RMS value IS
defined as its heating value in a load.
Figure 22 is a wideband, thermally-based RMS/DC converter. 3 lt provides atrue RMS/DC conversion from DC to
1OMHz with less than 1% error, regardless of input signal
waveshape. It also features high input impedance and
overload protection.
The circuit consists of three blocks; awideband FET input
amplifier, the RMS/DC converter and overload prot~ction.
The amplifier provides high input impedance, gain and
drives the RMS/DC converters input heater. Input resistance is defined by the 1Mresistor with input capacitance
about 3pF. Q1 and Q2 constitute aSimple, high speed FET
input buffer. Q1 functions as asource follower, with the Q2
current source load setting the drain-source channel current. The LT1206 provides aflat 1OM Hz bandwidth gain of
ten. Normally, this open-loop configuration would be quite
drifty because there is no DC feedback. The LT1 097
contributes this function to stabilize the circuit. It does this
by comparing the filtered circuit output to a similarly
filtered version of the input signal. The amplified difference between these signals is used to set Q2's bias, and
hence Q1's channel current. This forces Q1's VGS to
whatever voltage is required to match the circuit's input
and output potentials. The capacitor at A1 provides stable

Nola 3: Thermally based RMS/DC conversion is detailed in. Reference 9.
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loop compensation. The RC network in A1's output prevents it from seeing high speed edges coupled through
Q2's collector-base junction. Q4, Q5 and Q6 form a low
leakage clamp which precludes A1 loop latch-up during
start-up or overdrive conditions. This can occur if Q1 ever
forward biases. The 5K-50pF network gives A2 a slight
peaking characteristic atthe highestfrequencies, allowing
1% flatness to 1OM Hz. A2's output drives the RMS/DC
converter.
The LT1 088 based RMS/DC converter is made up of
matched pairs of heaters and diodes and acontrol amplifier. TheLT1206 drives R1, producing heat which lowers
D1's voltage. Differentially connected A3 responds by
driving R2, via Q3, to heat D2, closing a loop around the
amplifier. .Because the diodes and heater resistors are
matched, A3's DC output is related to the RMS value of the
input, regardless 'of input frequency or wav~shape. ~n
practice, residual LT1 088 mismatch~s neces~ltate a. gal~
trim, which is implemented atA4. A4 s output IS the circuit
output. The LT1004 and associated components frequency compensate the loop and provide good settling
time over wide ranges of operating conditions (see Footnote 3).
Start-up or input overdrive can cause A2 to deliver excessive current to the LT1 088 with resultant damage. C1 and
C2 prevent this. Overdrive forces D1's voltage to an
abnormally low potential. C1 triggers low under these
conditions, pulling C2's input low. This causes C2's output
to go high, putting A2 into shutdown and terminati~g the
overload. After atime determined by the RC at C2's Input,
A2 will be enabled. If the overload condition still exists the
loop will almost immediately shut A2 down again. This
oscillatory action will continue, protecting the LT1088
until the overload condition is removed.
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15V

l

ZERO TRIM
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0.01Jlf
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":"
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10k'
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Figure 22. Complete 10MHz Thermally-Based RMS/DC Converter Has 1% Accuracy, High Input Impedance and Overload Protection
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Performance forthe circuit is quite impressive. Figure 23
plots error from DC to 11 MHz. The graph shows 1% error
bandwidth of 11 MHz. The slight peaking out to 5MHz is
due to the gain boost network at A2's negative input. The
peaking is minimal compared to the total error envelope,
and asmall price to pay to get the 1%accuracy to 1OM Hz.
To trim this circuit put the 5kn potentiometer at its
maximum resistance position and apply a 100 mV, 5MHz
signal. Trim the 500n adjustment for exactly 1VOUT. Next,
apply a5MHz 1V input and trim the 10k potentiometer for
10.00VOUT. Finally, putin 1V at 10MHzand adjustthe 5kQ
trimmer for 10.00VOUT. Repeat this sequence until circuit
output is within 1% accuracy for DC-1 OMHz inputs. Two
passes should be sufficient.
It is worth considering that this circuit performs the same
function as instruments costing thousands of dollars.4

~

a:
o

a:

ffi

1 - - - - 0.7% ERROR AT 10MHz""" . -1

o 1

2

3 4 5 6 7 8 9 10 11
FREQUENCY (MHz)

Figure 23. Error Plot lor the RMS/DC Converter.
Frequency Dependent Gain Boost at A2 Preserves 1%
Accuracy, But Causes Slight Peaking Before Roil-Oil

Hall Effect Stabilized Current Transformer
Current transformers are common and convenient. They
permit wideband current measurement independent of
common-mode voltage considerations. The most conveNole 4: Viewed from a historical perspective it is remarkable that so much
precision wide band performance is available from such a relatively simple
configuration. For perspective, see Appendix A, "Precision Wide band
Circuitry ... Then and Now."
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nient current transformers are the "clip-on" type, commercially sold as "current probes." A problem with all
simple current transformers is that they cannot sense DC
and low frequency information. This problem was addressed in the mid-1960's with the advent of the Hall effect
stabilized current probe. This approach uses a Hall effect
device within the transformer core to sense DC and low
frequency signals. This information is combined with the
.current transformers output to form a composite DC-tohigh frequency output. Careful roll-off and gain matching
of the two channels preserves amplitude accuracy at all
frequencies. 5 Additionally, the low frequency channel is
operated as a "force-balance," meaning that the low
frequency amplifier's output is fed back to magnetically
bias the transformer flux to zero. Thus, the Hall effect
device does not have to respond linearly over wide ranges
of current and the transformer core never sees DC bias,
both advantageous conditions. The amount of DC and low
frequency information is obtained at the amplifier's output, which corresponds to the bias needed to offset the
measured current.
Figure 24 shows a practical circuit. The Hall effect transducer lies within the core of the clip-on current transformer specified. Avery Simplistic way to model the Hall
generator is as a bridge, excited by the two 619n resistors. The Hall generator's outputs (the midpoints of the
"bridge") feed differential input transconductance amplifier A1, which takes gain, with roll-off set by the 50n,
0.02~ RC at its output. Further gain is provided by A2, in
the same package as A1. A current buffer provides power
gain to drive the current transformers secondary. This
connection closes a flux nulling loop in the transducer
core. The offset adjustments should be set for OV output
with no current flowing in the clip-on transducer. Similarly, the loop gain and bandwidth trims should be set so
that the composite output (the combined high and low
frequency output across the grounded 50n reSistor) has
clean step response and correct amplitude from DC to
high frequency.

Nole 5: Details of this scheme are nicely presented in Reference 15.
Additional relevant commentary on parallel path schemes appears in
Reference 7.
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Figure 24. Hall Effect Stabilized Current Transformer (DC ~ High Frequency Current Probe)

Figure 25 shows a practical way to conveniently evaluate
this circuits performance. This partial schematic of the
Tektronix P-6042 current probe shows a similar signal
conditioning scheme forthe transducer specified in Figure
24. In this case 022, 024 and 029 combine with differential stage M-18 to form the Hall amplifier. To evaluate
Figure 24's circuit remove M-18, 022, 024 and 029. Next,

connect LT1228 pins 3 and 2 to the former M-18 pins 2
and 10 points, respectively. The ±16V supplies are available from the P-6042's power bus. Also, connect the right
end of Figure 24's 2000 resistor to what was Q29's
collector node. Finally, perform the offset, loop gain and
bandwidth trims as previously described.
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Triggered 250 Picosecond Rise Time Pulse Generator
Verifying the rise time limit of wideband test equipment
setups is a difficult task. In particular, the "end-to-end"
rise time of oscilloscope-probe combinations is often
required to assure measurement integrity. Conceptually, a
pulse generator with rise times substantially faster than
the oscilloscope-probe combination can provide this information. Figure 26's circuit does this, providing an
SOOps pulse with rise and fall times inside 250ps. Pulse
amplitude is 10V with a 50n source impedance. This
circuit has similarities to a previously published design
(see Reference 7) exceptthat it is triggered instead of free
running. This feature permits synchronization to aclockor
other event. The output phase with respect to the trigger
is variable from 200ps to 5ns.
The pulse generator requires high voltage bias for operation. The LT1 OS2 switching regulator to forms a high
voltage switched mode control loop. The LT10S2 pulse
5V

+

L1
82Ol'H
MUR120

T11'F

10k

width modulates at its 40kHz clock rate. L1's inductive
events are rectified and stored in the 21JF output capacitor.
The adjustable resistor divider provides feedback to the
LT10S2. The 1Ok-11JF RC provides noise filtering.
The high voltage is applied to 01 , a40V breakdown device,
via the R3~C1 combination. The high voltage "bias adjust"
control should be set at the point where free running
pulses across R4 just disappear. This puts 01 slightly
below its avalanche point. When an input trigger pulse is
applied 01 avalanches. The result is a quickly rising, very
fast pulse across R4. C1 disl:;harges, 01 's collector voltage
falls and breakdown ceases. C1 then recharges to just
below the avalanche point. At the next trigger pulse this
action repeats. 6
.
Figure 27 shows waveforms. A3.9GHz sampling oscilloscope (Tektronix 661 with 4S2 sampling pug-in) measures the pulse (trace B) at 10V high with an SOOps base.
Rise time is 250ps, with fall time indicating 200ps. The
times are probably slightly faster, as the oscilloscope's
90ps rise time influences the measurement? The input
trigger pulse is trace A. Its amplitude provides a convenient way to vary the delay time between the trigger and
output pulses. A 1V to 5V amplitude setting produces a
continuous 5ns to 200ps delay range.
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Vsw
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TRIGGER INPUT
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LESS. 1V TO 5V
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L1 = J.W. MILLER # 100267
L2 = 1 TURN # 28 WIRE. 1/4" TOTAL LENGTH

Figure 26. Triggered 250ps Rise Time Pulse Generator.
Trigger Pulse Amplitude Controls Output Phase

Figure 27. Input Pulse Edge (Trace A) Triggers the
Avalanche Pulse Output (Trace B). Display Granularity Is
Characteristic' 01 Sampling Oscilloscope Operation
Nole 6: This circuit is based on the operation of the Tektronix Type 111
Pulse Generator. See Reference 16.
Nole 7: I'm sorry, but 3.9GHz is the fastest 'scope in my house (as of
September, 1993).
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Some special considerations~re required to optimize
circuit performance. L2's very.srnall inductance combines
with C2,to slightly retardthetrigger pulse's{ise time, This
prevents significant~rigger p,ulse artifacts from appearing
at the circuit's output. C2 should be adjusted for t~e best
compromise between output pulse rise time and ·purity.
Figure 28 shows partial pulse rise with C2 properly ad~
justed. There are no discernible discontinuities related to
the trigger event.'
"

malldatea; separate 12V supplyan~pul~e .formingcircuitry. Figure 29's circuit provides the complete flash
memory'programming function with aSingle IC and some
discrete components. All components are surface mount
types, SO little board space is required. The entire function
runs off a single 5V supply..
MBRS130T3
(MOTOROLA) .

5V
VPP FLASH VOUT
1-+-:-----12V
+
60mA
T331lF
O.2V1DIV

1 = FLASH PROGRAM
0= STANDBY

L1 = SUMIDA CD54-330
AN61·F2\I

Figure 29. Switching Regulator Provides Complete
Flash Memory Programmer
500 PICOSECONDs/DIV

.,.,

.

Figure 28, Expanded Scale View of Leading Edge Is
Clean with No Trigger Pulse Artifacts. Display
Granularity Derives from Sampling Oscilloscope
Operation

Q1 may require selectionto getavalanche behavior. Such
behavior, while characteristic of the device specified, is
not guaranteed by the manufacturer. A sample of 50
Motorola2N2369s, Spread over,a:12Yeardate code span,
yielded 82%. All "good" devices .~witc~ed. in less than
600ps. C1 is selected for a 10Vamplitude output. Value
spread is typically2pFto 4pF. Ground plane type construction with high speed layout, connection and termination
techniques are essential for agood resultstrom this circuit.
Flash Memory Programmer
Although "Flash" type memory is increasingly popular, it
does require some special programming features. The 5V
powered memories need acarefully controlled 12V"VPP"
programming pulse. The pulse's amplitude must be within
5% to assure proper operation. Additionally, the pulse
must not overshoot, as memory destruction mayoccurfor
VPP outputs above 14V.B These requirements usually

AN61-22

The LT11 09-12 switching regulator functions by repetitively pulsing L1. L1 responds with high voltage flyba~k
events, which are rectified by the diode and stored in the
1O~ capacitor. The "sense" pin provides feedback, and
the output voltage stabilizes at 12V within a few percent.
The regulator's "shutdown" pin provides a way to control
the VPP programming voltage output. With a logical zero
applied to the pin the regulator shuts down, and no VPP
programming voltage appears at the output. When the pin
goes high (trace A, Figure 30) the regulator is activated,
producing a cleanly rising, controlled pulse at the output
(trace B). When the pin is returned to logical zero, the
output smoothly decays off. The switched mode delivery
of power combined with the output capacitor's filtering
prevents overshoot while providing the required pulse
amplitude accuracy. Trace C, a time and amplitude
expanded version of trace B, shows this. The output
steps up in amplitude each time L1 dumps energy into
the output capacitor. When the regulation point is reached
the amplitude cleanly flattens out, with only about 75mV
of regulator ripple.

Nole 8: See Reference 17 for detailed discussion .
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63kHz

A = 5v/DIV
LTC1043

17

B=5v/DIV

c= O.1v/DIV

A, B= 1mS/DIV
C= 50!'S/DIV
AtIIllf30

Figure 30. Flash Memory Programmer Waveforms Show
Controlled Edges. Trace CDetails Rise Time Sellling

3.3V Powered V/F Converter
Figure 31 is a "charge pump" type V/F converter specifically designed to run from a 3.3V rail. 9 A OV to 2V input
produces a corresponding OkHz to 3kHz output with
linearity inside 0.05%. To understand how the circuit
works assume that A1's negative input is just below OV.
The amplifier output is positive. Under these conditions,
LTC1 043's pins 12 and 13 are shorted as are pins 11 and
7, allowing the 0.01~ capacitor (C1) to charge tothe 1.2V
LT1034 reference. When the input-voltage-derived current ramps A1's summing point (negative input-trace A,
Figure 32) positive, its output (trace B) goes low. This
reverses the LTC1 043's switch states, connecting piris 12
and 14, and 11 and 8. This effectively connects C1 's
positively charged end to ground on pin 8, forcing current
to flow from A1's summing junction into C1 via LTC1 043
pin 14 (pin 14's current is trace C). This action resets A1's
summing point to a small negative potential (again, trace
A). The 120pF-50k-10k time constant at A1 's positive
input ensures A1 remains low long enough for C1 to
completely discharge (A1's positive input is trace 0). The
Schottky diode prevents excessive negative excursions
due to the 120pF capacitors differentiated response.
When the 120pF positive feedback path decays, A1's
output returns positive and the entire cycle repeats. The
oscillation frequency ofthis action is directly related to the
input voltage.
This is an AC coupled feedback loop. Because ofthis, startup or overdrive conditions could force A1 to go low and

C2
560pF

1~:~6 --')¥v--""'VIr-......-~
2V

10k
.".

• = 1% FILM RESISTOR, TYPE TRW·MTR+120ppml"C
•• = POLYSTYRENE

Figure 31. 3.3V Powered Voltage-to-Frequency Converter.
Charge Pump Based Feedback Maintains High Linearity
and Stability

A = O.02V/DIV

B = 2V/DIV

C=5mNDIV
D= 2V.DUV

50f!SlDIV

Figure 32. Waveform for the 3.3V Powered V/F. Charge
Pump Action (Trace C) Maintains Summing Point (Trace
A), Enforcing High Linearity and Accuracy

Note 9: See Reference 20 for a survey of VlF techniques. The circuit
shown here is derived from Figure Bin LTC Application Note 50,
"Interfacing to Microprocessor Based 5V Systems" by Thomas Mosteller.
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stay there. Whel1 A1's output is low the LTC1 043's.internal
oscillator sees C2 and will begin oscillation if A1 remains
low long enough. This oscillation causes charge pumping
action via the LTC1043-C1-A1 summing junction path
until normal operation commences. During normal operation A1 is never low long enough for oscillation to occur,
and controls the LTC 1043 switch states via D1.
To calibrate this circuit apply 7mV and select the 1.6M
(nominal) value for 10Hz out. Then apply 2.000V and set
the 10k trim for exactly 3kHz output. Pertinent specifications include linearity of 0.05%, power supply rejection of
0.04%N, temperature coefficient of 75ppm/oC of scale
and supply current of about 200~. The power supply may
vary .from 2.6V to 4.0V with no degradation of these
specifications. If degraded temperature coefficients are
acceptable, the film resistor specified may be replaced by
a standard 1% film resistor. The type called out has a

temperature characteristic that opposes C1's -120ppml
°C drift, resulting in the low overall circuit drift noted.
Broadband Random Noise Generator
Filter, audio, and RF-communications testing often require a random noise source. 10 Figure 33's circuit provides an RMS-amplitude regulated noise source with
selectable bandwidth. RMS output is 300mV with a 1kHz
to 5MHz bandwidth,selectable in decade ranges.
Noise source D1 is AC coupled to A2, which provides a
broadband gain of 100. A2's output feeds a gain control
stage via a simple, selectable lowpass filter. The filter's
output is applied to A3, an LT1228 operational transconNole 10: See Appendix B, "Symmetrical White Gaussian Noise," guest
written by Ben Hessen-Schmidt of Noise Com, Inc. for tutorial on noise.
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Figure 33. Broadband Random Noise Generator Uses Gain Control Loop to Enhance Noise Spectrum Amplitude Uniformity
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ductance amplifier. A3's output feeds LT1228 A4, a current feedback amplifier. A4's output, also the circuit's
output, is sampled by the A5-based gain control configuration. This closes a gain control loop to A3. A3's set
current controls gain, allowing overall output level control.

1V1D1V

Figure 34 shows noise at 1MHz bandpass, with Figure 35
showing RMS noise versus frequency in the same
bandpass. Figure 36 plots similar information atfull bandwidth (5MHz). RMS output is essentially flat to 1.5MHz
with about ±2dB control to 5MHz before sagging badly.

10!lSiDiV

AN61f34

Figure 34. Figure 33's Output in the 1MHz Filler Position
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Figure 37's similar circuit substitutes astandard zener for
the noise source but ismore complex and requires atrim.
A1, biased from the LT1004 reference, provides optimum
drive for D1, the noise source. AC coupled A2 takes a
broadband gain of 100. A2's output feeds a gain-control
stage via a simple selectablelowpass filter. The filter's
output is applied to LT1228 A3, an operational transconductance amplifier. A3's output feeds LT1228 A4, a currentfeedbacks amplifier. A4's output, the circuit's output,

is sampled by the A5-based gain control configuration.
This closes a gain control loop back at A3. A3's set input
current controls its gain, allowing overall output level
control.
To adjust this circuit, place the filter in the 1kHz position
and trim the 5k potentiometer for maximum negative bias
atA3, pin 5.
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Figure 37. ASimilar Circuit Uses a Standard Zener Diode, But Is More Complex and Requires Trimming
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Switchable Output Crystal Oscillator
Figure 38's simple crystal oscillator circuit permits crystals to be electronically switched by logic commands. The
circuit is best understood by initially ignoring all crystals.
Further, assume all diodes are shorts and their associated
1k resistors open. The resistors at the LT1116's positive
input set a DC bias point. The 2k-25pF path sets up phase
shifted feedback and the circuit looks like awide band unity
gain follower at DC. When "Xtal A" is inserted (remember,
D1 is temporarily shorted) positive feedback occurs and

oscillation commences atthe crystals resonant frequency.
If D1 and its associated 1k value are realized, oscillation
can only continue if logic input A is biased high. Similarly,
additional crystal-diode-1 k branches permit logic selection of crystal frequency.
For AT cut crystals about a millisecond is required for the
circuit output to stabilize due to the high Q factors involved. Crystal frequencies can be as high as 16MHz
before comparator delays preclude reliable operation.
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..: .Jw-S
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I
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I
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D2:

1k

A

5V

D1

>-_-+____- - OUTPUT
*=1N4148
2k

GROUND CRYSTAL CASES

Figure 38. Switchable Output Crystal Oscillator. Biasing A or B
High Places the Associated Crystal in the Feedback Path.
Additional Crystal Branches Are Permissible
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APPENDIX A
Precision Wide band Circuitry ..• Then and Now
Text Figure 22's relatively straightforward design provides
asensitive, thermally-based RMS/DC conversion to 10MHz
with less than 1% error. Viewed from ahistorical perspective it is remarkable that so much precision wideband
performance is so easily achieved.
Thirty years ago these specifications presented an extremely difficult engineering challenge, requiring deepseated knowledge of fundamentals, extraordinary levels of
finesse and an interdisciplinary outlookto achieve success.

Nole 1: We are all constantly harangued about the advances made in
computers since the days of the IBM360. This section gives analog
aficionados a stage for their own bragging rights. Of course, an HP3400A
was much more interesting than an IBM360 in 1965. Similarly, Figure 22's

AN61-28

The Hewlett-Packard model HP3400A (1965 price
$525 ... about 1/3 the yearly tuition at M.I.T.) thermallybased RMS voltmeter included all of Figure 22's elements,
but considerably more effort was required in its execution. 1 Our comparative study begins by considering H-P's
version of Figure 22's FET buffer and precision wideband
amplifier. The text is taken directly from the HP3400A
Operating and Service Manual. 2

capabilities are more impressive than any contemporary cO,mputer I'm
aware of.
Nole 2: All Hewlett-Packard text and figures used liere are copyright 1965
Hewlett-Packard Company. Reproduced with permission.,
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4-15. IMPEDANCE CONVERTER ASSEMBLY A2.
4-17. The ac signal input to the impedance converter
is RC coupled to the grid of cathode follower V2013
through C201 and R203. The output signal is developed by Q201 which acts as a variable resistance in
the cathode circuit of V201. The bootstrap feedback
from the cathode of V201 to R203 increases the
effective resistance of R203 to the input signal. This
prevents R203 from loading the input signal and preserves the high input impedance of the Model 3400A.
The gain compensating feedback from the plate of
V201 to the base of Q201 compensates for any varying
gain in V20 I due to age or replacement.

4-18. Breakdown diode CR201 controls the grid bias
VOltage on V201 thereby eritliblfslllng the operating
point of this stage. CR202 and R211 across the baseemitter junction of Q201 protects Q201in the event of
a failure in the oj. 75 volt power supply. Regulated dc
is supplied to ,,201 filaments to avoid inducing ac hum
in the signal path. This also prevents the gain of V201
changing with line voltage variations.
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Figure A1. The "Impedance Converter Assembly," H-P's Equivalent of Figure 22's Wideband FET Buffer
Nole 3: Although JFETs were available in 1965 their performance was
inadequate for this design's requirements. The only available option was
the Nuvistor triode described.
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4-22. VIDEO AMPLIFIER ASSEMBLY A4.
4-23. The video amplifier functions to provide constant gain to the ac signal being measured over the
entire frequency range of Model 3400A. See video
amplifier assembly schematic diagram illustrated on
Figure 6-2.
4-24. The ac input signal from the secondattenuator
is coupled through C402 to the base of input amplifier
Q401. Q401, a class A amplifier, amplifies and inverts the signal which is then direct coupled to the
base of bootstrap amplifier Q402. The output, taken
from Q402 emitter is applied to the base of Q403 and
,fed back to the top of R406 as a bootstrap feedback.
This positive ac feedback increases the effective ac
resistance of R406 allowing a greater portion of the
signal to be felt at the base of Q402. In this manner,
the effective ac gain of Q401 is increased for the midband frequencies without disturbing the static operating
voltages of Q401.
4-25. Driver amplifier Q403 further amplifies the
ac signal and the output at Q403 collector is fed to
the base circuit emitter follower Q404. The feedback
path from the collector of Q403 to the base of Q402
through C405 (10 MHz ADJl prevents spurious oscll'lations at high input frequencies. A dc feedback loop
exists from the emitter circuit of Q403, to the base
of Q401 through R425. This feedback stabilizes the
Q401 bias voltage. Emitter follower Q404 acts as a
driver for the output amplifier consisting of Q405 and
Q406; a complimentary pair operating as a push-pull
amplifier. The video amplifier output is taken from
the collectors of the output amplifiers and applied to
thermocouples TC401.' A gain stabilizing feedback is
developed in the emitter circuits of the output amplifiers. This negative feedback is applied to the emitter
of input amplifier Q401 and establishes the overail
gain of the video amplifier.
'
4-26. Trimmer capacitor C405 is adjusted at 10 MHz
for frequency response of the video amplifier. Diodes
CR402 and CR406 are protection diodes which prevent
voltage surges from damaging transistors in the
video amplifier. CR401, CR407, and CR408 are
temperature compensating diodes to maintain the zero
Signal balance condition in the output amplifier over
the operating temperature range. CR403, a breakdown diode, establishes, the operating potentials for
the output amplifier.

If that's not enough to make you propose marriage to
modern high speed monolithic amplifiers, consider the
deSign heroics spent on the thermal converter.

Copyright 1965 Hewlett-Packard Co.
Reproduced with permission.
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Figure A3. H-P's Wideband Amplifier, the "Video Amplifier Assembly" Contained DC and AC Feedback Loops,
Peaking Networks, Bootstrap Feedback and Other Subtleties to Equal Figure 22's Performance
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4-27. PHOTOCHOPPER ASSEMBLY A5. CHOPPER
AMPliFIER ASSEMBLY A6. AND THERMO-

COUPLE PAIR (PART OF A4).

4-28. The modulator/demodulator. chopper amplifier, and thermocouple pair form servo loop which
functions to position the direct re~ meter Ml to
the rms value of the ac Input Sigrial~ See momIator/
demodulator. chopper amplifier. and thermocouple
pair schematic diagram illustrated in Figure 6-3.

a

4-29. The video amplifier output signal Is applied to
the heater of thermocouple TC40l0 Thlsac voltage
causes a de voltage to be generated 10 the resistive
portion of TC40 1 which is proportional to the heating
effect (rms value) of the ac Ioput.. The de voltage is
applied to photocell V501.
4-30. Photocells V50 1 and V502' in conjunction With
neon lamps DS501 and DS502 form a mQclW.ator clrcuit~ The neon lamps are lighted alternately between
90 and 100 Hz. Each lamp illuminates 0118 of the
photocells. DS501 illuminates V501;DS502 illuminates
V502. When a photocell is 1lluininated it bas a low
resistance compared to its reSistance when dark.
Therefore. when V501 Is illuminated. the output·of
thermocouple TC401 is aPPlied to the. Ioput of the
chopper amplifier through V501. When.V502 is ill~i
nated, a ground signal Is applied to the chopper amplifier. The Illternateillumination of V501 and V502
modulates the dcloput at a: frequency between 90 and .
100 Hz. The modulator output Is a square wave whose
amplitude is proportional to the de input level •
.4~31. The chopper amplifier. consisting of Q60lthrough
Q603.. Is a high gain amplifier which amplifieS the
square' wave deve10ped llY the modulator. Power
supply voltage variatiol!S are reduced by diodes CR60 1
thru C$3. The iunj)1ified output is tIlla!n from the
collector of Q60a an!l'applled to the demodulator
through
emitter follower
Q604.
,
.
4-32.. The demodulator comprises two photocells.
V503 and V504. which operate 10 conj~tion with
DS501 and DS502; the'same neon lamps uSed to illuminate the photocel,iI.in the modulator. Photocells V503
and. V504 are illuminated llY DS501 and 08502. respectively.'
,

Is

4 -33. The demodulation process
the' reverse of
the modulation process discussed in Paragraph .-30.
The output of the ,demodulator' is a de level which Is
proportional to the demodulator input. The magnitude
and phase of the input square wave determines the .
.magnitude and polarity of the· de' output level. This de
output level is, applied to two emitter follower output
stages.
4-34. The emitter follower is 'needed to match the
high output impedance of the demodulator to the low
input impedance of the meter and thermocouple' .clrcults. The voltage drop across CR604 in the collector c.lrcult of Q605 Is the operating bias for Q604.
This fixed bias prevents Q605 failure when the base
voltage is zero with respect to ground.
,

Copyright 1965 Hewlett-Packard Co.
Reproduced with permission.

(Text continues on page 38)·
Note 4: In 1965 almost all thermal converters utilized matched pairs of
discrete heater resistors and thermocouples. The thermocouples' low level
output necessitated chopper amplifier signal conditioning, the only
technology then available which could provide the necessary DC stability.
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Note 5: The low level chopping technology of the day was mechanical
choppers, a form of relay. H-P's use of neon lamps and photocells as
microvolt choppers was more reliable and an innovation. Hewlett-Packard
has a long and successful history of using lamps for unintended purposes.
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Figure A5. H-P's Thermal Converter ("A4") and Control Amplifier ("A6") Pertorm Similarly to Text Figure 22's Dual
Op Amp and LT1088. Circuit Realization Required Far More Attention to Details
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4-35. The de level output, taken from the emitter of
Q606, is applled to meter Ml and to the heating
element of thermocouple TC402.The dc voltage developed in the resistive portion of TC402 is effectively
subtracted from the voltage developed by TC401. The
input signal to the modulator then becomes the difference in the de outputs of the two thermocouples; When
the difference between the two thermocouples becomes
zero the de from the .emitter followers (driving the
meter) will be equal to the ac from the video amplifier.

When casually constructing a wideband amplifier with a
few mini-DIPs, the reader will do well to recall the pain and
skill expended by the HP3400A's designers some 30years
ago.
Incidentally, what were you doing in 1965?

4-36. Noise on the modulated square wave is suppressed by feedback from emitter of Q606 through
C607 and C6DS to the resistive element Of TC402.

Copyright 1965 Hewlett-Packard Co. Reproduced with permission.

APPENDIX B

Symmetrical White Gaussian Noise
by Ben Hessen-Schmidt
NOISE COM, INC.

White noise provides instantaneous coverage of all freQuencies within a band of interest with a very flat output
spectrum. This makes it useful both as a broadband
stimulus and as a power-level reference.
Symmetrical white Gaussian noise is naturally generated
in resistors. The noise in resistors is due to vibrations of
the conducting electrons and holes, as described by
Johnson and NYQuist. 1 The distribution of the noise voltage is symmetrically Gaussian, and the average noise
voltage is:
\In = 2~kT J R(f) p(f) df

(1 )

Where:
k = 1.38E-23 JIK (Boltzmann's constant)
T = temperature of the resistor in Kelvin
f = frequency in Hz
h = 6.62E-34 Js (Planck's constant)
R(f) = resistance in ohms as a function of frequency
p(f) =

hf
kT[exp(hf/kT)

-1]

(2)

p(f) is close to unity for frequencies below 40GHz when T
iseQual to 290o K. The resistance is often assumed to be
independent of freQuencY,and fdf is equal to the noise
bandwidth (B). The available noise power is obtained
when the load is a conjugate match to the resistor, and
it is:
2

\7. =kTB
N=_n
. 4R

(3)

where the "4" results from the fact that only half of the
noise voltage and hence only 1/4 of the noise power is
delivered to a matched load.
Equation 3shows thatthe available noise power is proportional to the temperature of the resistor; thus it is often
. called thermal noise power, Equation 3 also shows that
white noise power is proportional to the bandwidth.
An important source of symmetrical white Gaussian noise
is the noise diode. A good noise diode generates a high
level of symmetrical white Gaussian noise. The level is
often specified in terms of excess noise ratio (ENR).
ENR (in

dB)=10L09..L..(Te_-_29~O)
290

Nole 1: See "Additional Reading" at end of this section.
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Te is the physical temperature that a load (with the same
impedance as the noise diode) must be at to generate the
same amount of noise.
The ENR expresses how many times the effective noise
power delivered to a non-emitting, nonreflecting load
exceeds the noise power available from a load held at the
reference temperature of 290 0 K (16.8°C or 62.3°F).
The importance of high ENR becomes obvious when the
noise is amplified, because the noise contributions of the
amplifier may be disregarded when the ENR is 17dB larger
than the noise figure ofthe amplifier (the difference in total
noise power is then less than 0.1 dB). The ENR can easily
be converted to noise spectral density in dBm/Hz or
IlV/~ by use of the white noise conversion formulas in
Table 1.
Table 1. Useful White Noise conversion
dBm
dBm
dBm
dBm/Hz
dBm/Hz

=
=
=
=
=

dBm/Hz+ 1010g (BW)
2010g (Vn) -101og(R) + 30dB
20Iog(Vn) + 13dB for R = 500
20Iog(!1Vn'I'HZ) -1 OIog(R) - 90dB
-174dBm/Hz + ENR for ENR > 17dB

When amplifying noise it is important to remember that
the noise voltage has a Gaussian distribution. The peak
voltages of noise are therefore much larger than the
average or RMS voltage. The ratio of peak voltage to RMS
voltage is called crest factor, and a good crest factor for
Gaussian noise is between 5:1 and 10:1 (14 to 20dB). An
amplifier's 1dB gain-compression point should therefore
be typically 20dB larger than the desired average noiseoutput power to avoid clipping of the noise.
For more information about noise diodes, please contact
NOISE COM, INC. at (201) 261-8797.
Additional Reading
1. Johnson, J.B, "Thermal Agitation of Electricity in
Conductors," Physical Review, July 1928, pp. 97-109.
2. Nyquist, H. "Thermal Agitation of Electric Charge in
Conductors," Physical Review, July 1928, pp. 110113.
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Data Acquisition Circuit Collection
Kevin R. Hoskins

INTRODUCTION
This application note features 8-, 10-, and 12-bit data
acquisition components in various circuit configurations.
The circuits include battery monitoring, temperature sensing, isolated serial interfaces, and microprocessor and
microcontroller serial and parallel interfaces. Also included are voltage reference circuits (Application Note 42
contains more voltage reference circuits).

Additional circuit information is located in the information
references listed in the Circuit Index. Each information
reference refers to either an application note (example:
AN42 = Application Note 42), a data sheet (example:
LTC@1292 DS = LTC1292 Data Sheet), or a design note
(example: DN66 = Design Note 66).
.D" and LTC are registered trademarks and LT is atrademali< of Linear Technology Corporation.

CIRCUIT INDEX
INFORMATION
FIGURE TITLE
FIGURE NO.
PAGE
REFERENCE/SOURCE
General Analog-to-Digital Application Circuits
Two-Quadrant 150kHz Bandwidth Analog Multiplier ....................................................... Figure 1........ AN62-3 ................... LTC1099 DS
Infinite Hold-Time Sample-and-Hold (tACO = 240ns) ....................................................... Figure 2........ AN62-3 ................... LTC1 099 DS
Four-Quadrant 250kHz Bandwidth Analog Multiplier ....................................................... Figure 3........ AN62-4
Demodulating a Signal Using Undersampling ................................................................. Figure 4........ AN62-4 ................... LTC1257 DS
Complete 1OOps Resolution tlTime Circuit with "Bow" Correction .................................. Figure 5........ AN62-5 ................... LTC1282 DS
Single 5V 12-Bit Temperature Control System with Shutdown ........................................ Figure 6........ AN62-6 ................... LTC1257 DS
Weight Scale .................................................................................................................... Figure 7........ AN62-6 .......... LTC 1091/2/314 DS
Auto-Ranging 8-ChanneI12-Bit Data Acquisition System with Shutdown ....................... Figure 8........ AN62-7 ................... I:.TC1257 DS
Analog-to-Digital Battery Monitoring Application Circuits
Micropower Battery Voltage Monitor ............................................................................... Figure 9........ AN62-8 ................ LTC1096/8 DS
OA to 2A Battery Current Monitor Draws Only 7011A ........................................................ Figure 10 ...... AN62-8 ........... ~ .... LTC1096/8 DS
LTC1297 Data Acquisition System Micropower Battery Current Monitor ........................ Figure 11 ...... AN62-9
Temperature Sensing and Conversion
Current Output Silicon Sensor Thermometer Driving 1O-Bit Analog-to-Digital
Converter Covers -55°C to 125°C with 0.2°C Resolution ........................................ Figure 12 ...... AN62-9 .......... LTC 1091/2/3/4 DS
Thermistor-Based Temperature Measurement System Covers 20°C to 40°C
and O°C to 100°C with 0.25°C Accuracy .................................................................. Figure 13 ...... AN62-10 ......... LTC1091/213/4 DS
Digitally Linearized Platinum RTD Signal Conditioner. ..................................................... Figure 14 ...... AN62-10 ......... LTC1091/213/4 DS
Furnace Exhaust Gas Temperature Monitor Covers O°C to 500°C
and Has Low Supply Detection ................................................................................ Figure 15 ...... AN62-11 ....... LTC1091/213/4/DS
Isolated Interfaces
Floating Analog-to·Digital Conversion System Powered by Capacitor Charge Pump ....... Figure 16 ...... AN62-11 .............. LTC1096/8 DS
Micropower Serial 1O-Bit Data Acquisition System with 500V Opto-Isolated
Communication ........................................................................................................ Figure 17 ...... AN62-12 ........ LTC1 091/213/4 DS
Opto·lsolated Temperature Monitor ................................................................................ Figure 18 ...... AN62-13 ................. LTC1292 DS
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GENERAL ANALOG-TO-DIGITAL APPLICATION CIRCUITS
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1
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Figure 34. LTC1095 10 Intel 8051 Microconlroll.er Hardware
Seriallnlerlace

2

Figure 33. LTC1091 * to Molorola MC68HC05C4 Microcontroller
Hardware Serial Interlace

Figure 35. LTC1095 to Molorola MC68HC05C4 Microconlroller
Hardware Seriallnlerlace
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OUTPUT PORT
SERIAL DATA

3-WIRE SERIAL

I-F......- - - I I - -....- - - t - -....- - - t - - ~~~~~~~~ g~HER

~

~~

A"'F38

Figure 36_ Multiple LTC1095s Shari'lg. One Three-Wire Serial Interlace
-Increase resolution from 10 bits to 12 bits with the pin compatible LTC1291.
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II
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lTC1290
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~
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lTC1290
~

8 CHANNELS

I

!
8 CHANNELS

Figure 37_ Multiple LTC1290s Sharing One Three-Wire Serial Interlace
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MPU

I--F_---+--_---+-_----+--~ ~~~~~~~~~~ g~HER
lTC1094s
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Figure 38. Multiple LTC1094s· Sharing One Three-Wire Serial Interlace
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Figure 39. Interlacing the LTC1196 to the Altera EPM5064 PLD
'Increase resolution from 10 bits to 12 bits with the pin compatible LTC1294.

AN62-19

Application Note 62

Figure 40. SNEAK-A-8IT Circuil for Ihe LTC1090: 11-8il Resolulion from a 10-8il ADC

PC SERIAL INTERFACE CIRCUITS
r:--.......--.---,(NOTE 3)

C

200pF

R

400k

18
17
16
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ANALOG [
INPUTS
.5VRANGE .
1~F

+

14

ON/OFF
5V
DATA
OUT
CLOCK
IN

5V (NOTE 2)
NC

NO

DATA IN

v

= CLEAN ANALOG GROUND

AT = LOGIC GROUND

NOTE 1: 10k CURRENT LIMIT RESISTORS CAN BE REMOVED IFTHE INPUTS ARE GUARANTEED
NOTTO EXCEED THE LT1 094's SUPPLY VOLTAGES.
NOTE 2: DRIVER OUTPUTS CAN BE PARALLEL FOR GREATER CURRENT DRIVE.
NOTE 3: SELECT RC = 4tcLOCK, MINIMIZE C.
NOTE 4: CONNECT THE CLEAN ANALOG GROUND AND THE LOGIC GROUND TOGETHER AT ONLY ONE POINT.
AN62F41

Figure 41. LTC1094 Analog-Io-Digllal Converter RS232 Seriallnlerface Using Ihe LT1180A Dual DriverJReceiver
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Figure 42. LTC1290 to IBM PC Serial Port

PARALLEL INTERFACE CIRCUITS

A23

A15
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AS

MREO
Z80
8085A
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BUSY LTC1272
LTC1273
LTC1275
AD
LTC1276
D7
D0/8

ANALOG FRONT-END CIRCUITRY AND
ADDITIONAL PINS OMITIED FOR CLARITY

Figure 43. LTC1272/LTC1273/LTC1275/LTC1276 to SOS5A/ZSO
Microprocessor Hardware Parallel Interface

cs
8USY

AD
Dll

LTCI272
LTC1273
LTC1275
LTC1276

ANALOG FRONT-END CIRCUITRY AND
ADDITIONAL PINS OMITTED FOR CLARITY

Figure 44. LTC1272/LTC1273/LTC1275/LTC1276 to MC6S000
Microproessor Hardware Parallel Interface
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All----==~
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'-----+I RD
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DOI---~~~~~

ANALOG FRONT-END CIRCUITRY AND
ADDITIONAL PINS OMlmD FOR GLARITY

ANALOG FRONT-END CIRCUITRY AND
ADDITIONAL PINS OMIITED FOR CLARITY

Figure 45. LTC1282 to TMS320C25 DSP Processor
Parallel Interface

Figure 46. LTC1272/lTC1273/LTC1275/lTC1276 to TMS32010
DSP Processor Parallel Interface

A161----:;:;=;:;:;:;;o;;:-----,
AOI----==~

iSt---+I
TMS320C25

LTC1278

'-----+lRD
SAMPLE
CLOCK
ANALOG FRONT-END CIRCUITRY AND
ADDITIONAL PINS OMITTED FOR CLARITY

Figure 47. LTC1278 to TMS320C25 DSP Processor Parallel Interface

REFERENCE CIRCUITS
9V

5V

300k

50k
t----VOUT
2.500V ±40mV
TC (TYP/MAX) = 20/40ppmfC
LT1034-2.5 8-BIT (±4LSB) INITIAL ACCURACY
10-BIT ACCURACY OVER O'C TO 70'C
TEMPERATURE RANGE

t----Vour
2.500V ±20mV
TC (TYP) = 20ppmfC
LT1004-2.5 8-BIT (±2LSB) INITIAL ACCURACY
ll-BIT TYPICAL ACCURACY
OVER O'C TO 70'C
TEMPERATURE RANGE

AN62F48

Figure 48. LT1D34-2.5 2.5V Voltage Reference

AN62-22

Figure 49. Battery-Powered LT1D04-2.5
2.5V Voltage Reference

Application Note 62
,---~~-""'-VOUT
2.SooV .1 omV
TC (TVP) =30ppmrC
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LT1431
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.....-....--VOUT
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9-BIT TYPICAL ACCURACY
LT1431Z
OVER O'C TO 70'C
TEMPERATURE RANGE
ANODE

(3-PIN PACKAGE)

(8-PIN PACKAGE)

Figure 50_ LT1431Z 2_5V Voltage Reference
(3-Pin Package)

Figure 51_ LT1431 2_5V Voltage Reference
(8-Pin Package)

~{
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.---......--+---- VOUT
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Figure 52_ LT1431Z 5V Voltage Reference
(8-Pin Package)

*±lmV
TC (TVP/MAX) = 1/2ppmrc (LT1027A, B)
12-BIT (±1LSB) INITIAL ACCURACY
lS-BIT ACCURACY OVER O'C TO 70'C
TEMPERATURE RANGE

Figure 53_ LT102712-Bit Accurate 5V Voltage Reference Supplying Input
Voltages to the LTC1290's VREF and Vec Pins
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Figure 54. LT1021-5 Adjustable 5V Voltage Reference
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• DOES NOT AFFECT
TEMPERATURE COEFFICIENT.
±5% TRIM RANGE

Figure 55_ LT1009 2_5V Voltage Reference
with ±5% Trim Range
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APPENDIX A

LTCI 090 - 8 CHANNEL
LTCI091 - 2 CHANNEL
LTCI 092 -I CHANNEL
LTCI093 -6 CHANNEL
LTCI094 - 8 CHANNEL
LTCI095 - WITH REFERENCE

DYNAMIC

LTCI286 -I CHANNEL
LTCI290 - 8 CHANNEL
LTCI291 - 2 CHANNEL
LTCI292 -I CHANNEL
LTCI293 - 6 CHANNEL
LTCI294 - 8 CHANNEL
LTCI296 - 8 CHANNEL
LTCI297 -I CHANNEL
LTCI298 - 2 CHANNEL

LTCI285 -I CHANNEL
LTCI287 -I CHANNEL
LTCI288 - 2 CHANNEL
LTCI289 - 8 CHANNEL

----------------------------------------DC MONITORING

LTCI272 - 250ksps
7572 UPGRADE
LTCI273 - 300ksps
OVTO 5V INPUT
LTCI275 - 300ksps
.2.5V INPUT
LTCI276 - 300ksps
.5V INPUT
LTCI278 - 500kspsJ400ksps
.2.5V OR OV TO 5V INPUT
LTCI279 - 600ksps
±2.5V OR OV TO 5V INPUT

------------------------------~

DYNAMIC

Analog-to-Digital Converter Selection Guide
PART
NUMBER
LTCI090C,M

LTCI09IC,M

LTC1092C,M

LTCI093C,M

DESCRIPTION
10-Bit, Serial 1/0,. AID
Converter with 8-Channel
Multiplexer. Full Duplex
Serial Interface.

TOTAL
RESOLUUNADJUSTED
TION
ERROR
10 Bits ±0.5LSB (LTCI 090A)
Over Full
Temperature Range

10-Btt, 8-Pin Serial 1/0,
AID Converter with
2-Channel Analog Multiplexer.

10 Bits

10-Bit, 8-Pin, AID Converter
with Serial Output.

10 Bits

10-Bit, Serial 1/0, AID
Converter with 6-Channel
Multiplexer.

10 Bns

SAMPLE VOLTAGE
RATE SUPPLY
35ksps
5V,
10V,
or
±5V

±0.5LSB (LTCI09IA)
Over Full
Temperature Range

31ksps

±0.5LSB (LTCI092A)
Over Full
Temperature Range

38ksps

±0.5LSB (LTCI 093A)
Over Full
Temperature Range

26ksps

5V

PKGS
AVAIL
J, N,S

3.5mA

J8, N8

2.5mA

J8, N8

2.5mA

J, N, S

or

10V
5V
or

10V

5V,
10V,
or

±5V

AN62-24

MAXIMUM
SUPPLY
CURRENT
2.5mA

IMPORTANT
FEATURES
I O-Bit ADC with Buitt-In 8-Channel
Analog MUX and Sample-and-Hold.
Compatible with All Microprocessors'
Serial Ports. Software Configuable
Bipolar or Unipolar Operation.
Full Duplex Serial 110.
10-Bit ADC with Built-In 2-Channel
Analog MUX and Sample-and-Hold.
Compatible with All Microprocessors'
Serial Ports. Unipolar Operation.
Separate Reference Pin Allows Reduced
Span (Down to 220mV) Operation.
Unipolar ADCs Are Performed on a
Differential Input Pair. Compatible
with All Microprocessors' Serial Ports.
I-Bit ADC wtth Buitt-In 6-Channel Analog
MUX and Sample-and-Hold. Compatible
with All Microprocessors' Serial Ports.
Software Configurable Bipolar or
Unipolar Operation. Half Duplex
Serial 110.
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PART
NUMBER
LTC1094C,M

DESCRIPTION
la-Bit, Serial I/O. NO
Converter System with
8-Channel Multiplexer.

TOTAL
RESOLUUNADJUSTED
TION
ERROR
10 Bits ±0.5LSB (LTC1094A)
Over Full
Temperature Range

SAMPLE VOLTAGE
RATE SUPPLY
5V,
26ksps
10V,
or
±5V

MAXIMUM
SUPPLY
CURRENT
2.5mA

PKGS.
IMPORTANT
AVAIL.
FEATURES
J, N
10-Bit ADC with Built-In 8-Channel
Analog MUX and Sample-and-Hold.
Compatible with All Microprocessors'
Serial Ports. Software Configurable
Bipolar or Unipolar Operation.
Half Duplex Serial I/O.
10-Bit ADC with Buitt-In 6-Channel
J
Analog MUX, Sample-and-Hold, and
5V Buried Zener Reference. Compatible
with All Microprocessors' Serial Ports.
Software Configurable Bipolar or
Unipolar Operation. Half Duplex
Serial 110.
N8, S8 Single Differential Input, Sample-andHold with Single-Ended Inputs.
Ultra-Low Power, Automatic PowerDown Mode.
N8,S8 2-Channel Multiplexer, Sampling ADC.
Ultra-Low Power, Automatic PowerDown Mode.

LTC1095C,M

10-Bit, Serial I/O, NO
Converter with 6-Channel
Multiplexer and 5V Buried
Zener Reference.

10 Bits

±0.15% FSR

26ksps

7.2V
to
10V

3.7mA

LTC1096C

8-BH, 16~, Micropower,
Sampling NO Converter with
Serial 110 and Difterential
Input.
8-Bil, 16~, Micropower,
Sampling NO Converter with
Serial 110 and 2-Channel MUX.

8 Bits

±0.5LSB (LTC1096A)
Over Full
Temperature Range

33ksps

3V
to
9V

8 Bits

±O.5LSB (LTC1098A)
Over Full
Temperature Range

33ksps

3V
to
9V

LTC1099C,M

8-Bit, 2~ NO Converter with
Built-in Sample-and-Hold.
Parallel Output.

8Btts

±lLSB
Over Full
Temperature Range

256ksps

5V

1801JA,
3IJA
During
Shutdown
2301JA,
3IJA
During
Shutdown
15mA

LTCl196C

8-Bit, 8-Pin, Serial 110, 600ns,
1MHz, Sampling AID
Converter with Automatic
Power-Down.
8-Bit, 8-Pin, Serial 110, 600ns,
750kHz, Sampling NO
Converter with 2-Channel
Analog MUX and Automatic
Power-Down.
12-Bit, 3~, 250ksps
Sampling AID Converter with
Parallel Output. Single 5V
Supply. Input Range:
OV"VIN,,5V.

8 Bits

±0.5LSB
Over Full
Temperature Range

1Msps

3V
to
6V

lOrnA

8 Bits

±0.5LSB
Over Full
Temperature Range

750ksps

3V
to
6V

lOrnA,
3IJA
During
Shutdown

250ksps
(lllksps
also
available)

5V

3.amA

300ksps

5V

25mA

J, N, S

300ksps

±5V

25mA

N,S

LTC1098C

LTCl198C

LTC1272C,M

LTC1273C,M

12-BIt, 2.7~, 300ksps
Sampling ND Converter with
Parallel Output. Single 5V
Supply. Input Range:
OV"VIN,,5V.

LTC1275C

12-Bit, 2.7~, 300ksps,
Sampling ND Converter with
Parallel Output. Split ±5V
Supply. Input Range:
-2.5V" VIN'; 2.5V.

12 Bits

±0.5LSB Linearity,
±1LSB Differential
Nonlinearity, and ±4LSB
Offset Error Over Full
Temperature Range.
±1OLSB Full-Scale
Error. 72dB SINAD
and -82dB THO
at fiN = 10kHz.
12 Bits
±0.5LSB Linearity,
±0.75LSB Differential
Nonlinearity, and ±4LSB
.Offset Error Over
Full Temperature
Range. ±10LSB
Full-Scale Error. 70dB
SINAD and -74dB
THO at fiN = 150kHz.
12 Bits
±0.5LSB Linearity,
±0.75LSB Differential
Nonlinearity, and ±4LSB
Offset Error Over
Full Temperature
Range. 70dB SINAD
and -74dB THO at
fiN = 150kHz. ±1OLSB
Full-Scale Error.

J, N, S 'Built-in Sample-and-Hold Allows Direct
Conversion of 5Vp_p Signals up to
156kHz. Pin Compatible with
ADC0820 and AD7820.
8-Bit ADC with Built-In Sample-andN, S
Hold. Compatible with All Microprocessors' Serial Ports. Full Duplex
Serial 110.
8-Bit ADC with Built-In Sample-andN,S
Hold. Compatible with All Microprocessors' Serial Ports. Full Duplex
Serial 110. 2-Channel Analog MUX
and Automatic Power-Down.
J, N,S Single Supply 12-BIt ADC with Built-In
Sample-and-Hold and 250ksps
Conversion Rate. Built-In 2.42V
Reference. Plug-In Upgrade for AD7572.
Operates with or without -15V Supply
Required by AD7572.

Single Supply 12-Bit ADC with BUilt-In
Sample-and-Hold, Internal Clock,
and 300ksps Conversion Rate.
Buitt-In 2.42V Reference .

Spilt Supply 12-Bit ADC with Built-In
Sample-and-Hold, Internal Clock,
and 300ksps Conversion Rate.
Built-In 2.42V Reference.
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PART
NUMBER
LTC1276C

DESCRIPTION
12-Bit, 2.7/lS, 300ksps
Sampling ND Converter with
Parallel Output. Split ±SV
Supply. Input Range:
-SV "VIN " SV.

RESOLUTION
12 Bits

LTC1278C,I

12-B~, 1.6/lS, 500ksps
Sampling ND Converter with
Parallel Output. Input Range
with Split ±5V Supply:
-2.5V "VIN" 2.SV;
with SV Supply:
OV "VIN" SV.

12 Bits

LTC1279C,I

12-Bit, 1.4/lS, 600ksps
Sampling ND Converter with
Parallel Output. Input Range
with 5V Supply:
OV "VIN " SV; with Split ±SV
Supply: -2.SV" VIN" 2.SV.

12 Bits

LTC1282C

12-Bit, 6/lS, 140ksps
Sampling ND Converter with
Parallel Output. Input Range
with Single 3V Supply:
OV" VIN" 2.SV;
with Split ±3V Supply:
-1.2SV "VIN " 1.2SV.

12 Bits

LTC1283C

10-Bit, 44/lS, 3.3Vor±3.3V
Sampling ND Converter with
Serial Output. Input Range
with Split ±3.3V Supply:
-2.SV "VIN " 2.SV; with 3.3V
Supply: OV "VIN " 2.SV.
12-Bit, 8-Pin Serial 110,
160Wl (Typ) 3V Sampling NO
Converter with Automatic
Power-Down and Differential
Analog Input.

10 Bits

.

LTC128SC

LTC1286C,I

12-Bit, 8-Pin Serial 110,
2S0Wl (Typ) Sampling NO
Converter with Automatic
Power-Down.

LTC1287C,I

12-Bit, 33/lS, 3.3v Sampling
ND Converter with Serial
Output. Input Range with
3.3V Supply: OV " VIN " 3.3V.

AN62-26

12 Bits

TOTAL
UNADJUSTED
ERROR
±O.SLSB Linearity,
±O.7SLSB Differential
Nonlinearity, and ±4LSB
Offset Error Over
Full Temperature
Range. 70dB SI NAD
and -74dB THD at
fiN =IS0kHz. ±1OLSB
Full-Scale Error.
±1LSB Linearity,
±ILSB Differential
Nonlinearity, and ±6LSB
Offset Error Over
Full Temperature
Range. 70dB SINAD
and -74dB THD at
i lN = 250kHz. ±ISLSB
Gain Error.
±ILSB Linearity,
±ILSB Differential
Nonlinearity, and ±6LSB
Offset Error Over
Full Temperature
Range. 70dB SINAD
and -74dB THD at
fiN =300kHz. ±ISLSB
Gain Error.
±O.SLSB Linearity,
±0.75LSB Differential
Nonlinearity, and ±4LSB
Offset Error Over
Full Temperature
Range. 69dB SINAD
and -77dB THD at
fiN =70kHz. ±10LSB
Full-Scale Error.
±O.SLSB Linearity and
±O.SLSB Offset Error
Over Full
Temperature Range.

SAMPLE VOLTAGE
RATE SUPPLY
300ksps
±SV

MAXIMUM
SUPPLY
CURRENT
2SmA

SOOksps
(400ksps
also
available)

SV
or
±SV

30mA,
3mA
During
Shutdown

N,S

Single or Split Supply 12-Bit ADC with
Built-In Sample-and-Hold, Internal
Clock, and SOOksps Conversion Rate.
Built-In 2.42V Reference. Guaranteed
70dB SINAD and -78 THD at 100kHz
Input Frequency Over Temperature.

600ksps

SV
or
±SV

20mA,
3mA
During
Shutdown

N,S

Single or Split Supply 12-Bit ADC with
Built-In Sample-and-Hold, Internal Clock,
and 600ksps Conversion Rate.
Built-In 2.42V Reference. Guaranteed
70dB SINAD and -78dB THD at 100kHz
Input Frequency Over Temperature.

140ksps

3V
or
±3V

8mA

N, S

Single or Split Supply 12-Bit ADC with
a 2.7V Guaranteed Minimum Supply
Voltage. Complete with Sample-andHold, Internal Clock and a 2Sppm/°C
1.2V Reference.

ISksps

3.3V
or
±3.3V

3S0Wl

N, S

3V

320Wl,
3W1
During
Shutdown

N, S

3.3V or ±3.3V Supply 10-Bit ADC with
Built-In Sample-and-Hold. 10-Bit
Unipolar or 9-Bit + Sign Bipolar Serial
Output. Compatible with All Microprocessors' Serial Ports. Full Duplex
Serial 110.
12-Bit ADC with Built-In Sample-andHold. Operates on 3V Supply Voltage.
Compatible with All Microprocessors'
Serial Ports. Automatic Power-Down.

5V
to
9V

SOOWl,
3W1
During
Shutdown

N, S

12-Bit ADC with Built-In Sample-andHold. Compatible with All Microprocessors' Serial Ports. Automatic
Power Down.

2.7V
to
3.3V

SmA

J, N,

12-Bit ADC with Built-In Sample-andHold. (3uaranteed Operation on a 2.7V
Supply. Compatible wtth All Microprocessors' Serial Ports.

±2LSB Linearity,
7.5ksps
±O.7SLSB Differential
Nonlinearity, ±3LSB
Offset, and ±8LSB FullScale Error Over Full
Temperature Range.
±2LSB Linearity,
12 Bits
12.5ksps
±0.7SLSB Differential
Nonlinearity, ±3LSB
Offset, and ±8LSB
Full-Scale Error
Over Full
Temperature Range.
±O.SLSB Linearity,
12 Bits
30ksps
±3LSB Offset, and
±O.S1.SB Full-Scale
Error Over Full
Temperature Range.

PKGS.
IMPORTANT
AVAIL.
FEATURES
N,S
Split Supply 12-Bit ADC with Built-In
Sample-and-Hold, Intemal Clock,
and 300ksps Conversion Rate.
Built-In 2.42V Reference.
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PART
NUMBER
LLTC1288C

DESCRIPTION
12-Bit, 8-Pin, Serial 110,
210J.IA (Typ) 3V Sampling NO
Converter with Automatic
Power-Down, Differential
Analog Input and 2-Channel
Multiplexer.
LTCI289C,1
12-Bit, 401JS, 3.3V or ±3.3V,
Sampling ND Converter with
8-Channel MUX and Serial
Output. Input Range with
Split ±3.3V Supply:
-3.3V "VIN ,,3.3V; with 3.3V
Supply: OV " VIN " 3.3V.
LTCI290C,I,M 12-Bit, 8-Pin Serial 110,
ND Converter with 8-Channel
Multiplexer. Full Duplex
Seriallntertace.

RESOLUTION
12 Bits

12 Bits

12 Bits

LTCI291C,I,M 12-Bit, 121JS, 5V, Sampling
ND Converter with Serial
Output. Input Range:
OV "VIN" SV.

12 Bits

LTCI292C,I,M 12-Bit, 8-Pin ND Converter
Serial Output.

12 Bits

LTCI293C,I,M 12-Bit, Serial 110,
ND Converter System with
6-Channel Multiplexer.

12 Bits

LTCI294C,I,M 12-Bit, Serial 110,
ND Converter System with
8-Channel Multiplexer.

TOTAL
MAXIMUM
UNADJUSTED
SAMPLE VOLTAGE SUPPLY
ERROR
RATE SUPPLY CURRENT
±2LSB Linearity,
S.Sksps
3V
390J.IA,
±0.75 Differential
3J.IA
During
Nonlinearity, ±3LSB
Offset, and ±8LSB FullShutdown
Scale Error Over Full
Temperature Range.
±O.5LSB linearity,
25ksps
2.7V
5mA,
±1.5LSB Offset, and
. to
10J.IA
±O.5LSB Full-Scale
3.3V
During
Error Over Full
or
Shutdown
Temperature Range.
±2.7V
to
±3.3V
±O.SLSB linearity,
50ksps
SV
12mA
±1.SLSB Offset, and
or
±O.SLSB Full-Scale
±SV
Error Over Full
Temperature Range.
±O.SLSB linearity,
±3LSB Offset, and
±ILSB Full-Scale
Error Over Full
Temperature Range.
±O.SLSB linearity,
±3LSB Offset, and
±O.5LSB Full-Scale
Error Over Full
Temperature Range.
±O.5LSB Linearity,
±3LSB Offset, and
±O.SLSB Full-Scale
Error Over Full
Temperature Range.

54ksps

12 Bits

LTCI296C,I,M 12-Bit, Serial 110,
ND Converter System with
8-Channel Multiplexer.

LTCI297C,I,M 12-Bit, 201JS, SV, Sampling
ND Converter with Differential
Input and Serial Output.
Input Range with 5V Supply:
OV "VIN" SV.
LTCI298C,1
12-Bit, 8-Pin, Serial 110,
340J.IA (Typ) Sampling NO
Converter with Automatic
Power-Down.

PKGS.
IMPORTANT
AVAIL.
FEATURES
N, S
12-Bit ADC with Built-In Sample-andHold. Operates on 3V Supply Voltage.
Compatible with All Microprocessors'
Serial Ports. Automatic Power-Down.
2-Channel Mu~iplexer.
J, N, S

12-Bit ADC with Built-In Sample-andHold and 8-Channel MUX.
Guaranteed Operation on a 2.7V
Supply. Compatible with All Microprocessors' Serial Ports. Automatic
Power-Down.

J, N, S

12-Bit ADC with Built-In 8-Channel
Analog MUX and Sample-and-Hold.
Compatible with All Microprocessors'
Serial Ports. Software Configurable
Bipolar or Unipolar Operation. Full
Duplex Serial 110.
12-Bit ADC with Built-In Sample-andHold. Compatible with All Microprocessors' Serial Ports. Automatic
Power-Down.

2.7V
to
3.3V
or
±3.3V
5V

12mA,
10J.IA
During
Shutdown

J, N

12mA

J, N

46ksps

SV
or
±5V

12mA

J, N

±O.5LSB linearity,
±3LSB Offset, and
±O.SLSB Full-Scale
Error Over Full
Temperature Range.

46ksps

5V
or
±5V

12mA

J, N

12 Bits

±O.SLSB linearity,
±3LSB Offset, and
±O.5LSB Full-Scale
Error Over Full
Temperature Range.

46ksps

5V
or
±SV

12mA,
10J.IA
During
Shutdown

J, N

12 Bits

±O.SLSB Linearity,
20ksps
±3LSB Offset, and
±1LSB Fun-Scale
Error Over Full
Temperature Range.
±2LSB Linearity,
11.1ksps
±O.7SLSB Differential
Nonlinearity,
±3LSB Offset, and
±8LSB Full-Scale
Error Over Full
Temperature Range.

5V

12mA,
10J.IA
During
Shutdown

J, N

5V
to
9V

640J.IA,
3J.IA
During
Shutdown

N, S

12 Bits

60ksps

12-Bit ADC, Unipolar Conversion of
Single Differential Input. Separate
Reference Pin Allows Reduced Span.
Compatible with All Microprocessors'
Serial Ports.
12-Bit ADC with Buitt-In 6-Channel
MUX and Sample-and-Hold.
Compatible with All Microprocessors'
Serial Ports. Software Configurable
Bipolar or Unipolar Operation.
Full Duplex Serial 110.
12-Bit ADC with Built-In 8-Channel
MUX and Sample-and-Hold.
Compatible with All Microprocessors'
Serial Ports. Software Configurable
Bipolar or Unipolar Operation.
Half Duplex Serial 110.
12-Bit ADC with Buitt-In 8-Channel
MUX and Sample-and-Hold.
Compatible with All Microprocessors'
Serial Ports. Software Configurable
Bipolar or Unipolar Operation.
Programmable Power-Down Includes a
System Shutdown Output.
12-Bit ADC with Built-In Sample-andHold. Compatible with All Microprocessors Serial Ports. Automatic
Power-Down.
12-Bit ADC with Built-In Sample-andHold and 2-Channel MUX. Compatible
with All Microprocessors Serial Ports.
Automatic Power-Down.
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Digital-to-Analog Converter.Selection Guide
PART
NUMBER
LTCI2S7C,1

D~SCRIPTION ,

12-Bil, Serial 1/0, 8-Pln
D/A Converter. Cascadable
Serial 1/0. InternaI2.048V
Reference. Voltage Output.

RE~OLU-

TION
12 Bits

TOTAL
UNADJUSTED
ERROR

SETTLING VOLTAGE
TIME
SUPPLY

MAXIMUM
SUPPLY
CURRENT

PKGS.
AVAIL.

±O.SLSB DNL,
±3.SLSB INL

61JS
(±I12LSBj

sv

6001lA

N,S

to
IS.SV

at
Vcc = SV

IMPORTANT
FEATURES
12-Bit DAC with Cascadable Serial 110,
Built-In Reference, and Voltage Output.
Wide Supply Range of SVto IS.SV.
Space Saving SO-8 Package.

APPENDIX B
VOLTAGE REFERENCES
Listed by Temperature Drift (T.C.) and Initial Accuracy

4.5VOUTPUT
T.C.
*LT1034B-l.2
*LT1 034-1.2
*LT1004-,1.2
*LM385B-l.2
*LM385-1.2

ACCURACY
*LT1004-1.2
*LT1034B-1.2
*LT1034-1.2
*LM385B-1.2
*LM385-1.2

2_5VOUTPUT
T.C.
LT1 019C-2.5
LT1009C-2.5
LT580M
LT1034B-2.5
LT580L
*LT1 004C-2.5
LT1034-2.5
LT580K
*LM385B-2.5
LM336B-2.5
*LM385-2.5
LM336-2.5

ACCURACY
LT580M
LT1019C-2.5
LT1009-2.5
LT580L
LT1034-2.5
LT580K
*LT1004C-2.5
*LM385B-2.5
*LM385-2.5
LT580J
LM336B-2.5
LM336-2.6

T.C.
LT1 019C-4.5

5VOUTPUT
T.C.
LT1027C-5
LT1027D-5
LT1027E-5
LT1021C-5
LT1019-5
LT1029A
REF-02E
REF-02H
LT1021B-5
LT1021D-5
LT1029
REF-02C
REF-02D

ACCURACY
LT1027C-5
LT1021 B-5
LT1027D-5
LTl027E-5
REF-02E
LT1019-5
LT1 021 C-5
LT1021D-5
LT1029A
REF-02H
LT1029
REF-02C
REF-02D

T.C.
LTI 021 B-7
LT1021D-7
LT1034

ACCURACY
LT1021B-7
LTI 021 D-7
LT1034

10V OUTPUT
T.C.
LT1021C-l0
LT1031C
LT581K
LT1019-10
LT1031D
LT581J
REF-OlE
LT1021B-l0
LT1021D-l0
LT1031B
REF-OfH
REF-01C

ACCURACY
LT1021B-l0
LT1031B-l0
REF-OlE
LT1031C
LT581K
LTl019-10
LT1021C-l0
LT1021D-l0
LT1031D
REF-01H
LT581J
REF-01C

6.9V TO 6.95V OUTPUT
T.C.
LTZ1000
LM399A
LM399
LM329A
LM329B
LM329C
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ACCURACY.
LT1019C-4.5

ACCURACY
LM329A
LTZ1000
LM329B
LM329C
LM329D
LM399A

*Micropower
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Power for Pentium® Processors; Meeting VRE Requirements
Craig Varga

Introduction
Providing powerforthe Pentium®microprocessorfamily is
not a trivial task by any means. In an effort to simplify this
task we have developed a new switching regulator control
circuit and a new linear regulator to address the needs of
these processors. Considerable time has been spent developing an optimized decoupling network. Here are several
circuits using the new LTC®1266 synchronous buck regulator control chip and the LT®1584 linear regulator· to
provide power for Pentium processors and Pentium ~RE
processors. The Pentium processor has a supply requIrement of 3.3V ±5%. The Pentium VRE processor requires
3.500V ±100mV.
The circuits shown here are designed to supply worstcase specification voltages to the Pentium VRE processor
over line, load, transient and temperature. At first glance
it may seem that simpler circuits, such as 3-termin~1
regulators, can provide this function. Worst-case analysIs
shows the margin to be too small (or negative) to ensure
adequate operation over a wide production range. The
combination of tight tolerance, tight transient response
and large production volumes requires designs with adequate margin to ensure proper operation over the
product's life. Failure of this circuit to provide proper
power supply voltages can result in intermittent machine
lock-up, freezes or erratic operation. There are no self-test
software routines which can exercise the power supply
over the entire expected combination of load, line and
temperature conditions.
LTC1266 Drives N-Channel MOSFETs
The LTC1266 controller offers several advantages over its
predecessors. It will drive all N-channel MOSFETs instead
of requiring P-FETs for the high side switches. This lowers
cost and improves efficiency. It also has ahigher gain error
amplifier which results in improved load regulation when
compared to the LTC1148 family. There is also an
undedicated comparator which may be used for a power

good monitor, an overvoltage detector or an underv~ltage
lockout in these applications. There is a shutdown pm and
a new burst inhibit function. Burst Mode™ operation is
inhibited on all the designs shown here, however for the
Pentium processor supplies (non VRE parts) Burst Mode
operation may be enabled if desired. This is done by tying
Pin 4low. The reference tolerance available on the LTC1266
(or any other PWM controller for that matter) is not
accurate enough to meet the Pentium VRE processor
specification. The LT1431 however, does have asufficiently
accurate reference for these applications and permits very
effective remote sensing capability (see Figure 2). Do not
enable Burst Mode operation on Pentium VRE processor
supplies as the circuits shown will not operate correctly at
no load.
Handling the Load Transients
The Pentium processor has several habits which require
careful attention if the circuit is to be reliable. The main
problem is the load transients which the processor generates. The load can go from a low power (200mA) state to
nearly 4A in two clock cycles or20ns. While this is going on,
the supply voltage must be held within the specification
limits. The Pentium VRE processor specification is ±2.9%
tolerance. This specification includes line, load, temperature regulation and initial set point tolerances as well as
transient response. As may be imagined, meeting these
requirements is not easy. With only 2.9% total deviation
from the ideal voltage allowed, the static specifications
(line, load, temperature and initial set pOint) .must be held
to approximately ±1% if any amount of transient response
is to be permitted at all. Realistically, approximately 60mV
peak transient response is obtainable. To achieve this, a
large amount of low ESR tantalum capacitor must be
installed as close to the processor as possible. The microprocessor socket cavity is the best place. As an absolute
o,lTC and l T are registered trademarks of linear Technology Corporation.
Burst Mode Is atrademark of Linear Technology Corporation.
Pentium is a registered trademark of Intel Corporation.
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minimum, use four pieces of a 100~, 10V AVX type TPS
tantalum. If more height is available, such as with a ZIF
socket, it is preferred to 4se four each, 220~, 10V parts
instead. With the 100~ parts there is very little margin in
the design. Also, do not reduce the quantity of the capacitors if going to alarger value. The ESR specifications are the
same for the 1OO~, 220~ and 330~ capacitors. The
reason for paralleling four capacitors is to reduce the ESR
as well as providing bulk capacitance. In the case of
standard Pentium processor (non VRE) applications, if the
above capacitor recommendations are followed, the circuits without the LT1431 (Figures 1 and 3) may be used
successfully. In all cases there should be aminimum of 24
pieces of a 1~ ceramic capacitor to decouple the high
frequency components ofthe transient. (Intel recommends
24 each, 1WX7R ceramic capacitors for high frequency
bypass.)
Circuit Board Layout Considerations
All the capacitors in the decoupling network should be
installed on power and ground plane areas on the topside
of the board. An absolute minimum of one feedthrough per
end for each capacitor into the internal power and ground
plane should be used. It is preferred to use two feedthroughs
per capacitor end (112 total). Any more than 64 proves to
be of no benefitfortransient improvement, but will still help
attenuate very high frequency noise. At 30 feedthroughs
total, expect about a 2mV increase in transient droop. This
is about a S% degradation in performance. Dacoupling
capaCitors should be connected with planes rather than
traces. The traces will be far too indUctive. The total network
ESR must be less than 0.006S0 and ESL less thanO.07nH
for the Pentium VRE processor.
Input CapaCitance
Another important consideration is the amount of capacitance on the power supply input. For switchers, the ripple
current rating must be high enough to handle the regulator
input ripple. In addition, this capacitance will decouple the
load transients from the .SV supply. If insufficient capacitance is used, the disturbance on the 5V supply will exceed
the ±S% specification for the TTL logic powered by this
voltage. Since the magnitude of this disturbance is quite
dependent upon the nature of the SV power supply, and the
performance ofthese supplies varies widely, it is difficult to
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say just how much capaCitance is needed. In general
however, irenough capaCitance is present to handle the
ripple current, the disturbance on the SV supply will be
acceptable. Good .transient response on the ·SV supply
translates to a need for less input capaCitance. If sufficient
bulk capacitance is present on the motherboard for the SV
supply, less additional capaCitance will be required on the
processor supply input. As a minimum there should be at
least one 10w·ESR capacitor within an inch of the regulator.
Be careful to look at the level of disturbance on the SV
supply to make sure the SV remains within specifications.
Powering the Pentium Processor
The same basic circuit is used for both the SA and 10A
switcher designs. The necessary substitutions are shown
on the schematic, Figure 1. If 12Vis available to power the
LTC1266, the bootstrap capacitor and diodes may be
eliminated. The 12V solution is preferred as it is Simpler
and somewhat more efficient. If no 12V is available, use
the bootstrap circuit. Note also that different MOSFETs are
specified for the SAand 10A circuits. The Si441 0 offers
less than 1/2 the ON resistance of the Si941 0 shown for
the SA circuit.
High Accuracy Switcher Solution-Basics of Operation
The solution for the Pentium VRE processor relies on the
accuracy of the LT1431 (see Figure 2). The internal
reference is specified at 2.SV ±0.4% worst-case at 2SoC.
The bulk of the parts produced is closer to ±0.2%. This
device consists of a precision reference anda wide bandwidth amplifier with an open-collector output. The feedback divider is set to place the Reference Input pin at 2.SV
with the desired output present. The 2. SV is further divided
to 1.1SV to drive the LTC1266 VFB pin. This pin will
normally want to sit at 1.2SV. As such, the LTC1266 see,s
the output as being too low and tries to force its internal
error amplifier to the positive rail, which is 2.0V, This
output shows up as acurrent out of the ITHPin. The opencollector of the LT1431 pulls enough current frOm this pin
to set the output ofthe supply at the desired voltage. Since
this constitutes a high gain servo loop, the output is
regulated very accurately: Loop compensation is accomplished by RS, C7 and C8. The internal erroramplifierofthe
LTC1266 Will function as an overvoltage protection loop
should the LT1431 ever fail.
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SV

12V
(OPTIONAL)

U1
LTC1266

5 VIN
.--_ _ _ _ _--4-'i4 SINH

. - - - - - -.......<SENSE

TDRV 1

3.3V
10A

1. CIRCUIT SHOWN ISSVT03.3V±S% ATSATO 10A
2. ASSUMES APPROX. 400~F OF TANTALUM CAPACITOR IN ~P SOCKET CAVITY
IN ADDITION TO OUTPUT CAPACITORS SHOWN ON POWER SUPPLY
3. ALL POLARIZED CAPACITORS ARE AVX TYPE TPS OR EQUIVALENT

4. IF 12V IS AVAIlABLE, THESE PARTS MAY BE ELIMINATED
01.02: MSR120T3 C2: 1~F
5. FOR 5A OUTPUT USE SI9410, FOR lOA USE Si4410
6. PARTS MAY BE ELIMINATED IN SA DESIGN
7. VALUE FOR SA IS O.O:!<l. FOR 10A USE 0.0111

Figure 1. High Current Supply for Standard 3.3V CPUs
SV

12V
(OPTIONAL)

JP1
SEE NOTE S

1. CIRCUIT SHOWN IS SVTO 3.S00V±0.7S%AT 7A
2. ASSUMES APPROX. 400~F OF TANTALUM CAPACITOR
IN ~P SOCKET CAVITY IN ADDITION TO OUTPUT
CAPACITORS SHOWN ON POWER SUPPLY

fti:V~~:Ji\~~~~~~~~~~Sp~~~:~7sEE:C;~~~i~IV '"---------;:--t--"'i

:
S. FOR PENTIUM VRE PROCESSOR: NO JUMPERS INSTALLED
FOR 3.3V ±6%: INSTALL JP1
6. R6 THROUGH R10 ARE PART OF PRECISION DIVIDER NETWORK
(SI TECH. 627V100)

Figure 2. High Precision Microprocessor Supply

Linear Regulators Provide Simple, Low Cost Solution
For the standard Pentium processor, the LT1584 linear
regulatorwill provide very good performance for 5V to 3.3V
regulation. The transient response of this regulator is
extremely fast as compared to previous 3-terminal regulators and allows the bulk decoupling capacitance for the
processor to be minimized.
The circuit in Figure 3 will provide up to 7Aat 3.3V. For 5%
tolerance systems, use standard 1% resistors for the
feedback divider. If however the application is fora Pentium

VRE processor-based system, the DC accuracy of the
regulator is not guaranteed to meet the specification requirements under all combinations of line, load and temperature. If typical specifications are used, the regulator will
meet requirements, but worst-case calculations reveal
larger tolerances than needed to ensure 100% specification
compliance. To address this issue, the circuit shown in
Figure 4 can be used. With the addition of the LT1431, the
reference tolerance is less than half that specified for the
LT1584. Temperature effects are nearly eliminated since
the LT1431 stays at box ambient rather than the elevated
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5V

l-p~~I;;WC~cmITV-1

t-_""I3 v"

Vovr f!.2......-4--<p----..,;._---+-.....,

Ul

LT15B4CT
ADJ

+ ~lO~~X2

10V
SANYO OS-CON

Rl
1100
1%

R2
182"
1%

I ________________ J _'RII

Figure 3. Low Parts Count Linear Supply
OUTPUT
5V

--f"_...._-_>""I v"
3

Ul Vour

f!.2......_ _ _ _ _ _ _ _ _ _-!-:-....
PLA-CE-IN..;..~P-S0_1CKrET-CA-viTv---+:_-.:;3~~OV

rn~

:

ADJ

I

I
I
I

C4TOC9 :

+ ~:FX4:"
AVX TYPE I
TPS
:
Cl0TOC33
1pJx24
SMD

1. INPUT CAPACITANCE MAY BE REDUCED
IF 5V SUPPLY IS WELL BYPASSED
2. FOR PENTIUMVRE PROCESSOR, INPUT VOLTAGE
MUST BE AT LEAST 4.BOV AT THE REGULATOR INPUT
3. FOR PENTIUM VRE PROCESSOR, NO JUMPERS
INSTALLED. FOR 3.3V ±5%, INSTALL JPl
4. Rl TO R5 ARE PART OF PRECISION
OIVIDER NETWORK

MICROPROCESSOR
LOAD

I

I
I
I
I

I
I
I

Figure 4. High Precision Linear Regulator

temperature experienced by the internal reference of the
LT1584. Also, remote sense is now pOSSible, so any static
distribution losses are corrected. This also eliminates problems which may be caused by connector pin contact
resistance increasing with time. This circuit also exhibits
improved transient response compared to the LT1584 by
itself. As a caveat, the minimum input voltage required to
meet the Pentium VRE processor output specifications
from 25°C and up is 4.80V measured at the regulator input.
The circuit operates by forcing the LT1584 ADJ pin
voltage to whatever voltage is required to obtain the
desired output voltage. Since R7 is across the 1.25V ADJ
to VOUT reference of the LT1584, it acts like a current
source. Pin 1 of the LT1431 has an open-collector output
which can sink this current to ground and therefore
control the ADJ pin to ground voltage. Afeedback divider
from outputtothe LT:1431 REF pin sets this pin at2.500V.
The internal amplifier in the LT1431" has a very high gain
in this configuration, hence static errors are nearly nonex-

--------------'

istent. Moreover, since this amplifier is also quite fast, the
ADJ pin can be moved further than the actual disturbance
caused by a load transient. Thus, a significant response
time improvement may be realized with this scheme over
an LT1584 by itself.

Conclusion
The Pentium microprocessor offers some interesting
challenges to the power system designer. In an attempt to
run at higher clock speeds the power supply voltage
speCifications have gotten tighter and stop clock power
saving modes have introduced severe load transients not
present in previous generations of processors. However,
with careful attention to detail, both in component selection and mechanical layout, the performance required may
be obtained. Also, with properly designed switchers, the
need for high efficiency can be met while providing the
required dynamic performance.
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Using the LTC 1325 Battery Management IC
Anthony Ng, Peter Schwartz, Robert Reay,
Richard Markell
INTRODUCTION

For avariety of reasons, it is desirable to charge batteries
as rapidly as possible. At the same time, overcharging
must be limited to prolong battery life. Such limitation of
overcharging depends on factors such as the choice of
charge termination technique and the use of multi-rate/
multi-stage charging schemes. The majority of battery
charger ICs available today lock the user into one fixed
charging regimen, with at best a limited number of
customization options to suita variety of application needs
or battery types. The LTC®1325 addresses these shortcomings by providing the user with all the functional
blocks needed to implement a simple but highly flexible
battery charger (see Figure 1) which not only addresses
the issue of charging batteries but also those of battery
conditioning and capacity monitoring. Amicroprocessor
interacts with the LTC1325 through a serial interface to
control the operation of its functional blocks, allowing
software to expand the scope and flexibility of the charger
circuit.

This Application Note was written with the following
objectives in mind:
• Provide users with an insight into the architecture and
operation of the LTC1325.
• Outline basic techniques for charging various battery
types.
• Present a variety of useful, tried and tested charging
circuits.
• Give an overview of the most common battery types
and their characteristics.
• Clarify specialized and application-specific terminology. Definitions are provided in the text, as well as in
Appendix C.
LT, LTC and LT are registered trademarks of Linear Teehnology Corporation.
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NOTE 1: THERMISTORS 1 AND 2 ARE PANASONIC ERT-D2FHL103S NTC THERMISTORS OR EQUIVALENT.
NOTE 2: VREF = 160mV. RSENSE = 1 FOR C/3 CHARGE RATE (160mA).
NOTE 3: CHOOSE FOR GJ20 TRICKLE CHARGE RATE.
NOTE 4: 2.0k AND 47"F FOR COMPATIBILITY WITH LITHIUM-ION AND LEAD-ACID

Figure 1. Complete LTC1325 Battery Management System
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LTC1325 PRIMER

Charging Circuit

The main features of the LTC1325 may be summarized as . Unlike most other charger ICs which employ a linear
regulator, the LTC1325 charges batteries using a switchfollows:
• It has all the functional blocks needed to build acharger: ing buck regulator. This approach simultaneously maxia1O-bit Analog-to-Digital Converter (ADC), fault detec- mizes efficiency and minimizes power dissipation. The
tion circuitry, a switching regulator controller with a only external power components needed are an inductor,
MOSFET driver; a programmable timer, a precision a P-channel MOSFET switch, a sense resistor and acatch
3.072V regulator for powering external temperature diode (see Figure 1). An internal, programmable battery
'. sensors, and a programmable battery voltage divider. voltage divider which accommodates 1 to 16 cells removes the need for an external resistive divider (for
• The functional blocks are placed under the control of an batteries with voltages below the maximum Voo of 16V).
external microprocessor for ready adaptability to All the circuits needed for controlling the loop are intedifferent charging algorithms, battery chemistries, or grated on-chip and no external ICs are required. The
charge rates.
LTC1325 operates from 4.5V to 16V so that it can be
• Communication with the microprocessor is via asimple powered directly from the charging supply. The wide
serial interface, configurable for3-wire or 4-wire opera- supply range makes it possible to charge up to 8 cells
without the need for an external regulator to drop the
tion.
charging supply down to the supply range of the LTC1325.
• It has autonomous fault detection circuitry to protect These features make the LTC1325 easy to use. When
the battery against temperature or voltage extremes.
charging is completed and the charging supply is re• Inaddition to charging, the part can discharge batteries moved, the chip does not load down other system supplies.lfthe LTC1325 is powered from asystem supply, the
for battery conditioning purposes.
microprocessor can program it into shutdown mode in
• It includes on-chip Circuitry for an accurate battery which the quiescent current drops to 30~. In shutdown
capacity monitor (Gas Gauge).
mode the digital inputs stay alive to await the wake-up
• It charges batteries using aswitching buck regulator for signal from the microprocessor.
highest efficiency and lowest power dissipation.
The buck regulator control circuit maintains the average
• The wide supply voltage range (Voo) of 4.5V to 16V
allows the battery charger to be powered from the
charging supply while charging batteries of up to 8 cells
in series.
• It can charge batteries which require charging voltages
greater than Voo.
• It can charge batteries from charging supplies greater
than Voo.
• A shutdown mode drops the supply current to 30~.
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voltage across the sense resistor (RSENSE) at VOAC (see
Figure 2). In addition, a programmable duty cycle can
modulate the P-channel MOSFET driver output (PGATE)
to reduce average charging current. The average charging
current is given by:
ICHRG = VOAc(duty cycle)/Rsense
The microprocessor can set VOAC to one of four values,
and the duty cycle to one of five values, giving 20 possible
'ICHRG values with a single RSENSE resistor.
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Charge Termination
Virtually any known charge termination technique can be
implemented with the LTC1325, The most common of
these are based on battery temperature (TBAT), cell voltage
(VCELL), time (t), ambient temperature (TAMB), or a combination of these parameters, Unlike other fast charging
ICs, the LTC1325 does not lock the user into a particular
termination technique and any shortcomings of that technique, Instead, it provides the microprocessor a means to
measure TBAT, TAMB and VCELL' By keeping track of
elapsed time, the microprocessor has the means to calculate all existing termination techniques (including dTBATI
dt and d2VBAT/dt2), and perform averaging to reduce the
probability of false termination, This flexibility also means

that a single circuit can charge Nickel-Cadmium, NickelMetal Hydride, Sealed Lead-Acid, and Lithium-Ion batteries. The LTC1325 has an on-chip 10-bit successive approximationADC with a5-channel input multiplexer. Three
channels are dedicated to TBAT, VCELL and the Gas Gauge
(see section on Capacity Monitoring); the other two channels can be used for other purposes such as sensing TAMB
or another external sensor. The LTC1325 can be programmed into Idle mode in which the charge loop is turned
off, This permits measurements to be made without the
switching noise that is present across the battery during
charging,
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Fault Protection

Battery Conditioning

The LTC1325 monitors battery temperature, cell voltage
and elapsed time for faults and prevents the initiation or
the continuation of charging should afault arise. The fault
detection circuit (see Figure 3) consists of comparators
which monitor TBAT and VCELL to detect low temperature
faults (LTF), high temperature faults (HTF), low cell voltages (BATR, EDV) and high cell voltages (MCV). The LTF,
HTF and MCV thresholds are set by an external resistor
divider (R1 to R4) to maximize flexibility. The LTC1325
also includes a timer that permits the microprocessor to
set charging time before atimer fault occurs to one of eight
values: 5,10,20,40,80,160,320 minutes or no time-out.
Selecting "no time-out" disables timer faults (the time-out
period is in effect set to infinity).

Under some operating or storage conditions, certain battery types (most notably NiCd) lose their full capacity. It is
often necessary to subject such batteries to deep discharge and charge cycles to restorethe lost capaCity. The
LTC1325 can be programmed into Discharge mode in
which it automatically discharges each cell to 0.9V. This
voltage is defined as the End-of-Discharge Voltage (EDV).
Fault protection remains active in Discharge mode to
protect the battery against temperature extremes (LTF,
HTF) and to detect the EDV discharge termination point.

Vee

Vee
REG

RTRK

Rl

BATP
VBAT

R2

Mev

SENSE

MCV

EDV

BATR

HTF
HTF
RT

LTF

I -_ _ _ _ _ _~LTF~_ _--I

Figure 3. LTC1325 Fault Detection Circuitry
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Capacity Monitoring
The LTC1325 may be programmed into Gas Gauge mode
(GG =1 in Figure 2). In this mode, the sense resistor is
used to sense the battery load current. The battery load is
connected between VBAT and ground so that the load
current passes through the sense resistor, producing a
negative voltage at the Sense pin. The Sense pin voltage
is filtered by a1k.Q x CF lowpass filter and multiplied by a
gain of -4 via amplifier A1. The output of A1 is converted
by the ADC whenever the gas gauge channel is selected by
the microprocessor. By accumulating gas gauge measurements over time, the microprocessor can determine
how much charge has left the battery and what capacity
remains.

discharge to maintain it at full capacity. Recommendations of the battery manufacturer determine which algorithm to use. In general, the best way to limit overcharge
is to use a primary charge termination technique and
several secondary techniques for redundancy. Regardless
of the algorithm, the basic circuit to charge upto 8 NiCd or
NiMH cells is shown in Figure 1.
Examples of Charging Algorithms
2-Stage NiCd
Fast Charge
Trickle Charge

C/1 rate, -AV (15mV) primary termination
Time-out secondary termination (80 minutes)
C/10 rate, no termination needed

2-Stage NiCd

APPLICATIONS CIRCUITS

Fast Charge

C/1 rate, TCO (45°C) primary termination
Time-out secondary termination (80 minutes)

Charging Nickel Cadmium and Nickel Metal Hydride
Batteries

Trickle Charge

C/10 rate, no termination needed.

It is desirable to charge batteries as fully and rapidly as
possible. At the same time it is necessary to limit overcharging, which can adversely affect battery life. To meet
these requirements, multi-stage charging algorithms are
recommended for NiCdandNiMH batteries. Multi-stage
charging algorithms consist of 2 or 3 stages:

3-Stage NiMH
Fast Charge

C/1 rate, ATCO (10°C) primary termination

Top-Off Charge C/10 until secondary termination at
180 minutes (160 min + 20 min)
Trickle Charge

C/40 rate, no termination

3-Stage NiMH

2-Stage:

Fast Charge
Trickle Charge

Quick Charge

3-Stage:

Fast Charge
Top-Oft Charge
Trickle Charge

Top-Off Charge C/10 rate until VCELL =1.5V

During Fast Charge, the battery is charged atthe maximum
permitted rate to near full capacity. In Top-Off the battery
is charged at a lower rate to bring it to full capacity thus
minimizing overcharge. Finally, during Trickle Charge, the
battery is charged at arate that just compensates for self-

Trickle Charge

C/3 rate, 120 minute (80 min + 40 min) to
160 minute time-out
TCO (40°C) secondary termination

C/40 rate, no termination

All these algorithms may be realized with the circuit in
Figure 1. Only the software and perhaps some component
values change.
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Conditioning Batteries
When overcharged for extended periods of time, some
NiCd batteries exhibit what is commonly called the "memory
effect," The voltage per cell drops 150mV which may lead
the user to conclude that the battery is at the end of its
discharge curve. This condition may be reversed by deeply
discharging and recharging the battery. The LTC1325 can
be programmed to discharge a battery until its per cell
voltage falls below 0.9V (EDV). As shown in Figure 1, the
external N-channel MOSFET N1 is turned on to discharge
the battery. ROls is selected such that the discharge
current, VBAT/ROIS, is within the allowable limits set by the
battery manufacturer. Discharge currents can be large
with high capacity batteries. The power rating of ROls
should be greater than IOIS2 x RDis. The source of N1 may
be terminated to the top of RSENSE (as in Figure 1) or to
ground. The former is preferred since the VBAT pin monitors the battery voltage for EDV and not the battery voltage
plus the drop across RSENSE. If desired it is possible to
adjust the EDV voltage via the internal battery divider
setting as outlined in the next section.

Using the End-ot-Discharge Voltage Fail-Safe .
The LTC1325, when commanded to do so, will discharge
abattery until its cell voltage goes below 900mV nominal,
at which point an EDV fail-safe occurs and the DIS pin is
taken low to stop discharge. This function of the IC is most
commonly used for the protection and conditioning of
NiCd and NiMH batteries, but may also be used to condition a Lead-Acid battery or to reset the Gas Guage to a
known point (remaining battery capacity equals zero) for
any battery type. Immediately following discharge, the
voltage per cell for NiCd and NiMH batteries will typically
"rebound" by 1OOmV to 200mV. The controlling software
will need to take this rebound into account to prevent a
possible oscillation in which the ADC would be read, the
EDV and fail-safe bits reset, and the battery discharged for
a few more seconds before again indicating EDV and
stopping the discharge.
If desired, the battery divider can be programmed to divide
by a factor that is less than the number of cells in the
battery. For example, if the divider is programmed to
divide-by-5 when the number of cells in the battery is six,
the EDV fault occurs at (5 x 0.9)/6 or 0.75V. Similarly,
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programming the divider to divide-by-6 with a three-cell
Lead-Acid battery would give an EDVof (6 x 0.9)/3 =1.8V
per cell attermination of discharge.

Operating trom Charging Power Supplies ot
Above 16V
The LTC1325 has a maximum VOO range of 16V. To
operate from ahigher supply voltage, it is necessary to do
two things: add aregulator to drop the higher supply (Voc)
down to the supply range of the LTC1325 and add a level
shifter between the PGATE pin and the gate of th.e external
P-channel MOSFET. The level shifter ensures that the
P-channel MOSFET can be switched off completely. Figure
4shows alow cost circuitthat will charge up to 8cells from
a 25V supply at 160mA. For 2A charge current, L1 and
RSENSE should be changed to 15!1H and 0.080 respectively. VOAC is set to 160mV in both cases for be~t
accuracy. The number of cells that can be charged is
affected by any series resistance in the charge path. At
high charging currents low resistance inter-cell connections such as solder tabs are recommended.
The zener diode 03 is used to drop the. 25V Voc down to
16V to serve as Voo supply to the LTC1325. R7 should not
be greater than 2200. Alternatively, aHerminal regulator
(such as the L~1 086-12 or LT1085-12) may replace 03,
C1 and R7. The regulator output voltage (Voo) fixes the
number of cells that can be charged with the circuit to
about VOOiVEC where VEC is the maximum cell voltage
expected.
When the battery is removed, RTRK pulls the VBAT pin
towards Voc. 04 acts as a clamp to prevent VBAT from
rising above the Voo supply voltage. 02, C2 and R11 form
a simple level shifter. During charging, 02 clamps the
voltage atthe gate of P1 between VOC- Vzand Voc+ O.7V,
where Vz is the reverse breakdown voltage of 02. Vz is
selected to limit theVGs of P1 to within its maximum
rating. For logic-level P-channel MOSFETs with a maximum VGS of ±8V, 02 may be a 3.9V zener such as the
1N4730A. For standard MOSFETs (±20V VGS rating), a
1N4740A 10V zener may be used. When power (Voc) is
first applied, Voo takes afinite time to charge up to 16V so
that the voltage on the PGATE pin is initially 0 and P1 is
turned on. 02 breaks down, charging C2 quickly to one
zener drop below Voc. Then as PGATE rises, 02 forward
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Figure 4. Charging from a 25V Supply

biases and the gate of P1 rises to one diode drop above Voc
and P1 shuts off. R11 serves to hold P1 off if the Voo
supply should go away for some reason. In this situation,
it takes several milliseconds for R11 to shut P1 off completely which means that P1 , L1 and RSENSE must be able
to withstand a brief current pulse of (Voc- VBAl)/R, where
R is the total of the ROS(ON) of P1, RSENSE and inductor
winding resistance. Diode D5 prevents battery discharge
if the Voc supply is removed.

Charging "Tall" Batteries (> 8 cells)
To charge more than 8 cells, the charging supply (Vocl
must be greater than 16V (assuming 2V per cell atthe end
of charge). Since Voc is above 16V, a regulator and level
shifter are required, as explained in the previous application. Figure 5 shows acircuitthatwill charge batteries with
more than Bcells in series. In addition, an external battery
divider is added to limit the voltage seen at the VBAl pin to
belowVoo. The values of R8, R9 and R1 0are selected such
that R10/(RB + R9 + R10) is the number of cells in the

battery. The battery divider in the LTC1325 is programmed
to divide by one. VOAC is programmed for 160mV so that
the charging current is 160mV/RsENSE or 160mA. This
charges the 10 cell 500mA Hr stack at a C/3 rate. RTRK is
selected to trickle charge the battery at C/20. The same
circuit will charge batteries at 2A if L1 and RSENSE are
changed to 15!1H and O.OBn respectively.
WithoutR11 to R14, P2andA1 in Figure5, the BATPstatus
flag will always be high regardless of whether the battery
is present or not. It is therefore possible to start the charge
loop when the battery is not present. The current through
the charge loop will be low (typically in the milliampere
range). Ifthis is undesirable, R11 to R14, P2 and A1 may
be added to ensure proper operation of the BATPflag. R11
and R12 are selected such that R12/(R11 +R12) is the
number of cells in the battery. Op amp A1 compares the
cell voltage against athreshold set by R13 and R14. When
the battery is absent, A1 trips to turn on P2 which then
pulls VBAl up to Voo. This causes the BATP flag to go low
to indicate the absence of the battery.
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Hardwired Charge Termination Using Thermistors
Termination Using Positive Temperature Coefficient
(PTC) Thermistors: The resistance of a PTC thermistor
increases sharply when its temperature rises above a
specified setpoint (Ts). This rapid change may be exploited to implement hardwired TCO charge termination.
In Figure 6, fixed resistor R4 is connected from REG to the
TBAT input, and the PTC thermistor R5 is connected
between the TBAT input and Sense. Hence R5 is the
controlling element of a temperature-dependent voltage
divider. The PTC is mounted on the battery to sense its
temperature. R4 is selected such that when the battery
temperature is below Ts, the divider output voltage is
between the voltages atthe LTF andHTFpins. When the
battery temperature rises above Ts, the rapid increase in
the resistance of the PTC device causes the divider output
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(Le. the voltage at the TBAT pin) to rise above the voltage
set by R1, R2 and R3 at the LTF pin. The LTC1325 detects
atemperaturefail-safe (LTF= 1, FS=1 )and stops charging
by taking the PGATE pin to VDD. Atypical value for TCO is
45°C. Tsand RTHERM1 have typical tolerances of ±5°C and
±40% respectively. The PTC shown in Figure 6 has aTs of
50°C ±5°C, so charging will terminate when the battery
temperature reaches avalue between 45°C and 55°C. The
series resistance of PTC thermistor and R4 should be in
the kQ range to minimize loading on the REG pin of the
LTC1325.
In principle, it is possible to implement hardwired ATCO
termination by replacing R4 with another PTC with a
resistance vs temperature characteristic that matches that
of R5 as shown in Figure? if both PTCs match closely, the
divider output will now respond to the difference between

Application Note 64
battery and ambient temperature. In practice, matched
PTCs are not generally available as standard items from
thermistor manufacturers and are therefore not recommended for such use. If hardware ~TCO termination is
desired, standard NTCs such as those matched over a

specified temperature range may be used. With NTCs, the
divider output will drop as the battery heats up and when
the voltage drops below the voltage at the HTF pin, the
LTC1325 will detect a temperature fail-safe (HTF = 1,
FS = 1) and terminate charging.
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Termination Using Negative Temperature Coefficie"t
(NTC) Thermistor: Itis common for the thermistor in the
battery pack to be.terminated at the negative terminal of
the battery. During charging, the Sense pin will exhibit a
.switching waveform with peaks of 200mV to 300mV when
VOAC is programmed for 160mV. This waveform appears
on the TBAT pin when the thermistor is terminated at the
negative terminal of the battery. The thermistor slope is
typically -30mV/oC, so the switching noise can cause
premature fail-safes when the battery temperature is within
10°C of the LTF or HTF trip points. An RC filter (with time
constant much greater than the clock period of 10J.lS) can
be inserted between the TBAT pin and the output of the
battery thermistor circuit to prevent false fail-safes.

the LTF and HTF pins. Similarly; VIlAT may be tied to the
same point to disable all the battery voltage fail-safes
(MCV, EDV, BATR).The LTC1325 battery divider is programmed to divide-by-1. Battery temperature and cell
voltage can still be measured using the TAMB and VIN
channels of the ADC. An external divider (R7, RB) replaces
the internal divider connected to the VBAT channel.

Gated P-Channel MOSFET Controller
When an external current-limited voltage source is available, and charging currents are low enough that efficiency
and heat dissipation are not major concerns, the LTC1325
can be used to turn en P~channel MOSFET to gate the
current into the battery. This circuit makes an inexpensive
and effective combination. The battery's current limit
during charging is set by the current limit of the charging
power supplyVoc .The maximum available current should
therefore not exceed the permissible charge rate of the
battery. With the LTC1325 VOAC programmed to the
160mV setting, and the voltage at the Sense pin below this
value, the LTC1325 will hold MOSFET P1 on until charge

a

Disabling Fail-Safes
The LTC1325's built-in battery voltage and temperature
fail-safes can be easily disabled as shown in Figure B. To
disable temperature fail-safes, the TBAT pin is tied to the
top of resistor R3. The LTC1325 is made to think that the
battery temperature is consta~t and within the limits set by
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is terminated by the microprocessor, or afail-safe occurs.
As shown in Figure 9, the inductor and catch diode that are
normally connected to the positive terminal of the battery
are not required, as no PWM switching action occurs atthe
drain of MOSFET P1.
With the wall adapter connected, the current into the
battery will always be (IADAPTER -IEQUIPMENT). The use of
one additional operational amplifier, such as the LT1077,
allows monitoring this charging current by integrating the
voltage across RSENSE during the charging interval. The
result of this integration can then be measured using the
LTC1325's auxiliary ADC input VIN. Combined with the
built-in gas gauge function during the discharge interval
(via the Sense input), the state of charge ofthe battery may
be reliably determined at any time.
If the battery pack is heavily depleted or is damaged, the
wall adapter can still be used to operate the equipment by
putting the LTC1325 into Idle mode. Under these conditions the battery will receive no charging current (except
through the trickle charging resistor, if one is provided). If
the gas gauge is not needed, RSENSE can be removed and
the Sense pin should be returned to ground.

Constant-Potential Charging (lead-Acid and
lithium-Ion)

Constant-current charging, which is the technique of
choice for NiCd and NiMH batteries, is not recommended
for most Lead-Acid or Lithium-Ion applications. Instead, a
constant-voltage charging regimen is required, usually
with a means of limiting the initial charging current. Such
a charging technique is generally referred to as a "Constant-Potential" (CP) regimen.
The LTC1325 is at first glance a constant-current part.
Such a view of its capabilities, however, is too limited. Its
power control section is more completely described as a
constant-average-current PWM with both hardware and
software feedback. The hardware loop used for current
sensing is the Sense input; the software loop, which can
be used to control the effective output voltage of an
LTC1325 charger circuit, is the microprocessor control
routine in conjunction with the ADC and the DAC. Given a
suitable output filter (the output inductor and the battery
itself), current from the PWM section can be made to
produce acurrent-limited constant voltage atthe battery's
terminals. A circuit intended for such CP operation is
shown in Figure 10.
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.Figure 10. Constant Potential Battery Management System

Batteries that require a CP charging algorithm generally
need arather accurate charging voltage, especially in fastcharge applications. For this reason the LTC1325's internal battery divider often cannot be used to control the
charging voltage, due to its tolerance of ±2% at division
ratios other than 1:1. It does, however, remain useful for
MCV and/or FEDV detection. For measuring battery voltage an external resistive divider feeding VIN is recommended. The external divider resistors should be chosen
such that the voltage at the VIN pin will come as close as
possible to the ADC'c full-scale input voltage without
exceeding that value; 3.000V maximum is agood choice.
Using a near-full-scale input to the ADC improves measurement accuracy. To further improve charging voltage
accuracy, it's a good idea to use ±0 . 1% or ±0.25%
tolerance resistors in the battery voltage divider. Under
such conditions, the voltage loop error is ideally only the
reference error (±0.8%), plus that ofthe ADC (4 bits out
of 1024, or ±0.4%) and of the battery divider (±0.1% or
±0.25%), for a total ±1.3% or ±1.5% error.
"Auxiliary Shutdown" is a static line from the microprocessor to a small-signal MOSFET, which prevents the
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battery from discharging through the voltage divider string
when it is not charging. With the external divider in place,
the BATP flag will always be high except when Auxiliary
Shutdown is at a logic low and the battery is not installed
in the circuit (see "Charging 'Tall' Batteries" above). Battery voltage fail-safes will remain operational (assuming
that they use the VSAT input) although it may not be
possible to make simultaneous use of the MCV and EDV
fail-safes with all CP battery types. RTRK, if needed, maintains the battery in a fully charged condition.
A suitable software algorithm to implement a quasi-CP
charger is this:
1. Establish a regular repetition interval for the voltage
servo loop. tLOOP values of 10ms to 20ms give good
results.
2. Set VDACto 160mV at the highest charge rates for best
resolution. USing a 95% maximum PWM duty cycle
[tON/(tON + tOFF)), RSENSE chosen as 160mV/(0.95 x
IMAX), where IMAX is the nominal maximum current to
be allowed through the battery. A suitable minimum
duty cycle is 10%; beyond such a low duty cycle it is
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usually better to reduce the peak current through the
battery (by programming VOAC) than to reduce the duty
cycle further.
3. Perform each of the following tasks once each servo
loop interval (tLOOP):
a) Enter Idle mode of operation.
b) Read VCELL.
c) Adjust the value entered into a timer register (or
a software timer) up or down according to actual
VCELL vs target VCELL. If VCELL is too low, the timer
value is increased. If VCELL is too high, the timer
value is decreased.
d) The maximum Charge time of the LTC1325 has
been set at 95% of tLOOP; the minimum at 10%.
Within that range, the duty cycle at which the loop
will operate is set by the timer of 3(c). If the timer's
interval is increased (VCELL too low), the portion of
each tLOoP during which the LTC1325 is put into
Charge mode is increased. If the timer's interval is
decreased (VCELL is too high), the LTC1325 is commanded into Idle mode for agreater portion of each
tLOOP'
e) IftON < (0.1 x tLOOP), switch VOAC to the next lower
value (notethatthe VOAcvalue of 34mVis not used).
f) Repeat (a) through (e) until the average current into
the battery, or the net duty cycle, drops below a
chosen limit. A timer-based secondary cutoff is
often recommended for CP chargers.
g) Terminate the software loop with MOSFET P1 in the
"off" state, using RTRK (if required) to maintain the
battery's charge.
A flow chart showing the principals of this voltage servo
loop is given in Appendix B, Figures B3a and B3b. Figure
B3a shows the "ramp-up" from the point where the
charger is first turned on to the maximum charging
current required and Figure B3b shows the "taper-down"
which simulates the necessary CP charging algorithm.
(This algorithm is undergoing refinement at press time.
For the latest information on its implementation and
optimization, please contact LTC.)
RINand CIN have greater values in Figure 10 than in most
of the circuits in this Application Note. This is because

batteries requiring a CP charge tend to have a significant
positive eN during the interval in which charging current
is flowing through them. The time constant of (RIN x CIN)
filters the resulting 10ms to 20ms ripple before it is
presented to the VBAT and VIN pins. If only VIN input will be
used, RIN may be omitted, CIN may be placed from VIN to
ground, and its value can be decreased.
The circuit of Figure 10 has deliberately been generalized
to provide flexibility across all common battery types. For
applications requiring the support of only specific battery
types, or which do not need extensive thermal or other
protection mechanisms, various components can be
modified or removed to minimize cost and board space.

Overcurrent Protection
Three common scenarios in which battery current can
exceed acceptable levels are: accidental shorting of the
battery terminals, excessive loads and inserting the battery into the charger in reverse. Battery or charger damage
in all three cases can be prevented through the use of a
thermal or overcurrent device to limit fault currents.
Usually, it is desirable that this device reset itself when the
fault goes away. Possible choices are bimetallic (thermostatiC) switches and polymer PTC thermistors. The high
series resistance of traditional ceramic PTC thermistors,
even in the unexcited state, make them unsuitable for this
application.
Bimetallic switches operate by sensing battery temperature. By the nature of their operation, these switches cycle
on and off as long as the fault remains, causing the battery
and all associated components (mechanical as well as
electrical) to heat up and cool down repeatedly. Polymer
based PTe thermistors such as the Raychem PolySwitch®
also offer very low series resistance until "tripped," and
have the advantages of a faster response and freedom
from thermal cycling.
Polymer PTCs should be chosen such that under normal
operation, the average charging current (VoAc/RSENSE) is
less than the Hold Current rating of the PTC to keep it in the
low resistance state. Under fault conditions, the Fuse
Current should exceed the Trip Current rating of the fuse.
This will cause the fuse's resistance to increase dramatically and reduce the fault currentto about VBAT/RFUSE(Trip).
PolySwitch Is a registered trademark of Raychem Corporation.
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The PolySwitch should. ideally be placed between cells in
the battery, in close physical contact with one of the cells.
In this way the trip point of the device will be reduced as
the battery's temperature increases. Such aconfiguration
provides substantial protection for the battery against
shorts acroSs its terminals and from excessive load currents. It will also protect the battery if it is accidentally
inserted into the charger in reverse.

• The surge current rating of 01 should exceed the initial
fault current of VBAT/RsENSE.lt may be necessary to
confirm the selected diode's applicability with the manufacturer of the part.
Inaddition to the above scenarios, the battery current may
exceed acceptable levels when a battery is inserted into a
charger which has the charging supply (Voc) turned off. If
the Voc supply exhibits a low impedance path to ground
when it is turned off, the diode that is intrinsic to the
P-channel MOSFET may turn on to form a battery discharge path which flows from the battery's positive terminal through the inductor, the MOSFET internal diode, the
ground lead and the sense resistor before returning to the
negative terminal of the battery. This can be prevented by
connecting a Schottky diode between Voc (diode anode)
and the source of the P-channel. See the section on
"Current Sinking Voc Sources" for more details.

Figure 11 shows the fault current path when a battery is
inserted into a charger in reverse. Potentially damaging
currents may flow through this path since the Sense
resistor is usually in the region of 1Q or less. APolySwitch
inside the battery pack (as described above), or in series
with the Schottky diode, limits fault currents to safe levels.
The following points should be noted in choosing the
diode and RSENSE.
• Normal charging currents should be equal to or less
than the holding current rating of the PolySwitch.

Current-Sinking VDC Sources

• Temperature affects PolySwitch performance. The
manufacturer's data should be consulted for derating
factors.

In some applications, it may be necessary to add a
Schottky rectifier between the Voc supply and the source
of MOSFET P1. This rectifier prevents the battery from
discharging backwards through MOSFET P1 , which could
damage P1, L1, or RSENSE. It is required if the following
conditions are met:

• Initial fault currents will be approximately VBAT/RsENSE
if the battery is inserted in reverse. This should exceed
the trip current rating of the PolySwitch.
• The wattage of RSENSE should be high enough to
withstand the initial fault currents of VBAT/RsENSE.
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CONCLUSION

• The voltage of the battery being charged can exceed
that of the supply.

Through its ability to accept commands from almost any
microprocessor, the LTC1325 takes advantage of the
power and flexibility of software to avoid locking the user
into any given battery type. This almost endless
configurability enables the battery system designer to
choose the required charge regimen, charge rate and
charge termination technique(s) for virtually any task.
Possibilities range from a robust but basic battery charging technique to sophisticated multiple-stage charging
algorithms, or even several different algorithms entirely,
all executed with the same hardware. In this way a wide
range of battery types or end application needs can be
accommodated with the same circuit. The on-board fault
detection circuitry provides additional confidence in the
final design by acting as a "watchdog" on the microprocessor and the battery pack. The design of the overall
charging circuit is made as simple as possible by incorporating all the functional blocks needed and minimizing the
discrete component count. In addition to charging batteries, the LTC1325 has provisions to condition batteries and
to measure battery capacity. As with the LTC1325's charging-related functions, these capabilities are afforded a
maximum of versatility and value by being placed almost
completely under software control.

• The Voc supply can sink current when it is at a lower
voltage than the battery being charged.
Most switching power supplies, such as those used for AC
adapter and battery charger supplies in portable computers, have a very small reverse leakage current-several
milliamperes at most. These would not generally need the
additional Schottky rectifier. Two examples of situations
where the rectifier is necessary are:
• Charging a 7.2V or greater battery from a 12V car
battery using the Cigarette lighter socket. Under coldcranking conditions the 12V nominal battery drops to
6V to 7V and an automobile's wiring will allow the
starter motor to pull current back out of the lighter
socket.
• Bench-top testing. Many power supplies have internal
protection circuitry which will sink current from the
load rather than allow a sourcing load, such as a
charged battery, to force current indiscriminately into
the supply's output. Also, any supply with a crowbar
represents a possible current-sinking power supply.
Figure 12 depicts a basic charger circuit and shows the
proper placement of the Schottky rectifier DIN.
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APPENDIX A
An Overview of Battery Types, Terminology, and
Techniques
The world is increasingly relying upon portable electronic
equipment, and the rechargeable battery systems (battery, battery charger and ancillary functional blocks)
which power that equipment. These battery systems are
among the defining elements of end product capability,
endurance and life. In spite of this, they are commonly
considered a necessary evil; their design and testing, a
black art. The truth is that commercially viable battery
management systems are comprised of well understood
electronic and electrochemical components, with well
defined performance characteristics. While this Appendix
is not intended as a comprehensive treatment of battery
technology, it will provide the equipment engineer with
practical information for the choice of battery types and
battery management techniques.
There are three rechargeable battery types commonly
used in portable devices. These are Nickel-Cadmium (NiCd),
Nickel-Metal Hydride (NiMH) and Sealed Lead-Acid (SLA).
Lithium-Ion (Li-Ion) is also beginning to receive significant attention, primarily due to its very high energy density
(as measured in terms of volume and of weight). Table A1
gives a quick overview of the characteristics of these
battery types:
Table A1. Ballery Type Characteristics
BATIERY
CHARACTERISTICS
Energy Density
W-h/kg
Energy Density
W-hlliter
Cell Voltage (V)

Charging Method
Dicharge Profile

SEALED
LEAD-ACID
30

NiCd
40

NiMH
60

LITHIUMION
90

60

100

140

210

2.0

1.2

1.2

Constant
Potential
Mildly
Sloping
300

Constant
Current
Flat

Constant
Current
.Flat

4.20 Max
3.60 Avg
2.50 Min
Constant
Potential
Sloping

#Charge/Discharge
>500
>500
Cycles'
Self-Discharge
3%/MQ
15%/MO 20%/MO
Internal Resistance
Low
Lowest Moderate
Discharge Rate"
>4C
> 10C
3C
• Until 80% of rated capacity IS available upon discharge.
•• Cis the capacity rating oj the battery in Ampere-Hours.
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500 to
1000
6%/MO
Highest
<2C

A useful first-approximation view of a rechargeable battery is that it is a container into which energy may be
poured as desired, to be subsequently consumed as
needed. This analogy generally conjures up an image of a
jar of water, which would impose few restrictions upon
rates of filling or emptying the vessel. 10 fact, a battery is
more akin to a bottle of thick syrup, with the bottle having
a narrow mouth and a wide base. With such a bottle, the
syrup must be delivered into the bottle at acontrolled rate
and pressure (to prevent possible damage to the delivery
system or to the neck of the bottle), and may be drawn at
amaximum rate determined by the amount of syrup in the
bottle and the bottle's shape. To carry this analogy just a
little further, it is true of batteries, as it is with the
hypothetical syrup bottle, that it is possible to get almost
all of the contents out of the container - but it may take
along time to getthe lastfew percent out. The flow rate will
vary with the amount remaining, meaning that in situations where a high rate of discharge is required of a
battery, not all the "contents of the bottle" - not all the
available energy - will be instantaneously available to the
discharging circuit.
Battery recharge times generally break down into several
groups. The most common of these are the "standardcharge," SUitable for overnight applications (typically requiring 16 hours) and the "fast-charge" (typically two
hours or less). Between the two is the "quick-charge,"
which is in many respects akin to a standard-charge but
requires a useably shorter interval (about five hours).
Examples of standard-charge applications are cordless
telephones and UPS systems for small computers. Quickcharge batteries are commonly found in devices which will
see brief but significant power drain several times daily,
such as cellular phones. Laptop computers and cordless
tools are excellent locations for fast-charge systems. In
these and other fast-charge uses there is a high average
drain on the battery, and the product's Value is determined
in large part by the availability of battery power upon
demand. The LTC1325 forms a comprehensive core for
battery management systems operating at any of these
charge rates; all that need be changed are a few external
components and the microprocessor algorithm used to
control the charge cycle. Only batteries designed and
rated for fast-charge should be subjected to a fast-
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charge regimen. Similarly, only batteries rated for quickcharge should be subjected to quick-charging conditions.

• Special purpose batteries are available with extended
operating temperature ranges.

As might be expected, there are important differences
between the charging regimens used for the four different
battery types. There are also more similarities than might
be expected. Each of the following sections is intended to
stand alone, but it is suggested that the battery system
designer read all four sections in order to get a feel for
where the similarities and differences between battery
families lie. Terms which are specific to the battery user
community, or which have special meanings in this Appendix, are defined in the Glossary in Appendix C.

The "cons":

Using Nickel-Cadmium Batteries
Nickel-Cadmium batteries, in various forms, have been in
use for over 50 years. During that time they have evolved
from expensive, special purpose devices to the battery of
choice for most portable equipment. The availability of
inexpensive sealed cells, with ongoing improvements in
energy density and cycle life, have been the driving forces
for this acceptance. The LTC1325 adds to this the ability to
easily implement fast-charge routines, gas gauge algorithms and/or switch mode constant current sources, all
using very little system overhead and printed circuit board
space.
Aquick run-down of the pros and cons of Nickel-Cadmium
batteries:
The "pros":

• Cadmium is commonly considered an environmentally
hazardous material. Nickel is also coming under environmental scrutiny.
• NiCd cells have asignificant self-discharge rate (0.5%/
day at room temperature).
Nickel-Cadmium Standard-Charge
For applications which can allow a recharge period of
about 16 hours - an "overnight" charge - the standardcharge regimen is the method of choice. The reasons for
this include:
• Simplest charging algorithm.
• Least expensive charge termination techniques.
• Small power supply required to provide the charging
current.
• Small charging circuit power components.
• Low overall charging system power dissipation.
A standard-charge is relatively straightforward to implement. In "cookbook" form, such a charge requires:
• Charging Current: 0.1C.
• Required Charging Voltage: 1.60V/cell or greater, plus
charger overhead.

• Good energy density, both by weight and by volume,
relative to competing technologies.

• Charging Temperature Range: O°C to 45°C.

• Acceptable charging rates range from 0.1 Cto 2C and
beyond.

• Charge Termination Method: None required.

• Most NiCd cells can accept a continuous overcharge
current of 0.1 C.
• A very flat discharge profile.
• The lowest cell impedance of the major battery technologies.
• Well understood and documented electrical behavior
and electrochemistry.
• Cells and batteries are available in a variety of sizes
from a number of vendors.

• Charging Time: 16 hours.
• Secondary Charge Termination Methods: None required.
• Special issues which may require further consideration
are: wide temperature range charging, wide temperature range discharging and accurate gas gauging at
temperature extremes.
.
Acharging current of 0.1 C, fed to the battery for 16 hours,
will deliver (16 hours x 0.1 C) = 160% of standard capacity
to the battery. At temperatures between O°C and 25°C, the
resulting 60% overcharge is adequate to ensure that the
battery is returned to 100% of its standard capacity. Once
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the cells in the battery teach their actual capacity fOr the
operating temperature, mild gassing will occur, but not
enough to cause venting or other cell damage. Since most
NiCd batteries will accept acontinuous 0.1 Ccharge at any
case temperature between O°Cand SO°C, charge termination per se is usually not required. For specialized applications, extended temperature range batteries are available
which can be charged at 70°C. Charging at temperatures
below O°C is also possible ifthe charge current is "throttled
back" as the battery temperature decreases. The charging
current under such conditions should linearly decrease
from 0.1C at O°C to zero current at ~1SoC to -2SoC. In
wide temperature range applications, the use of a battery
(or ambient) temperature sensor in conjunction with the
LTC132S is an excellent way to provide positive control of
battery charging current versus temperature, thereby extending battery life.
The charge acceptance of NiCd batteries is reduced significantly at temperatures above 40°C. This effect is only
marginally mitigated by longer charge times, and should
be taken into account if gas gauging is to be done over
extended temperature ranges. By way of example, a battery that can be fully recharged at 2SoCin 16 hours will
reach only about 7S%of standard capacity at 4SoC after 48
hours. Again, no damage will be done to the battery, but its
available capacity during subsequent discharge will be
less than one would otherwise expect. If correction parametersfor the gas gauging function of the LTC132S
will be employed, it is recommended that the manufacturer of the specific battery in question be consulted.
In the same way that charge acceptance is reduced for
temperatures above 2SoC, actual capacity is reduced
when discharging a cell at temperatures much removed
from 2SoC. The battery temperatures at which actual
capacity is 8S% of standard capacity are approximately
O°C and SO°C. Again, for more specific data, the manufacturer of the battery to be used should be contacted.
Specially rated NiCd cells can support a higher rate of
relatively uncontrolled overcharge than the ubiquitous
0.1C. This allows the quick-charge regimen, which is
typically 0.33Cfor Shours. Charging current and interval
aside, most other details for performing a quick-charge
are the same as for astandard-charge. It is often desirable
in quick-charge regimens to use atimed charge, reducing
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the charger's output currentto aO.OSC trickle-charge after
the five-hour recharge interval. Checking the· cell
manufacturer's data will provide further information on
this, as well as the specified charge rate, permissible
continuous'overcharge rate, and information on the,allowable temperature range.
'
Under some conditions, it may be desirable to use alower
charging rate than 0.1 C(for instance, to reduce charger
power requirements). This is feasible only within anarrow
range: NiCd cells have a reduced charge acceptance at
lower charge rates, lengthening the required charge time.
This, and their self-discharge characteristic (approximately
O.S%/day at 23°C), combine to make anything under
O.OSC avery slow and potentially unreliable charge rate for
most cell types.
Nickel-Cadmium Fast-Charge ,
In recent years aclass of applications has arisen for which
Shours to 16 hours may constitute an excessive recharge
time. Portable computer equipment is an excellent example of this - even if the battery pack ina laptop can be
"swapped out" for external recharge, it is often needed
again within several hours, fully charged and ready for
use. In this case, the fast-charge techniques which the
LTC132S makes practical are the way to go. Afast-charge
regimen implies:
• 90% recharge within one hour; 100% recharge within
two to three hours.
• Amethod for determining the optimum charge termination point(s).
• Backup chargeJermination method(s) to ensure best
battery life.
• Highly efficient use of available charging energy.
• Increased product value through better battery utilization and greater customer satisfaction.
Unlike the standard-charge and quick-charge regimens,
there is no one best way to fast-charge aNickel-Cadmium
battery. Variables introduced by the allowable cost and
size of the end application, the continuing evolution of
Ni-Cd cells to accomodate faster charge rates, and the
specific batteryvendor(s) chosen will all influence the final
choice of charging technique. There are several areas of

Application Note 64
industry consensus, however, regarding the suitable fastcharging of NiCd batteries:
• Charging Current: 1.0C to 2.0C.
• Required Charging Voltage: 1.80V/cell or greater, plus
charger overhead.
• Charging Temperature Range: 1Q°C to 40°C.
• Charging Time: Three hoLirs (90% of charge is typically
. returned within the first hour).
• Suitable Charge Termination Methods: See Table A2.
• Suitable Secondary Charge Termination Methods: See
Table A2.
• Special issues which may require further consideration
are: accurate gas gauging at temperatures over 25° C,
and appropriate mechanical integration of the battery
pack into the end equipment.
The objective of fast-charging a NiCd battery is, crudely
stated, to cram as much energy as it takes to bring the
battery back to afully charged state into that battery in as
short a time as possible. Since current is proportional to

energy divided by time, the charging current should be as
high as the battery system will reasonably allow. Generally, NiCd batteries rated for fast-charge use are designed
around a 1Cto 2C maximum charging rate. At the 1Crate,
more than 90% of the usable discharge capacity of the
battery is typically returned within the first hour. Higher
rate cells (up to 5C) do exist, butthey are more oriented to
special applications and will not be discussed here, except
to note that the LTC1325 is capable of handling the
charging routines required for such cells, should that be
required.
Fast-charging has compelling benefits, but places certain
demands upon the battery system. A properly performed
fast-charge can yield a cell life of as many as 500 charge/
discharge cycles. The high charging rates involved, however, do engender correspondingly more rapid electrochemical reactions within the cell. Once the cell goes into
overcharge, these reactions cause a rapid increase in
internal cell pressure, and in the cell's temperature. Figure
A1 shows the Voltage, Pressure and Temperature characteristics of aNickel-Cadmium cell being charged at the 1C
rate. It can be seen that, as the cell approaches 100% of

Table A2. Fast-Charge Termination Techniques for Nickel-Cadmium Batteries
Voltage Cutoff (VCO)

Uses absolute cell voltage to determine the cell's state of charge. Not generally recommended for use
in NiCd charging regimens.

Negative eN (-,W)

Looks for the relatively pronounced downward slope in cell voljage which a NiCd exhibits (~30mV to
50mV) upon entering overcharge. Very common in NiCd applications due to its simplicity and reliability.

Zero AV

Waits for the time when the voltage of cell under charge stops rising, and is "at the top of the curve"
prior to the downslope seen in overcharge. Sometimes preferred over -AV, as it causes less
overcharging.

Voltage Slope (dV/dt)

Looks for an increasing slope in cell voltage (positive dV/dt) which occurs somewhat before the cell
reaches 100% returned charge (prior to the Zero AV point). No longer widely used.

Inflection Point Cutoff (d 2V/dt2, IPCO)

As a NiCd cell approaches full charge, the rate of its voltage rise begins to level off. This method looks
for a zero or, more commonly, slightly negative value of the second derivative of cell voltage with
respect to time.

Absolute Temperature Cutoff (TCO)

Uses the cell's case temperature (which will undergo a rapid rise as the cell enters high-rate overcharge)
to determine when to terminate high-rate charging. A good backup method, but too susceptible to
variations in ambient temperature conditions to make a good primary cutoff technique.

Incremental Temperature Cutoff (ATCO)

Uses a specifiea increase of a NiCd cell's case temperature, relative to the ambient temperature, to
determine when to terminate high-rate charging. A popular, relatively inexpensive and reliable cutoff
method.

Delta Temperature/Delta Time (AT/At)

Uses the rate of increase of a NiCd cell's case temperature to determine the point at which to terminate
the high-rate charge. This technique is inexpensive and relatively reliable as long as the cell and its
housing have been properly characterized.
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Figure A1. NiCd Voltage, Pressure, and Temperature
Characteristics During Charge at 1C(23°C Ambient)

capacity, the charging current must be reduced or terminated. Left unchecked, overcharge at the C rate will ultimately cause the cell's safety vent to open. This results in
aloss of gaseous electrolyte to the ambient, and a permanent diminution of cell capacity. Similarly, allowing the
temperature of the cell to rise excessively will cause a
degradation of the internal materials, again reducing cell
life. The science of fast-charging is largely that of determining when the battery has achieved between 90% and
100% of its dischargeable capacity. At that point the
charging circuit must switch from the fast-charge current
level to a level appropriate to finish the charging of, and/
or maintain the charge on, the battery. Some of the
common methods for doing this are outlined in Table A2.
As Table A2 shows, there are a number of techniques
which have been been successfu.lly employed for the
purpose of determining when to terminate the high-rate
interval of a fast-charge regimen. Individual application
requirements, and manufacturer's recommendations, must
of course be considered carefully before making a final
design decision. Nonetheless, two techniques for detecting the point at which to make the transition from high-rate
charging to top-charging have become especially popular
over the years, and are used here as examples. These are
the -t'lVand the t'lTCO methods. The -t'lVapproach looks
for a point at which the cell or battery voltage reaches its
peak during charging,and holds this maximum value. The
high-rate charge is then terminated when the voltage per
cell has declined by a value of 15mV to 30mV. t'lTCO

AN64-20

sensing uses two thermistors to measure the case temperature ofthe cell, or of one ofthe cells in abattery, while
also measuring the ambient temperature. A10°C differential between cell and ambient is the typical high-rate
termination criterion. (A single-thermistor variant' on the
"classic" t'lTCO approach is made possible through the
combined power of the LTC1325 and a microprQcessor:
cell temperature is measured just before commencing
charge, and assumed to be the ambienttemperature. This
baseline value then becomes the reference again'st which
all further temperature measurements are compared.)
For illustration of the fast-charging of NiCd batteries, this
document will use a 1C charge rate, in a three-stage
algorithm. The three stages are:
• Fast-Charge at the 1Crate, until it is determined by the
charging system thatthe high-rate portion ofthe charge
regimen must be terminated. At this point, a1Ccharge
will typically have returned between 90% and 95% of
the battery's actual capacity.
• Top-Charge at 0.1 Cfor two hours, to add an additional
0.2C to the battery. This will bring the battery back to
100% of usable capacity.
• Trickle-Charge at between 0.02C and 0.1 Cto counter
the NiCd's self-discharge value of about 0.5%/day.
Unless the battery is being used in an unusual application,
there is little advantage in using a trickle-charge rate
different from the 0.1 Ctop-charge rate, which most NiCd
cells can tolerate indefinitely. If the trickle-charge is the
same as the top-charge rate, the charge regimen illustrated effectively has only two stages. This is not uncommon for NiCd batteries.
It cannot be overstated that the high-rate portion ota fastcharge regimen must be terminated once the battery being
charged has reached the appropriate cutoff point. Murphy
has taught us to prepare for the unexpected. So for each
method consider: "How can this method fail?" To give just
one example of each case: contact resistance in the
charging path could mask the downslope of the battery's
terminal voltage, causing the microprocessor to miss the
-t'lVtermination point. For t'lTCOtermination, the ambient
temperature might not be indicative of the battery's temperature atthe start of charge (e.g., recharging of abattery
just removed from acooler environmentto awarmer one),

,~
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which would keep a significant battery-to-ambient temperature differential from appearing. Failure of the charger
system to recognize the cutoff pOint, for whatever reason,
can quickly and irretrievably damage the battery. To avoid
such damage, inexpensive redundancy is the solution.
With the capabilities of the LTC1325 already at hand, the
best plan is to simply employ both methods. It is then
reasonable to expect that one of the two techniques will
result in asuccessful high-rate charge termination. In this
example regimen a good choice for the primary high-rate
charge termination for NiCd batteries would be -fN sensing,with ~TCO serving as a backup. To give Murphy's
gremlins a harder time of it, there are maximum and
minimum operating temperatures and cell voltages which
the LTC1325 can be set to recognize. The LTC1325 also
has a timer feature which will turn off the charge current
to the battery unless the timer is reset within a certain
interval. These preset limits serve to protect the battery
from severe overcharge even if the system's microprocessor should fail altogether.
As mentioned above, fast-charge current levels can cause
rapid gas evolution within aNiCd cell. Since gas recombination inside the cell is slower at reduced temperatures,
the pressure inside the cell will rise as the cell temperature
decreases. This places a lower limit on the permissible
fast-charge temperature range. Similarly, the cell's charge
acceptance decreases at elevated temperatures. Hence,
although gas recombination occurs much more rapidly,
there is the danger of more gas being generated than the
cell mechanisms can handle. This places an upper boundary on the fast-charge temperature range. Putting numbers to these limits, 10°C to 15°C are common minimum
figures with the high end at 40°C to 45°C. Using the
LTC1325 in conjunction with the microprocessor to ensure that the indicated operations occur within the
manufacturer's rated temperature limits will significantly
extend the life of the cell or battery.
For the most accurate gas gauging it may be desirable to
take into account the battery's actual temperature during
charge and its temperature during discharge. Both of
these have an effect upon the ratio of actual capacity to
standard capacity. This effect may be especially pronounced if the battery is charged at an ambient temperature above 25°C and/or discharged at O°C or below. For
specific data with which to calibrate the gas gauge func-

tion against charge and discharge temperatures, the manufacturer of the cells or batteries being used should be
contacted.
During fast-charge the battery will get warm and may vent
in the unlikely case of overstress or failure. It is prudent
engineering to allow for these contingencies in the
mechanical design stage of the equipment in which the
battery will reside. Again, the manufacturer of the cells
or battery to be used should be consulted for specific
guidance.
Using Nickel-Metal Hydride Batteries

The Nickel-Hydrogen couple has been known for at least
20 years, but until recently it has been too costly for all but
the most specialized of applications. Recent developments in the manufacture oftheNiMH cell, specifically of
the hydrogen-bearing negative electrode, has brought
NiMH technology into the realm of commercial viability. At
present NiMH batteries remain somewhat more expensive
than either Nickel-Cadmium or SLA units. However, for
applications requiring the energy densities which NiMH
provides, it can readily justify its higher price. It should
also be noted that NiMH is amature enough technology to
be useful and reliable, yet young enough that prices should
continue to decline and performance to improve. The
LTC1325's features and flexibility make it an excellent
choice for Nickel-Metal Hydride applications, providing
the ability to easily implement and modify fast-charge
routines, gas gauge algorithms and/or switch-mode.constant current sources, all using very little system overhead
and printed circuit board space.
A quick rundown of the pros and cons of Nickel-Metal
Hydride batteries:
The "pros":
• Excellent energy density, both by weight and by volume, relative to competing technologies.
• Acceptable charging rates range from 0.1 Cto 1C and
beyond (fast-charge capability is virtually a given for
NiMH).
• Aflat discharge profile.
• Well understood and documented electrical behavior
and electrochemistry.
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• Cells and batteries are available in a variety of sizes
from a number of vendors. "
• It is anticipated that new cell formulations will eliminate
all cadmium from the NiMH product: '
The "cons":
• Nickel is coming under scrutiny as a potential ecological hazard.
• NiMH cells have asignificant self-discharge rate (0.5%/
day to 1%/day at room temperature).
.
• Careful attention to overCharge of NiMH ,cells is required, even at standard-charge rates.
• NiMH cells command apr.ice premium relative to NiCd
cells at the present time.
• MiMH cells do not presently cover the same temperature ranges as either NiCd or SLA units.
.
Nickel-Metal Hydride Standard-Charge

For applications which can allow a recharge period of
about 16 hours - an "overnight" charge - the standardcharge regimen is the method of choice. The reasons for
this include:
.
• Simplest Charging algorithm.
• Least expensive charge termination techniques.,
• Small power supply required to provide the charging
; current.
• Small charging Circuit power components.
• Low overall charging system power dissipation.
A standard-charge is relatively straightforward to implement. In "cookbook" form, such a charge requires:
• Charging Current: 0.1 C, switching to 0.025C tricklecharge.
• Required Charging Voltage: 1.60V/cell or greater, plus
chargeroverhead.
..
• Charging Temperature Range: O°C to 50°C.
• Charging Time: 16 hours.
• Charge Termination Method: Timer.
• Secondary Charge Termination Methods: Nonerequired.
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.' Special issues which may require further consideration
are: wide temperature range discharging and acctJfate
gas gauging at temperature extremes.
Acharging current of 0.1 C, fed tathe battery for 16 hours,
will deliver (16 hours x 0.1 C) = 160% of standard capacity
to the battery. Attemperatures between O°C and 25°C, the
resulting 60% overcharge is adequate to ensure that the
battery is returned to 100% of its standard capacity. Once
this has o.ccurred the charging rate must be re~uced
sufficiently that cell venting does not occur. At the same
time the 1%/day self-discharge of the NiMH cell needs to
be countered. with a suitable trickle-charge rate. The
resulting two-level constant-current; charger usually
switches in a O.025C rate after the 0.1 C main charge. A
N.iMM battery will show a modest temperature increase
(typically 8°C to goC) after 16 hours of standard-rate
charging. However, this value is not tightly defined and the
rate of temperature rise is quite gradual at the end of the
charging cycle. This rules out thermal charge termination
for the standard-charge regimen. A better approach is a
timed-charge technique which applies the standard-rate
charging current for 16 hours and then drops back to a
0.025C trickle-charge. A refinement to this is to break the
main charging interval into numerous shorter intervals
under the control of the timer internal to the LTC1325. In
this way, even if the microprocessor controlling the battery system should "lock up," permanent damage to the
battery will be prevented. Charging at temperatures below
O°C orabove 45°C is not recommended. In addition, NiMH
batteries should not be discharged beyond the range of
-20°C. to 50°C. If a wide temperature excursion of the
ambient is anticipated, the use of a thermal sensor in
conjunction with the LTC1325 is an excellent way to
ensure that battery operations occur only within their
permissible temperature boundaries,which will significantly extend battery life.
The charge acceptance of NiMH batteries is reduced
significantly attemperatures above 40°C~ This effect should
betaken into account if gasgaiJging is to be done over
extended temperature ranges. In this regard, the performance of NiMH and Nickel-Cadmium batteries is quite
similar. ANiMH battery that will recover 100% of standard
capacity after 16 hours at 25°C will attain only about 85%
of standard capacity at 45°C. Hence the battery's available
capacity during subsequent discharge will be less than
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one would otherwise expect. If correction parameters for
the gas gauging function ofthe LTC1325 will be employed,
it is recommended that the manufacturer of the specific
battery in question be consulted.
In the same way that charge acceptance is reduced for
temperatures above 25°C, actual capacity is reduced
when discharging a cell at temperatures much below
25°C. Typical figures for actual capacity are 85% of
standard capacity at O°C, and 50% at -20°C. Again, for
more specific data the manufacturer of the battery to be
used should be contacted.
Generally speaking, it's not a good idea to use a lower
charging rate than 0.1 C. This is due in part to the fact that
NiMH cells have a reduced charge acceptance at lower
charge rates, lengthening the required charge time, and
in part to the fact that their self-discharge rate of approximately 1%/day at 23°C increases quickly with
temperature.

Nickel-Metal Hydride Fast-Charge
In recent years aclass of applications has arisen forwhich
5 hours to 16 hours may constitute an excessive recharge
time. NiMH batteries, with their relatively high energy
densities, were perfected largely for the mobile portion of
this market. Portable computer equipment is an excellent
example of a NiMH fast-charge application - even if the
battery pack in a laptop can be "swapped out" for external
recharge, it is often needed again within several hours,
fully charged and ready for use. In this case the techniques
which the LTC1325 makes practical are the way to go.
Such a fast-charge implies:
• 90% recharge within one hour; 100% recharge within
two to four hours.
• Amethod for determining the optimum chargetermination point(s).
• Backup charge termination method(s) to ensure best
battery life.
• Highly efficient use of available charging energy.
• Increased product value through better battery utilization and greater customer satisfaction.
A fast-charge battery system involves:
• Charging Current: 1.0C.

• Charging Time: Three hours (90% of charge is typically
returned within the first hour).
• Required Charging Voltage: 1.80V/cell or greater, plus
charger overhead.
• Charging Temperature Range: 15°C to 30°C optimal
(consult manufacturer for permissible range).
• Charge Termination Method: See Table A3.
• Secondary Charge Termination Methods: See Table A3.
• Special issues which may require further consideration
are: accurate gas gauging at temperatures other than
25°C and appropriate mechanical integration of the
battery pack into the end equipment.
The objective of fast-charging a NiMH battery is, crudely
stated, to cram as much energy as it takes to bring the
battery back to afully charged state into that battery in as
short a time as possible. Since current is proportional to
energy divided by time, the charging current should be as
high as the battery system will reasonably allow. Generally, NiMH batteries are rated for a 1Cmaximum charging
rate. Atthat rate, more than 90% ofthe useable discharge
capacity of the battery is typically returned within the first
hour. Of course, the LTC1325 will also support the charging of higher rate cells as they become available.
Fast-charging has compelling benefits, but places certain
demands upon the battery system. A properly performed
fast-charge can yield a cell life of as many as 500 charge/
discharge cycles. The high charging rates involved, however, do engender correspondingly more rapid electrochemical reactions within the cell. Once the cell goes into
overcharge, these reactions cause a rapid increase in
internal cell pressure and in the cell's temperature. Figure
A2 shows the Voltage and Temperature characteristics of
aNickel-Metal Hydride cell being charged at the 1Crate. It
can be seen that, as the cell approaches 100% of capacity,
the charging current must be reduced or terminated. Left
unchecked, overcharge at the Crate will ultimately cause
the cell's safety vent to open. This results in a loss of
gaseous electrolyte to the ambient and a permanent diminution of cell capacity. Similarly, allowing the temperature
ofthe cell to rise excessively will cause adegradation of the
internal materials, again reducing cell life. The science of
fast-charging is largely that of determining when the
battery has achieved between 90% and 100% of its
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Table A3. Fast-Charge Termination Techniques lor Nickel-Metal Hydride Batteries
Voltage Cutoff (VCO)

Uses absolute cell voltage to determine the cell's state of charge. Not generally recommended for use
in NiMH charging regimens.

Negative fN (-LW)

Looks for the downward slope in cell voltage which a NiMH exhibits ('" 5mVto 15mV) upon entering
overcharge. Common in NiMH applications due to its simplicity and reliability..

Zero t.V

Waits for the time when the voltage of cell under charge stops rising, and is "at the top of the curve"
prior to the downslope seen in overcharge. Sometimes preferred over -t.V, as it causes less
overcharging, and may be easier to detect reliably (due tothe small-t.Vof.a NiMH cell). Common in
NiMH applications.

Voltage Slope (dV/dt)

Looks for an increasing slope in cell voltage (positiVe dV/dt) which occurs somewhat before the cell
reaches.100% returned charge (prior to the Zero t.V paint). Not widely used.

Inflection Point Cutbff(d2V/dt2, IPCO)

As a NiMH cell approaches full charge, the rate of its voltage rise begins to level off. This method looks
for a zero or, more commonly, slightly negative value of the second derivative of cell voltage with
respect to time.
Uses the cell's case temperature (which will undergo a rapid rise as the cell enters high-rate overcharge)
to determine when to terminate high-rate charging. A good backup method, but too susceptible to
variations in ambient temperature conditions to make a good primary cutoff technique.
Uses a specified increase of a NiMH cell's case temperature, relative to the ambient temperature, to
determine when to terminate high-rate charging. A popular, relatively inexpensive and reliable cutoff
method.
Uses the rate of increase of a NiMH cell's case temperature to determine the paint at which to terminate
the high-rate charge. This technique is inexpensive and relatively reliable as long as the cell and its
housing have been properly characterized.

Absolute Temperature Cutoff (TCO)

Incremental Temperature Cutoff (t.TCO)

Delta Temperature/Delta Time (t.T/t.t)
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Figure A2. NiMH Voltage and Temperature Characteristics
During Charge at 1C(20°C Ambient)

dischargeable capacity. At that point the charging circuit
must switch from the fast-charge current level to a level
appropriate to finish the charging of, and/or maintain the
charge on the battery. Some of the common methods for
doing this are outlined in Table A3.
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As Table A3 shows there are anumber of techniques which
have been been successfully employed for the purpose of
determining when to terminate the high-rate interval of a
fast-charge regimen. Individual application requirements,
and manufacturer's recommendations, must of course be
considered carefully before making a final design decision. Several techniques for detecting the point at which to
make the transition from high-rate charging to top-charging have gained especially wide acceptance in the NiMH
community. Amon~ these are the dT/dt, the dTCO, the
-dV, and the the d V/dt2 methods. dT/dt sensing measures the rate of change of the case temperature ofthe cell,
or of a cell in the battery with respect to time. When this
rate of rise reaches 1°C/minute, almost all of the dischargeable capacity has been returned to the cell and the
high-rate charge should be terminated. dTCO sensing
measures the difference between the case temperature of
the cell, or of one of the cells in a battery, while also
measuring the ambient temperature. A 15°C differential
between cell and ambient is the typical high-rate termination criterion. The -dVapproach looks for apOint at which
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the cell or battery voltage peaks during charging, and
holds this maximum value. The high-rate charge is then
terminated when the voltage per cell has declined by a
value of 5mV to 1OmV. The d2V/dt2 technique looks for a
slowing rate of rise in the the battery's terminal voltage.
This trend, properly filtered and processed by the system's
software, will yield a negative second derivative of battery
voltage when the battery approaches acomplete recharge.
It is important to note that under certain conditions,
particularly following intervals of storage, a NiMH battery may give an erroneous voltage peak as charging
commences. For this reason, a reliable fast-charge
cycle should deliberately disable any voltage-based
sensing technique for the first five minutes of the charging interval.
For illustration of the fast-charging of NiMH batteries, this
document will use the regimen recommended by Duracell,
Inc. The three stages of this regimen are:
• Fast-charge at the 1Crate, until it is determined by the
charging system thatthe high-rate portion ofthe charging cycle must be terminated. At this point, a1Ccharge
will typically have returned between 90% and 95% of
the battery's actual capacity.
• Top-charge at 0.1 Cfor one hour to add an additional
0.1 Cto the battery. This will bring the battery back to
100% of usable capacity.
• Trickle-charge at 0.0033C to counter the self-discharge
characteristic of Nickel-Metal Hydride, while not exposing the battery to excessive overcharge.
Nickel-Metal Hydride batteries suffer quickly and severely
from protracted overcharge. To prevent damage to the
battery all manufacturer's algorithms recommend a low
trickle-charge value. As shown, Duracell recommends
0.0033C while many other vendors specify 0.025C. The
exact value of this trickle-charge, as well as the specific
overall charging regimen, is application and vendor dependent, so the literature of the selected battery supplier
should be consulted.
It cannot be overstated that the high-rate portion of afastcharge regimen must be terminated once the battery being
charged has reached the appropriate cutoff point. Murphy
has taught us to prepare for the unexpected. So for each
method consider: "How can the this method fail?" To

illustrate by example: contact resistance in the charging
path could mask the downslope of the battery's terminal
voltage, causing the microprocessor to miss the -tlV
termination point. For the case of tlT/tlt termination, the
ambient temperature might artificially prevent a rapid
enough change in temperature from occuring (e.g., recharging of a battery while it sits in the airstream of an air
conditioner). Failure of the charger system to recognize
the cutoff pOint, for whatever reason, can quickly and
irretrievably damage the battery. To avoid such damage,
inexpensive redundancy is the solution. With the capabilities of the LTC1325 already at hand, the best plan is to
simply employ two or more methods. It is then reasonable
to expect that one of the techniques will result in a
successful high-rate charge termination. In Duracell's
suggested regimen the primary technique for terminating
the high-rate charge is tlTItlt sensing, with -tlVserving as
a backup. To give Murphy's gremlins a harder time of it,
there are maximum and minimum operating temperatures
and cell voltages which the LTC1325 can be set to recognize. For example, Duracell recommends using a third,
TCO-based "safety" to shut the high-rate charge down if
the battery temperature ever exceeds 60°C absolute. The
LTC1325 also has a timer feature which will turn off the
charge current to the battery unless the timer is reset
within acertain interval. Not only does this provide an extra
margin of safety, itcan simplify charging as well: Duracell's
regimen calls for one hour of timer-controlled 0.1 Covercharge. The LTC1325 can offload this timing job from the
system processor. Hence, the battery charging task is
simplified and the battery is protected from severe overcharge even if the system's microprocessor should fail
altogether.
As mentioned above, fast-charge current levels can cause
rapid gas evolution within a NiMH cell. Since gas recombination inside the cell is slower at reduced temperatures,
the pressure inside the cell will rise as the cell temperature
decreases. This places a lower limit on the permissible
fast-charge temperature range. Similarly, the cell's charge
acceptance decreases at elevated temperatures. Hence,
although gas recombination occurs much more rapidly,
there is the danger of more gas being generated than the
cell mechanisms can handle. This places an upper boundary on the fast-charge temperature range. Putting numbers to these limits, 1DoC to 15°C are common minimum
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figures with the high end at 40°C to 45°C. This temperature span constitutes the limit for fast-charging of NiMH
batteries; they will give longer life and better performarice
if charged between 15°C and 30°C. Using the LTC1325's
measurement capabilities to ensure that the indicated
operations occur within the manufacturer's rated temperature limits will significantly extend the life of the cell or
battery.

SLA batteries compare favorably in cost per Watt-Hour
with NiCd batteries and are superior to NiMH devices; in
higher Watt-Hour ratings SLA technology is usually the
clear choice. With a minimum of board space and system
overhead, the LTC1325 provides aprogrammable switchmode charging controller. It also carries on-chip all necessary battery monitoring and safeguard circuitry, and the
means to readily implement gas gauge algorithms.

For the most accurate gas gauging, it may be desirable to
take into account the battery's actual temperature during
charge and its temperature during discharge. Both of
these have an effect upon the ratio of actual capacity to
standard capacity. This effect may be especially pronounced if the battery is charged at an ambient temperature above 25°C and/or discharged at O°C or below. For
specific data with which to calibrate the gas gauge function against charge and discharge temperatures, the manufacturer of the cells or batteries being used should be
contacted.

Aquick rundown of the pros and cons of Sealed Lead-Acid
batteries:

During fast-charge the battery will get warm and may vent
in the unlikely case of overstress or failure. It is prudent
engineering to allow for these contingencies in the
mechanical design stage of the equipment in which the
battery will reside. Again, the manufacturer of the cells
or battery to be used should be consulted for specific
guidance.
Using Sealed Lead-Acid Batteries
Lead-Acid batteries are the "venerable elders" among
rechargeable power sources. They have been known in
various forms for substantially over a century. But age
does not imply weakness-many of the most significant
developments in Lead-Acid cells, including those which
have made the portable Sealed Lead-Acid (SLA) construction practical, have taken place in the last 30 years or less.
Concerns about the safety and stability of the sulfuric-acid
electrolyte system have been addressed, first by the wellknown "Gel Cell," and thereafter by modern "starvedelectrolyte" technologies. Improvements in the purity of
materials, and the optimization of the internal cell structure for portable battery applications (as opposed to the
traditional automotive market which imposes its own
unique demands) have made the SLA battery a serious
contender for many applications. In the smaller ratings
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The "pros":
• The electrochemistry and electrical behavior of SLA
batteries are very well understood and documented for
moderate charge rates and for a broad range of discharge rates.
• SLA technology lends itself to prismatic batteries as
well as cylindrical cells.
• SLA batteries are available with wider operating temperature ranges than either NiCd or NiMH batteries.
• Excellent cost/Watt-Hour, especially in larger size cells
and batteries.
• Very low self-discharge rates: '" 0.2%/day at 25°C
• Low cell impedance with a good capability to handle
high pulse currents.
• SLA cells are available in a variety of sizes from a
number of vendors.
The "cons":
• The SLA cell has the lowest energy density, by weight
and by volume, of all three technologies.
• SLA batteries deliver their best performance under a
constant voltage (or pseudo-constant voltage) charge
regime.
• Lead is commonly considered to be an environmentally
hazardous material.
• SLA cells are susceptible to damage from overcharge,
repeated deep discharge, and/or cell reversal.
• The discharge profile of a SLA cell is not as flat as that
of a NiCd cell, nor as that of an NiMH cell in most
applications.
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Sealed lead-Acid Standard-Charge
For applications which can allow a recharge period of 24
hours or more-any period from an extended "overnight"
charge to a "float charge"- the standard-charge is the
regimen of choice. The reasons for this include:
• No charge termination required.
• Frequently requires no temperature compensation.
• Small power supply required to provide the charging
current.
• Small charging circuit power components.
• Low overall charging system power dissipation.
• Excellent battery life due to low charging stress.
An SLA standard-charge is relatively straightforward to
implement. In "cookbook" form, such a charge requires:
• Charging Current: Limited to 0.25C or less.
• Charging Voltage: 2.25V/cell to 2.30V/cell, plus charger
overhead.
• Charging Temperature Range: O°C to 40°C.
• Charging Time: 24 hours or longer.
• Charge Termination Method: None required.
• Secondary Charge Termination Methods: None required.
• Special issues which may require further consideration
are: wide temperature range charging, wide temperature range discharging, and accurate gas gauging under varying conditions of use.
Sealed Lead-Acid (SLA) batteries are generally charged
using a constant voltage source with a deliberately imposed current limit (essentially a current-limited voltage
regulator), or acharger which will, in terms of the electrochemical effects seen by the battery, act as if it were such
asource. The charging regimen which this gives rise to is
known as "Constant Voltage," or more commonly, "Constant PotentiaL" For the purposes of this document the
term "Constant Potential" (CP) will be used.
The reasons for using a CP charge regimen are various,
but the three principal ones are these:
• Charge acceptance (the efficiency of conversion of
previously removed electrical energy back into chemi-

cal potential) is reduced as the charging currentthrough
an SLA cell is increased.
• Once full charge is achieved, continued charging current through an SLA cell will have an irreversible oxidizing effect upon the positive plate of the battery, ultimately reducing battery capacity.
• Most importantly from the standpoint of designing a
practical charger, there is no reliable way to know an
SLA cell's state of charge based upon its terminal
voltage or its temperature.
A significantly discharged cell undergoing CP charging
will initially attempt to draw very high currents, as SLA
cells are low impedance devices. The function of the
current-limiting in the CP regimen is to keep the peak
current flowing into the cell within the cell's (and the
charger's) ratings. Following the current-limited phase of
the charging profile, the CP charging technique in combination with the characteristics of SLA devices cause the
cell under charge to in essence regulate its own charging
current. If the cell vendor's recommendation as to charging voltage (typically 2.25V/cell to 2.30V/cell at 20°C) are
followed, the cell's charging current will naturally taper off
with time as the cell goes slightly into overcharge. Under
these conditions a fully discharged cell will essentially
cease charging once it has achieved a 110% returned
charge which results in a 100% dischargeable capacity.
The remaining 10% is lost to heating and other parasitic
reactions. This simple charging concept, sometimes
combined with compensation for ambient temperature
(-2mV/oC to -3mV/oC, depending upon the manufacturer), will provide highly satisfactory results over a good
temperature range. A range of O°C to 40°C is typical, with
some vendors specifying their products for operation at
temperatures of 50°C or more. Figure A3 shows the way
in which SLA charge current tapers off and the returned
capacity rises under such a CP charging regimen. Figure
A4, a reproduction of Figure 10 from the body of this
Application Note, shows how the LTC1325 can be used to
provide all the necessary functions for SLA battery management. As in the body of this Application Note, Figures
B3a and B3b in Appendix B are also relevant here.
The charge acceptance of SLA batteries is reduced at
temperatures below about O°C, and actual capacity is
reduced when discharging a cell at temperatures much
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the gas gauging function ofthe LTC1325 will be employed,
it is recommended that the manufacturer of the specific
battery in question be consulted ..

r---;;;;;:=,-------.:..:..., 100

Under some conditions, it may be desirable to use alower
charging rate than O.lC (for instance, to reduce charger
power requirements). This is quite feasible with SLA
batteries due to their low self-discharge rates. SLA batteries have excellent charge acceptance characteristics at
lower charge rates. Ultimately, the limiting issue is usually
the maximum practical time allowable for a recharge.

TIME -

During charging, the battery may get warm and/or vent. It
is prudent engineering to allow for these contingencies in
the mechanical design stage ofthe equipment in which the
battery willreside. The manufacturer of the SLA battery to
be used should be consulted for specific guidance.

Reproduced with permission by Butterworth-Heinemann, Rechargeable
Batteries Applications Handbook, copyright 1992

Figure A3. Typical Charging Current and Capacity Returned
vs Charge Time lor CP Charging

lower than 25°C. The battery temperature at which actual
capacity is 85% of standard capacity is approximately O°C.
Similarly, adjustment to the indicated capacity may be
desired if the continuous discharge current will be at arate
significantly greater than 0.1 C. It may be desirable to take
these effects into account if gas gauging is to be done over
extended temperature ranges. If correction parameters for
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ready for use. In this case the sophisticated fast-charge
techniques which the LTC1325 makes practical are the
way to go. A fast-charge regimen implies:

current of about 0.002C. The backup method should be a
180-minute time-out, according to the recommendations
of the vendor suggesting 1.5C as a high-rate current.

• Significant recharge within one hour; 100% recharge
within three hours.

During fast-charge the battery will get warm and some
venting may occur. It is prudent engineering to allow for
these contingencies in the mechanical design stage ofthe
equipment in which the battery will reside. The manufacturer of the SLA battery to be used should be consulted for
specific guidance.

• Suitable means to determine charge termination point.
• A backup charge termination method to ensure best
battery life.
• Highly efficient use of available charging energy.
• Increased product value through better battery utilization and greater customer satisfaction.
An SLA fast-charge is very similar to an SLA standardcharge. It is recommended that the section on standardcharging of Sealed Lead-Acid batteries be read before
reading this section. There are only three significant
differences between the two sections:
a) The charging voltage is increased (to increase the
charging current).
b) Temperature compensation is definitely required at
a rate of '" -5mV/oC, preferably from a sensor
mounted near or on the battery case.
c) Fast-charge termination is required.
• Charging Current: Vendor-dependent. The vendor used
as a reference suggests 1.5C.
• Charging Voltage: 2.45V/cell to 2.50V/cell, plus charger
overhead.
• Charging Temperature Range: O°C to 30°C.
• Charge Termination Method: Current Cutoff.
• Charging Time: Three hours; 60% of charge is typically
returned within the first hour.
• Secondary Charge Termination Methods: Timer.
• Special issues which may require further consideration
are: wide temperature range charging, wide temperature range discharging, and accurate gas gauging under varying conditions of use.
The primary termination method, "Current Cutoff" (CCO),
looks at the absolute value of the average charging current
flowing into the battery. When that current drops below
0.01 C the battery is charged and needs only a trickle

In all other regards, the techniques forthe fast-charging of
SLA cells and batteries are the same as those used for
standard-charging these devices. Asimple circuit, coupled
with a straightforward software servo loop, provides a
high performance SLA battery charger and gas gauge as
well as significant built-in fault detection and protection
mechanisms.
Using Lithium-Ion BaHeries

Of the four battery types discussed in this Appendix,
Lithium-Ion (Li-Ion) is the newest. Li-Ion cells offer excellent service life, are considered environmentally sound,
are easily manufactured in true prismatic (rectangular)
format, and most importantly, they have the highest
energy density, both in terms of Watt-Hours/kg and WattHours/Liter, of any of the cells discussed.

By merely telling the associated microcontroller whether
a NiMH or a Li-Ion battery is present in the system, the
LTC1325 using the same hardware can accom modate
either type of cell technology.
Li-Ion batteries are charged using a constant voltage
source with a deliberately imposed current limit (essentially a current-limited voltage regulator), or a charger
which will, in terms of the electrochemical effects seen by
the battery, act as if it were such a source. The charging
regimen which this gives rise to is known as "Constant
Voltage," or more commonly, "Constant PotentiaL" For
the purpose of this document, the term "Constant Potential" (CP) will be used.
A quick run-down of the pros and cons of Lithium-Ion
batteries:
The "pros":
• Superb energy densities, both by Watt-Hours/Liter and
Watt-Hours/kg, relative to competing technologies.
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, High average cell voltage during discharge (3.6V).
• Excellent cycle life characteristics.
• Very low self-discharge rates ('" O.3%/day at 25°C).
• Environmentally sound (not a heavy-metal technology).
• Li-Ion cells are available in prismatic (rectangular) form
factors.
The "cons":
• Susceptible to irreversible damage if taken into deep
discharge.
• Susceptible to loss of capacity or catastrophic failure if
overcharged.
• Efficient use of cell capacity requires extremely tight
control of charging voltage.
Lithium-Ion Fast-Charging
An Li-Ion fast-charge is conceptually quite simple:
• Charging Current: 1C.
• Charging Voltage: 4.20V ±O.05V (some cells require
slightly different voltages)
• Charging Temperature Range: O°C to 40°C.
• Charging Time: 2.5 Hours to 5 Hours.
- Charge Termination Method: Atimer is typical (consult
cell manufacturer).
- Secondary Charge Termination Methods: None required.
• SpeCial issues which require further consideration are:
wide temperature range charging, wide temperature
range discharging, and accurate gas gauging under
varying conditions of use.
A significantly discharged cell undergoing CP charging
will initially attempt to draw very high currents, as Li-Ion
cells are relatively low impedance devices. The function of
the current-limiting in the CP regimen is to keep the peak
current flowing into the cell within the cell's (and the
charger's) ratings. Following the current-limited phase of
the charging profile, the CP charging technique in combination with the characteristics of the Li-Ion cell cause the
cell under charge to in essence regulate its own charging
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current. If the cell vendor's recommendation as to charging voltage (usually 4.20V ±50mV at 23°C) are followed,
the cell's charging currentwill naturatlytaperoffwith time.
FigureA3 illustrates such charging behavior. This straightforward charging regimen is, to our best knowledge, all
that is required to charge one cell. Multicell Li-Ion battery
packs (e.g., two or more cells in series) incorporate a
custom circuit for monitoring the state of charge of each
individual cell within the battery. This circuit al~o provides
extensive overcharge and other major fault protection.
The LTC1325 can readily charge either a single cell, or a
manufacturer's finished battery pack. The LTC1325 is, at
first glance, a constant-current part. Such a view of its
capabilities, however, is too limited. Its power control
section is more completely described as a constantaverage-current PWM, with the capability for "software"
feedback. Given a suitable output filter (probably only the
output inductor and the battery itself), the currentfrom the
PWM section can be turned into a. suitably constant
voltage at the battery's terminals and this voltage used to
charge Li-Ion cells or batteries.
The software feedback loop mentioned previously allows
the controlling processor to handle all aspects ofcharging, rather than demanding that important variables be
hardwired. The necessary CP servo loop is created as
follows:
- Establish a regular repetition interval for the voltage
servo loop. 1Oms to 20ms gives good results for sealed
lead-acid and Li-Ion cells and batteries.
• Set VOAC to 150mV for best resolution. RSENSE is then
chosen as 150mV/(O.9 -IMAX), where IMAX is the maximum current to be allowed through the battery.
• Perform each of the following tasks once each servo
loop interval:
a) Enter Idle mode of operation.
b) Each VCELL.
c) Adjust the value entered into a timer register (or a
software timer) up or down according to actual VCELL
vs targetVcELL.lfVcELL is too high the timer value is
increased. If VCELL is too low the timer value is
decreased.
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d) Assume that the maximum tON of the charger will be
90% of each servo loop interval.
e) Enter Charge mode of operation, for a period of
between 90% and 20% ofthe servo loop interval [as
determined by (d)]. In essence, the timer's period is
being subtracted from the charging time available
during each servo loop interval, to perform a duty
cycle modulation via the processor.
f) If tON < 2ms, switch VDAC to the next lower value.
g) Repeat (a) through (f) until the current into the
battery drops below O.002C, or until three hours of
charging have elapsed.
h) Terminate the software loop with the MOSFET P1
(Figure A4) in the "off" state. No trick-charging
resistor is used.
Lithium-Ion System Issues
Lithium-Ion cells and batteries require tight control over
the voltages to which they are exposed. This makes it
virtually mandatory that precision external resistive divider be used to scale the battery voltage and present it to
the auxiliary ADC input VIN . The highest input voltage
possible consistent with not overloading the LTC1325's
ADC should be used; 3.000V full-scale is a good choice.

This gives the best ADC resolution and helps preserve the
accuracy of the part when measuring battery voltage. If
the LTC1325's internal battery divider is used, account
must be taken of its tolerance (±2%), as well as the
reference tolerance (±0.8%) and the ADC tolerances (4
bits/1024 bits = 0.4%). The system tolerance then is
±3.2%. Adding in a ±1 % resistor division ratio would
bring this tolerance to ±4.2%.
Using a±0.1 %external divider feeding into the VIN pin, the
resulting tolerance is the ±0.8% of the reference, plus the
±0.5% represented by the ADC and the divider resistors.
The design center charging voltage is 4.19V. Overcharging (an effective voltage at the battery's terminals of
greater than 4.250V absolute maximum) is strongly discouraged by Li-Ion cell manufacturers. Any overcharging
will shorten the cell's life and may result in catastrophic
failure. With the undivided battery voltage connected to
the LTC1325's VBAl input, the on-chip battery divider can
be used to check for VCELL reaching the FEDV (Fault: End
of Discharge Voltage) point.
There is also a need to ensure that the cell voltage rarely,
if ever, dips below 2.5V to 2.7V (contact the specific cell
manufacturer for detailS), and that it never goes below
1.0V. This is a spot where the fail-safe capabilities of the
LTC1325 can serve the Li-Ion user well.
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APPENDIX B
Flow Charts
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Figure B2b. Timer Interrupt Service Routine for Comprehensive Battery Management
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APPENDIXC
A Brief Glossary
As with any other field, rechargeable battery technique has
its own terminology. Here are afew definitions which are
useful to know. Also included are terms used to describe
the LTC1325, its operation and the application circuits.
Actual Capacity: The capacity for electrical energy storage
of a cell which is in good condition, under test circumstances which differ from those established for the measurement of the cell's standard capaCity.
Battery: A grouping of cells, to increase the voltage
(series), the Ampere-Hour capability (parallel), or both
(series-parallel). In this document, "battery" may be used
interchangeably with "cell." Where the two differ, the
battery is assumed to be a series assembly of cells unless
otherwise specified.
Battery Divider: A programmable voltage divider (divide
by 1,2, .. ,16) connected between the VBAT and Sense pins
of the LTC1325. For battery types with per cell voltages of
greater than 2.9V, it is necessary to program the divider to
keep the divider output within the 2.9V minimum range of
the LTC1325 1O-bit ADC (Analog-to-Digital Converter).
BATP: Battery Present Status Bit. One of the status bits
that the LTC1325 provides. This bit is set when the VBAT
pin is pulled below VDD by at least 1.8V.
BATR: Battery Reversed or Battery Shorted Status Bit. One
of the status bits that the LTC1325 provides. When the cell
voltage, VCELL is less than 1OOmV, the BATR bit is set and
discharging or charging is terminated.
C: Current expressed in terms of the C rate of a battery,
e.g., 1.2C, 0.1 C, 2C, etc.
CRate: Anormalization concept widely used in the battery
community. A Crate of unity is equal to the capacity of a
cell in ampere-hours, divided by one hour. Hence a 2.4
Ampere-Hour cell has a C rate of (2.4 Ampere-Hours)/
(1 Hour) =2.4 Amperes. By extension, the 0.1C rateforthe
same cell equates to (0.1) (2.4 Ampere-Hours)/ (1 Hour)
=0.24 Amperes, and the 2C rate is 4.8 Amperes. The value
of this term lies in the fact that, for a given cell type, the
behavior of cells of varying actual capacity will nonetheless be very similar at the same Crates.

Cell: A single electrochemical energy storage element.
Cells come in various technologies (e.g., Nickel-Cadmium
and Nickel-Metal Hydride) and in various Ampere-Hour
ratings.
Cell Reversal: A situation involving the lowest capacity
cell in a battery stack, which can manifest itself as the
battery stack approaches a deeply discharged state. If a
given cell reaches the condition of zero charge before the
current draw from the battery stack as a whole is terminated, then currentfrom other cells in the battery stack will
force a net reverse charge onto the cell in question. This
reverse charge, if allowed to continue for a significant
length of time, can cause irreversible deterioration of the
cell undergoing reversal.
Charge Acceptance: The ability of a battery to transform
charging energy (in the form of electrical current) into
available energy (in the form of useful chemical reactions).
Essentially, a measure of the efficiency of the battery as a
storage device for electrical energy. This efficiency varies
with battery temperature, state of charge, charging rate,
age and electrochemistry.
Charge Mode: The LTC1325 can be programmed into this
functional mode to charge batteries. Charging will not
commence or is terminated if the battery is absent (see
BATP) or the battery temperature is outside permissible
limits (see LTF and HTF) or the battery is reversed or
shorted (see BATR) or if a time-out condition exists.
Charge Termination Method: The means employed by a
given charging algorithm to determine the appropriate
point in the charging cycle at which to terminate (a phase
of) that charging cycle.
Current Cutoff (CCO): A charge termination technique
which monitors the current level flowing into a cell or
battery, and indicates to the charging circuit that the
charging current should be reduced or cut off when the
level falls below a given limit.
Cycle Life: The number of charge/discharge cycles which
a battery can sustain before its capacity declines to a
specified percentage of its standard capacity, or its initial
actual capacity in a given application. The permissible
percentage of loss of battery capacity is not a fixed term
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within the battery industry, as most applications have their
own unique criteria.
dTBAT/dt: See Delta Temperature/Delta Time.
Delta Temperature/Delta Time (L1.T/Llt or dTBAT/dt): A
Charge Termination Method (or Secondary Charge Termination Method) usedto terminate the high-rate portion of
a NiCd or NiMH fast-charge regimen. This technique
makes use of the fact that the case temperature of a cell
undergoing high-rate charge will experience a relatively
rapid temperature rise as it goes into high-rate overcharge. When this rate of rise reaches a predetermined
value (typically about 1°C/minute), almost all of the dischargeable capacity has been returned to the cell, and the
high-rate charge should be terminated.
d2YBAT/dt2: See Inflection Point Cutoff.
Discharge Mode: The LTC1325 can be programmed into
this functional mode to discharge batteries through an
external limiting resistor RDiS and N-channel MOSFET.
The gate ofthe N-channel MOSFET is driven by the DIS pin.
Discharge Profile: The voltage-vs-remaining charge characteristic of acell or battery; the degree of voltage change
shown by the battery as its goes from being fully charged
to being fully discharged.
Duty Cycle: The LTC1325 can be programmed to modulate the "on" time of the charge loop with duty cycles of 1/
16, 1/8, 1/4, 1/2 and 1. The period of this modulation is
42s.
EDY: End of Discharge Voltage. Refers either to the EDV
status bit or to the internal end of discharge voltage of
0.9V. Discharge is automatically terminated by the LTC1325
when the cell voltage (VCELL) falls below 0.9V.
Energy Density (W-H/kg): A "figure-of-merit" term for
comparing differing battery technologies in terms of energy storage capacity vs mass (Watt-Hours/kg).
Energy Density (W-H/L): A "figure-of-merit" term for
comparing differing battery technologies in terms of energy storage capacity vs. volume (Watt-Hours/Liter).
Fail-Safes: Various protective measures (voltage, temperature and time limits) built into the LTC1325 to protect
the battery against potentially damaging voltage and temperature conditions when in charge or discharge modes.
Also referred to as "Fault Protection."
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Fast-Charge: Generally, any of several charging regimens
which is capable of completely recharging a battery within
three hours or less. More importantly, such regimens can
typically return at least 90% of the battery's useable
capacity within one hour or less. Only batteries specifically
designed and rated for the requirements imposed by fastcharge applications should be employed in such applications.
Gas Gauging: Computation of the amount of energy
remaining in a battery. This is typically done by coulometric means, that is, the net current with which the battery is
charged is metered and integrated. Any currents drawn
out of the battery are then metered and subtracted from
the integrated total. More sophisticated versions of this
same concept use look-up tables and/or algorithmiC means
to allow for the effects of such variables as charging rate,
discharge rate, and temperature during charge and discharge phases of battery use. These corrections compensate for measurement discrepancies which the battery's
variable charge acceptance and actual capacity might
otherwise cause.
Gas Gauge: To perform the gas gauging function. Also, a
device or display used somewhere within the system
employing the gas gauging function, to indicate the status
of the battery to the user and/or to system software
routines.
Gas Gauge Mode: The LTC1325 can be programmed into
this functional mode to measure load currents sensed by
RSENSE. The voltage across RSENSE is multipled by -4, RC
filtered before being converted by the ADC. The RC filter
consists of an internal 1k resistor and an external nonpolarised capacitor CFlLTER connected at the Filter pin of
the LTC1325.
Gassing: The generation of gas(ses) within a cell as it
approaches and enters the overcharge regime. Gassing is
an anticipated part of the cell's operation, and is not
harmful unless the rate of gassing exceeds the rate at
which the cell can recombine the gas(ses) generated.
Under such circumstances, the excess gas(ses) will escape to the outside of the cell through a pressure relief
valve, causing the permanent loss to the cell of some of the
electrolyte from which the gas(ses) were evolved.
High-Rate Charge: The first stage of the two or more stage
fast-charge regimen, during which current is flowing
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through the battery under charge at agreater rate than the
battery can allow on a continuous basis. This portion of
the fast-charge requires specific external termination.

Charging is automatically terminated when the voltage at
the TBAT pin of the LTC1325 is greater than the voltage at
the LTF pin.

HTF: High Temperature Fault. Refers either to the HTF
status bit or to the highest battery temperature at which
charging or discharging is permitted by the LTC1325.
Charging is automatically terminated by the LTC1325
. when the voltage at the TBAT pin is less than the voltage at
the HTF pin.

MCV: Maximum Cell Voltage. Refers either to the MCV
status bit or the highest permissible VCELL. Charging is
automatically terminated by the LTC1325 when the cell
voltage (VCELL) is greater than the voltage at the MCV pin .

ICHG: Average Charging Current. This should be within
recommended limits for the battery.
IDls: Average Discharge Current. This should be within
recommended limits for the battery.
Idle Mode: The LTC1325 can be programmed into this
mode when none of the other modes are needed or to
make ADC measurements without the presence of switching noise.
Inflection Point Cutoff (d2VBAT/dt2): Acharge termination
technique used with Nickel-Cadmium and Nickel Metal
Hydride batteries. During charge at a constant rate (e.g.,
the high-current portion of a fast-charge regimen), the
terminal voltage of such batteries increases until the
battery is slightly into overcharge. The rate of this increase, however, is not linear with respect to time. Shortly
before the battery reaches full charge, the rate of change
of terminal voltage becomes constant; at the time the
battery becomes fully charged this rate of change becomes either zero or negative. The second derivative ofthe
battery's voltage with respect to time can therefore be
used to indicate that point at which the battery is near full
charge, by looking for either azero, or more commonly a
negative, value of d2VBAT/dt.
Incremental Temperature Cutoff (dTCO): A Charge Termination Method (or Secondary Charge Termination
Method) frequently used to terminate the high-rate portion of a fast-charge regimen. TCO makes use of the fact
that the case of a fully charged cell will experience a
relatively rapid temperature rise as it goes into high-rate
overcharge (typically 0.5°C/minute to 1°C/minute).
LTF: Low Temperature Fault. Refers either to the LTF
status bit or to the lowest battery temperature at which
charging or discharging is permitted by the LTC1325.

Negative d Voltage (-dV): ACharge Termination Method
(or Secondary Charge Termination Method) frequently
used to terminate the high rate portion of a fast-charge
regimen. This method makes use of the fact that the
voltage across a Nickel-Cadmium cell, and to a lesser
degree, a Nickel-Metal Hydride cell, will experience a
maximum voltage and asubsequent voltage decrease (the
U-dV") once it goes into high-rate overcharge (typically
between -20mV and -50mV for a Nickel-Cadmium cell) ..
This technique is most commonly employed with NiCd
batteries.
NiCd: Nickel-Cadmium
NiMH: Nickel-Metal Hydride
NTC: Negative Temperature Coefficient. Also used in this
Application Note to refer to thermistors with negative
temperature coefficients.
Overcharge: The situation which arises when a cell has
been returned to its state of full charge, but the charging
current to the cell is not removed. Of necessity, cells are
designed to handle acertain amount of overcharge, hence,
this is not necessarily either a harmful or an undesirable
condition. During overcharge, the excess electrical energy
applied to the cell which does not go towards preventing
self-discharge is dissipated as heat, through the formation
and recombination of gas(ses) within the cell.
PTC: Positive Temperature Coefficient. Also used in this
Application Note to refer to thermistors with positive
temperature coefficients.
Quick-Charge: A charging regimen for Nickel-Cadmium
and Nickel-Metal Hydride batteries which can return 100%
of usable capacity to the battery in five hours. Batteries to
be charged in this manner must be rated for such charging. The charging current for this regimen is usually
stipulated by the manufacturer to be 0.33C.
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ROIS: External resistor in LTC1325-based Circuits to limit
battery discharge currents to within recommended limits
for the battery.
ROS(ON): Drain to source on-resistance of a MOSFET.
Required Charging Voltage: The minimum voltage which
should be available with which to charge a given type of
battery, in agiven charge regimen. Essentially, the compliancevoltage capability of the charger, as dictated by the
voltage which the battery can be expected to achieve
during the charging cycle.

Standard Capacity: The capacity for electrical energy
storage of acell which is in good condition. The necessary
tests to ascertain this capacity is carried out under the cell
manufacturer's specified standard conditions, which are
generally those at which the cell can be expected to deliver
its best performarice.
Standard-Charge: An "overnight" oharge method. This
regimen typically involves charging at the 0.1 C rate, requiring 14 to 16 hours to perform acomplete charge on a
battery.

RSENSE: Sense Resistor. An external resistor in LTC1325based circuits which is connected between the Sense pin
and ground. This resistor is used to sense battery current
in charge and gas gauge modes.

TAMB: Refers to ambient temperature orto the TAMB pin of
the .LTC1325. This pin is connected to an undedicated
channel of the 10-bit ADC and may be used to monitor
ambient temperature.

RTRK: Trickle Resistor. An external resistor in LTC1325based circuits. This resistor has three purposes: 1) it
keeps the battery in afully charged condition after charging is completed, 2) it trickle-charges adeeply discharged
battery to raise its cell voltage above 100mV so that
charging may commence, and 3) it pulls the VBAT pin high
whenever the battery is removed. This tells the LTC1325
that the battery has been removed.

TBAT: Refers to either battery temperature or the voltage at
the TBAT pin of the LTC1325.

Secondary Charge Termination Methods: Certain charging algorithms, especially fast-charge algorithms, have
the potential to damage the batteries which they are
charging if charge termination does not occur properly.
For this reason, such algorithms generally employ more
than one termination method. Secondary Charge Termination Methods are tho.se which provide redundancy for
the chosen Charge Termination Method.
Self-Discharge: The characteristic of electrochemical storage cells to bring themselves to the discharged state, even
when their terminals are open-circuited.
Self-Discharge Rate: The rate at which an electrochemical storage cell brings itself towards the discharged state,
with its terminals open-circuited. This rate is, for example,
approximately 0.5%/day to·1 %/day for Nickel-Cadmium
and Nickel-MetalHydride cells at room temperature.
Shutdown Mode: The LTC1325 is programmed into this
functional mode to reduce current drain on VDD supply to
30mA typical.
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Temperature Cutoff (TCO): Atechnique for determining
at what point to terminate the charging of acell or battery.
The absolute temperature of the cell (or one cell of a
battery) is monitored by atemperature-sensitive element
which, upon detecting a preset temperature, will either
reduce or terminate the charging current to the cell or
battery. TCO is frequently used as a backup termination
method in fast-charge systems.
Time-Out: Atime limit on charge and discharge time. May
be one of eight values: 5, 10,20,40,80,160,320 minutes
or no time-out.
Top-Off Charge: The second portion of the three-stage
fast-charge regimen, during which the rate of currentflow
through the battery undercharge is cut back significantly
from the high-rate value. This portion of the charge serves
to put the battery barely into overcharge.
Trickle-Charge: The third stage of the three7stage fastcharge regimen, during which the rate of currentflow
through the battery under charge is kept at a sufficient
level to prevent the battery from self-discharging, but
which contributes little to the charging of the battery per
se. The current level required for trickle-charge mayor
may not be lower than that used for the topoff-charge.
VCELL: Cell Voltage. The battery voltage divided by the
programmed se,tting of the LTC1325 battery divider.
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VOAC: A programmable reference voltage in the LTC1325
which determines the average voltage at the Sense pin
when the LTC1325 is programmed into charge mode.
VDAC may be set to one of four values.
Voc: Positive charging supply in the LTC1325 circuits
described in this Application Note.
Voo: Positive supply pin of the LTC1325. Same as VDC for
voltages between 4.5V to 16V.
VEC: End of Charge Voltage. The maximum voltage across
each cell of the battery when fully charged. The voltage at
the MCV pin should be set above VEC to prevent false failsafes from occurring.
Venting: The loss of gas(ses) from the inside of a nominally "sealed" cell to the ambient, through the cell's
pressure relief valve. Venting is indicative of a harmful
level of overcharge, and will cause eventual irreparable
damage to the cell.

VBAI: Battery Voltage
VIN: Refers to the VIN pin of the LTC1325 or its voltage.
This pin is connected to an undedicated channel of the
10-bit ADC and may be used to monitor any desired
voltage within the 3V range of the ADC.
Zero Voltage (Zero V): ACharge Termination Method (or
Secondary Charge Termination Method) frequently used
to terminate the high-rate portion of a fast-charge regimen. This method makes use of the fact that the voltage
across aNickel-Metal Hydride or Nickel-Cadmium cell will
experience a voltage maximum, and subsequent voltage
decrease or .plateau once it goes into high-rate overcharge. The point at which voltage stops increasing during
charging is the pOint of Zero V. This technique is most
commonly employed with NiMH batteries.
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External Component Sources List
Batteries
Duracell USA (HQ)
Berkshire Corporate Park
Bethel, CT 06801
(203) 796-4000
(800) 243-9540
FAX: (203) 730-8958
Energizer Power Systems
Div. of Eveready Battery Co., Inc.
Highway441 North
P.O. Box 147114
Gainesville, FL 32614-7114
(904) 462-3911
FAX: (904) 462-6210
GP Batteries (U.S.A.) Inc,
2772 Loker Avenue West
Carlsbad, CA 92008
(619) 438-2202
FAX: (619) 438-0694

GS Battery (USA) Inc.
17253 Chestnut Street
City of Industry, CA 91748
(818) 964-8348
FAX: (818) 810-9438
Hawker Energy Products, Inc.
617 N. Ridgeview Drive
Warrensburg, MO 64093-9301
(816) 429-2165
FAX: (816) 429-2253
Panasonic Industrial Company
Headquarters:
P. O. Box 1511
Secaucus, NJ 07096
(201) 348-5272
FAX: (201) 392-4728

SAFT America, Inc.
Otay Commerce Center
2155 Paseo de las Americas, #31
San Diego, CA 92173
(619) 661-7992
FAX: (619) 661-5096
SANYO Energy (U.S.A.) Corporation
2001 Sanyo Avenue
San Diego, CA 92173
(619) 661-6620
FAX: (619) 661-6743 .
Tadiran Electronic Industries, Inc.
2 Seaview Boulevard
Port Washington, NY 11050
(800) 786-9887
(516) 621-4980
FAX: (516) 621-4517
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Varta Batteries Inc. (USA)
300 Executive Boulevard
Elmsford, NY 10523-1202
(914) 592-2500
FAX: (914) 592-2667

Panasonic Industrial Company
Two Panasonic Way, 7H-3
Secaucus, NJ 07094
(201) 348-5232
FAX: (201) 392-4441

Inductors
Coiltronics, Inc.
6000 Park of Commerce Boulevard
Boca Raton, FL 33487
(407) 241-7876
FAX: (407) 241-9339

Phillips Components
Discrete Products Division
2001 W. Blue Heron Blvd.
P.O. Box 10330
Riviera Beach, FL 33404
(407) 881-3200

Dale Electronics, Inc.
East Highway 50
P.O. Box 180
Yankton, SD 57078-0180
(605) 665-9301
FAX: (605) 665-1627

Thermometrics Inc.
808 U.S. Highway 1
Edison, NJ 08817
(908) 287-2870
FAX: (908) 287-8847

Hurricane Electronics Lab
P.O. Box 1280
331 North 2260 West
Hurricane, UT 84737
(801) 635-2003
FAX: (801) 635-2495
Sumida Electric (USA) Corp., Ltd.
5999 New Wilkie Road
Suite 110
ROiling Meadows, IL 60008
(847) 956-0666
FAX: (847) 956-0702
Thermistors
Alpha Thermistor and Assembly Inc.
7181 Construction Court
San Diego, CA 92121
(619) 549-4660
FAX: (619) 549-4791
Fenwal Electronics Inc.
450 Fortune Boulevard
Milford, MA 01757
(508) 478-6000
FAX: (508) 473-6035
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MOSFETs
International Rectifier
U.S. World Headquarters
233 Kansas Street
EI Segundo, CA 90245
(310) 322-3331
FAX: (310) 322-3332
Motorola Semiconductor, Inc.
3102 North 56th Street
MS56-126
Phoenix, AZ 85018
(800) 521-6274
Siliconix Inc.
2201 Laurelwood Road
P.O. Box 54951
Santa Clara, CA 95056
(408) 988-8000
FAX: (408) 970-3950

SchoHky Diodes
General Instrument
Power Semiconductor Division
10 Melville Park Road
Melville, NY 11747
(516) 847-3000
International Rectifier
U.S. World Headquarters
233 Kansas Street
EI Segundo, CA 90245
(310) 322-3331
FAX: (310) 322~3332
Motorola Semiconductor, Inc ..
3102 North 56th Street
MS56-126
Phoenix, AZ 85018
(800) 521-6274
Polymer PTes
Raychem Corporation
PolySwitch Division
300 Constitution Drive
Menlo Park, CA 94025-1164
(800) 272-9243, x6900
FAX: (800) 227-4866
Bimetallic. Thermostats
Phillips Technologies
Airpax Protector Group
550 Highland Avenue
Frederick, MD 21701
(301) 663-5141
FAX: (301) 698-0624
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A Fourth Generation of LCD Backlight Technology
Component and Measurement Improvements Refine Performance
Jim Williams

PREFACE
Current generation portable computers and instruments
utilize backlit LCDs (Liquid Crystal Displays). These displays have also appeared in applications ranging from
medical equipment to automobiles, gas pumps and retail
terminals. Cold Cathode Fluorescent Lamps (CCFLs) provide the highest available efficiency for backlighting the
display. These lamps reqLiire high voltage AC to operate,
mandating an efficient high voltage DC/AC converter. In
addition to good efficiency, the converter should deliver
the lamp drive in sine wave form. This is desirable to
minimize RF emissions. Such emissions can cause interference with other devices, as well as degrading overall
operating efficiency. The sine wave excitation also provides optimal current-to-light conversion in the lamp. The
circuit should permit lamp control from zero to full brightness with no hysteresis or "pop-on," and must also
regulate lamp intensity vs power supply variations.
The small size and battery-powered operation associated
with LCD equipped apparatus mandate low component
count and high efficiency for these circuits. Size constraints place severe limitations on circuit architecture and
long battery life is usually a priority. Laptop and handheld
portable computers offer an excellent example. The CCFL
and its power supply are responsible for almost 50% ofthe
battery drain. Additionally, these components, including

CCFL backlight application circuits contained in this Application Note are
covered by U.S. patent number 5408162 and other patents pending.

L7lJD~

PC board and all hardware, usually must fit within the LCD
enclosure with a height restriction of 0.25 inches.
A practical, efficient LCD backlight design is a classic
study of compromise in a transduced electronic system.
Every aspect of the design is interrelated, and the physical
embodiment is an integral partofthe electrical circuit. The
choice and location of the lamp, wires, display housing
and other items have amajor effect on electrical characteristics. The greatest care in every detail is required to
achieve a practical high efficiency LCD backlight. Getting
the lamp to light is just the beginning!
First generation backlights were crude, with poor performance in almost all areas. LTC (Linear Technology
Corporation) has introduced feedback stabilization and
optimized lamp driving configurations in three successive
generations of technology. The effort has culminated in
dedicated ICs for backlight driving.
This fourth publication reviews our recent work in components and measurement techniques applicable to LCD
backlighting. Theoretical considerations are presented
with practical suggestions, remedies and circuits. As
always, we welcome reader comments, questions and
requests for consultation.

~

l TC and l Tare registered trademarks of linearTechnology Corporation.
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INTRODUCTION
This scribing marks the fourth LTC publication in as
many years concerning LCD iIIumination. 1 The extraordinary user response to previous efforts has resulted in a
continuing LCD backlight development effort by our
company. This level of interest, along with significant
performance advances since the last publication, justifies
further discussion of LCD backlighting.
Development of attractive solutions for LCD illumination
has necessitated the longest sustained .LTC application
engineering effort to date. A single circuit in a 1991
publication (Measurement and Control Circuit Collection,
LTC Application Note 45, June 1991) has resulted in four
years of continuous investigation, summarized in three
successive, dedicated publications.
The impetus for all this bustle has been an overwhelming
and continuously ascending reader response. Practical,
high performance LCD backlighting solutions are needed
in a wide range of applications. The optical, transductive
and electronic aspects combine (conspire?) to present an
extraordinarily challenging problem. The LCD backlight
problem's interdisciplinary nature, along with highly interactive effects, provides an exquisitely subtle engineering
exercise. Backlights present the most complex set of
interdependenCies the author has ever encountered. Our
academic interest in this challenge is, of course, well
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patinaed with capitalistic intent. Substantial comfort arrives with the certainty that the audience is similarly
acculturated.
This publication includes pertinent information from previous efforts in addition to updated sections and a large
body of new material. The partial repetition is a small
penalty compared to the benefits of text flow, completeness and time efficient communication. Older material has
been altered, abridged or augmented as appropriate, while
simultaneously introducing new findings. Previous work
has emphasized obtaining and verifying high efficiency.
This characteristic is still quite desirable, but other backlight requirements have become evident These include
low voltage operation, improved system interface, minimization of display-induced losses, Circuitry compaction
and better measurement/optimization techniques. These
advances have been enabled by development of new ICs
and instrumentation.
Finally, this preamble must appreciate the text's arrangement and review by various LTC personnel and customers. They transmuted a psychotic uproar of a manuscript
into this finessed presentation. Hopefully, readers will join
the author in applause.
Nola 1. Previous publications are annotated in References 1, 18 and 25.
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PERSPECTIVES ON DISPLAY EFFICIENCY

The LCD displays currently available require two power
sources, a backlight supply and a contrast supply. The
display backlight is the single largest power consumer in
atypical portable apparatus, accounting for almost 50% of
battery drain with the display at maximum intensity. As
such, every effort must be expended to maximize backlight efficiency.
Study of LCD energy management should consider the
problem from an interdisciplinary viewpOint. The backlight presents acascaded energy attenuator to the battery
(Figure 1). Battery energy is lost in the electrical-toelectrical conversion to high voltage AC to drive the CCFL.
This section of the energy attenuator is the most efficient;
conversion efficiencies exceeding 90% are possible. The
CCFL, although the most efficient electrical-to-light converter available today, has losses exceeding 80%. Additionally, the optical transmission efficiency of present
displays is under 10% for monochrome with color types
much lower.
ELECTRICAL TO ~ -...i.... ELECTRICAL
ELECTRICAL .....:....':' TO LIGHT
CONVERSION _
CONVERSION
VOLTAGE rt.
r---. HIGH
CONVERTER

COLD CATHODE
FLUORESCENT
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> 90% EFFICIENT

< 20% EFFICIENT

DC TO AC

BATIERY

I
I

I

PARASITIC CAPACITANCE
PATHS ABSORB SOME
DC/AC CONVERTER OUTPUT

L1GHTTO
LIGHT
CONVERSION

~

LCD
DISPLAY
DIFFUSER
< 10% EFFICIENT
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Figure 1. Backlit LCD Display Presents a Cascaded Energy
Attenualor 10 the Battery. DCIAC Conversion is Significanlly
More Efficient Than Energy Conversions in Lamp and Display

areas. In particular, the form of drive applied to the lamp
is quite critical. The waveshape supplied to the lamp
influences its current-to-light conversion efficiency. Thus,
dissimilar waveforms containing equivalent power can
produce different amounts of lamp light output. This
implies that a more electrically efficient inverter with a
nonoptimal output waveshape could produce less light
than a "less efficient" inverter with a more appropriate
waveform. Experiment reveals this to be true. As such,
distinction between electrical and photometric efficiency
is necessary and requires attention.
Another practical area where improvement is possible is
transmission of inverter drive to the lamp. The high
frequency AC waveform is subject to losses due to parasitic capacitances in the wiring and display. Controlling the
parasitic capacitances and the manner in which lamp drive
is applied can yield significant efficiency improvement.
Practical methods addressing both aforementioned areas
are contained in subsequent sections of this publication.
Cold Cathode Fluorescent Lamps (CCFLs)

Any discussion of CCFL power supplies must consider
lamp characteristics. These lamps are complex transducers, with many variables affecting their ability to convert
electrical current to light. Factors influencing conversion
efficiency include the lamp's current, temperature, drive
waveform characteristics, length, width, gas constituents
and the proximity to nearby conductors.

The very high DC/AC conversion efficiency highlights
some significant issues. Anything that improves energy
transfer in the other "attenuator" areas will have greater
impact than further electrical efficiency improvements.
Additional improvements in electrical efficiency, while
certainly desirable, are reaching the point of diminishing
returns. Clearly, overall backlight efficiency gains must
come from lamp and display improvements.

These and other factors are interdependent, resulting in a
complex overall response. Figures 2through 8show some
typical characteristics. A review of these curves hints at
the difficulty in predicting lamp behavior as operating
conditions vary. The lamp's current, temperature and
warm-up time are clearly critical to emission, although
electrical efficiency may not necessarily correspond to the
best optical efficiency point. Because of this, both electrical and photometric evaluation of a circuit is often required. It is possible, for example, to construct a CCFL
circuit with 94% electrical efficiency which produces less

There is very little electrical workers can do to improve
lamp and display efficiency besides call attention to the
problems (see the following sections on lamps and displays).2 Improvements are, however, possible in related

Nole 2. "Gall attention to the problems" constitutes a pleasant
euphemism for complaining. This publication's section on displays
presents such complaints in visual form along with suggested
remedies.
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light output than an approach with 80% electrical efficiency. (See Appendix L, "A Lot of Cut Off Ears and No Van
Goghs-Some Not-So-Good Ideas.") Similarly, the performance of avery well matched lamp/circuit combination
can be severely degraded by a lossy display enclosure or
excessive high voltage wire lengths. Display enclosures
with too much conducting material near tlie lamp have
huge losses due to capacitive coupling. Apoorly designed
display enclosure can easily degrade efficiency by 20%.
High voltage wire runs typically cause 1% loss per inch of
wire.
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CCFL Load Characteristics
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Figure 9a shows an AC driven lamp's characteristics on a
curve tracer. The negative resistance-induced "snap-back"
is apparent. In Figure 9b another lamp, acting against the
curve tracer's drive, produces oscillation. These tenden-
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These lamps are a difficult load to drive, particularly for a
switching regulator. They have a "negative resistance"
characteristic; the starting voltage is significantly higher
than the operating voltage. Typically, the start voltage is
about 1OOOV, although higher and lower voltage lamps are
common. Operating voltage is usually 300V to 500V,
although other lamps may require different potentials. The
lamps will operate from DC, but migration effects within
the lamp will quickly damage it. As such, the waveform
must be AC. No DC content should be present.
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Figure 8. Figure 7's Lamp Shows Significant Emission vs Drive
Frequency Degradation When Mounted in a Display. Cause Is
Frequency-Dependent Loss Due to Display's Parasitic
Capacitance Paths

The optimum drive frequency is determined by display and
wiring losses, not lamp characteristics. Figure 7 shows
lamp emissivity is essentially flat over a wide frequency
range. Figure 8shows results with the same lamp mounted
in a typical display.
The apparent emissivity fall-off at high frequencies is
caused by reduced lamp current due to parasitic capacitance-induced losses. As frequency increases, the display's
parasitic capacitance diverts progressively more energy,
lowering lamp current and emission. This effect is sometimes misinterpreted, leading to the mistaken conclusion
that lamp emissivity degrades with increasing frequency.

2mNDIV

200VlDIV

""_

(9b)
Figure 9. Negative Resistance Characteristic tor Two CCFL
Lamps. "Snap-Back" Is Readily Apparent, Causing Oscillation in
9b. These Characteristics Complicate Power Supply Design
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cies, combined with the frequency compensation problel)1s associated wit~ switching regulators, can cause
severe loop Instabilities, particularly on start-up. Once. the
lamp is in its operating region it assumes a linear load
characteristic, easing stability criteria. Lamp operating
frequencies are typi,cally 20kHz to 100kHz and a sine-like
waveform is preferred. The sine drive's low harmonic
content minimizes RF emissions, which could cause interference and efficiency degradation. 3 A further benefit to
the continuous sine drive is its low crest factor and
controlled rise times, which are easily handled by the
CCFL. CCFL's RMS current-to-light output efficiency and
lifetime degrades with fast rise, high crest factor drive
waveforms. 4
Display and Layout Losses
The physical layout of the lamp, its leads, the display
housing and other high voltage components are integral
parts of the circuit. Placing the lamp into a display introduces pronounced electrical loading effects which must
be considered. Poor layout can easily degrade efficiency
by 25% and higher layout-induced losses have been
observed. Producing an optimallayoutrequJres attention
to how losses occur. Figure 10 begins our study by
examining potential parasitic paths between the
transformer's output and the lamp. Parasitic capacitance
to AC ground from any point between the power supply
output and the lamp creates a path for ulldesired current
flow. Similarly, stray coupling from any point along the
lamp's length to AC ground induces parasitic current flow.

All parasitic current flow is wasted, causing the circuit to
produce more energy to maintain desired current flow in
the lamp. The high voltage path from, the transformer to
the display housing should be as short as possible to
minimize losses. A good rule of thumb is to assume 1%
efficiency loss per inch of high voltage lead. Any PC board
traces, ground or power planes should be relieved by at
least 1/4" in the high voltage area. This not only prevents
losses but eliminates arcing paths.
Parasitic losses associated with lamp placement within
the display housing require attention. High voltage wire
length within the housing must be minimized, particularly
for displays using metal construction. Ensure thatthe high
voltage is applied to the shortest wire(s)in the display.
This may require disassembling the display to verify wire
length and layout. Another loss source is the reflective foil
commonly used around lamps to direct light into the
actual LCD. Some foil materials absorb considerably more
field energy than others, creating loss. Finally, displays
supplied in metai enclosures tend to be lossy. The metal
absorbs significant energy and an AC path to ground is
unavoidable. Direct grounding of metal enclosed displays
further increases losses. Some display manufacturers
have addressed this issue by relieving the metal in the
lamp area with other materials. Losses introduced by the
Note 3. Many of the characteristics of CCFLs are shared by so-called
"Hot" cathode fluorescent lamps. See Appendix A, "Hot" Cathode
Fluorescent Lamps:
Note 4. See Appendix L, "A Lot of Cut Off Ears and No Van GoghsSome Not-So-Great Ideas."
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display are substantial and vary widely with different
displays. These losses not only degrade overall efficiency,
but complicate meaningful determination of the lamp
current. Figure 11 shows effects of distributed parasitic
capacitance loss paths on lamp current. The display
housing and reflective foil-induced loss paths provide a
continuous conduit for loss current flow. This results in a
continuously varying value of "lamp current" along the
lamp's length. In cases where one end of the lamp is at or
near ground, the current fall-off is greatest in the lamp's
high voltage regions. Although parasitic capacitance is
usually uniformly distributed, its effect becomes far greater
as voltage scales up.
These effects illustrate why designing around lamp specifications is such a frustrating exercise. Display vendors
typically call out lamp operating parameters based on
information received from the lamp manufacturer. Lamp
vendors often determine operating characteristics in a
completely different enclosure, or none at all. This set of
uncertainties complicates design effort. The only viable
solution is to determine lamp performance with the display of interest. This is the only practical way to maximize
performance and ensure against overdriving the lamp,
which wastes power and shortens lamp life.

In general, the display introduces parasitics which degrade performance. Latter portions of this text discuss
some compensatory techniques, but the deleterious effects of display parasitics dominate practical backlight
design.
There are some benefits to lossy displays. One advantage
of display parasitics is that they effectively lower lamp
breakdown voltage. The parasitic shunt capacitance along
the tube's length forms adistributed electrode, effectively
shortening the breakdown path, lowering the lamp's turnon voltage. This accounts for the fact that many display
mounted lamps start at lower voltages than the "naked"
lamp breakdown voltage specification suggests. This effect aids low temperature start-up (see Figures 5 and 6).
Asecond potential advantage of distributed parasitic lamp
capaCitance is enhancement of low current operation. In
some cases extended dimming range is possible because
the parasitics provide amore evenly distributed field along
the lamp's length. This tends to maintain illumination
along the lamp's entire length at low operating currents,
allowing low luminosity operation.

~xt=:-t~.~~

WIRING-INDUCED
PARASITIC LOSS PATHS

DISPLAY HOUSING!
S.ISmA
REFLECTIVE FOIL-INDUCED
PARASITIC LOSS PATHS

PRIMARY
DRIVE
CIRCUITRY

1

S.lmA

~.smA
HIGH VOLTAGE
TRANSFORMER
SECONDARY
SmA

Figure 11. Distributed Parasitic Capacitances in a Practical Situation Cause Continuous Downward Sh~ft in Measured
"Lamp Current." In This Case D.SmA Is Lost to Parasitic Paths_ Most Loss Occurs in High Voltage Regions
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The lessons here are clear. Athorough characterization of
lamp/display losses is crucial to understanding trade-offs
and obtaining the best possible performance. The highest
efficiency "in system" backlights have been produced by
careful attention to these issues. In some cases the entire
display enclosure was re-engineered for lower losses.

The display loss issue, central to backlight design , merits
detailed attention. The following briefly commented photographs (Figures 12 through 32) illustrate a variety of
display situations. Hopefully, this visual tour will alert
display users and manufacturers to the problems involved , promoting appropriate action by both.

Figure 12. The Ideal Display Is No Display. Drive Electronics Connected to a "Naked " Lamp Simulates a Zero
Loss Display. Note Nylon Stand-Ofls . Results Obtained Have No Relationship to Practical Display Driving
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Contacts Metal Frame. Massive losses via This Path Cause Overall 12% loss. Trimming Foillrom Metal Cuts
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Figure 25. Metal Cover over lamp Causes 15% loss. Replacing Cover Securing Screws with Nylon Types Floats
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Figure 26. Huge Metal Area over Lamp Causes 14% Loss. Replacing Metal in Lamp Area with Plastic
Cuts Loss to 6%

»

u
u

o

o
:::±
o

»
z

m

(}1
I

I\.)
(}1

::J

Figure 27. Metallic Foil over Lamp (Upper Center) Dumps Absorbed Energy to Metal Rear Cover. 16% Loss Results
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Figure 28. Low Losses of the Display's Nonconductive Frame (Black Plastic) Are Thrown Away by Lossy Reflective
Foil Contacting Massive Metal Rear Cover. 15% Loss Results

»

u
u

o

o

-+:

o
p

z

OJ
(J1
I

I\)

--J

::J

Figure 29. A Similar Situation to Figure 28. Large Metal Rear Cover Contacts Lossy Foil (Not Visible).
Causing Huge Losses
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Figure 30. Grounded Metallic Optical Rellector in Automotive lamp Introduces 18% loss. Optical Gain over
Nonmetallic Rellector May Justify large Electrical loss
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Figure 31. Metallic Heater on Lamp in this Automotive Application Eases Low Temperature Starting
but Causes 31% Loss
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Figure 32. Similar to Figure 31 . Metallic Cold Start Heaters in Automotive Application Induce 23% Loss'
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Considerations for Multilamp Designs

Figure 34's display arrangement is less friendly. The
asy~m~trical wiring forces unequal losses and the lamps

Multiple-lamp designs are not recommended if lamp in!ensity matching is important. Maintaining emission matchmg over time, temperature and production variations is
quite difficult. In some restricted cases multilamp displays
may be a viable option, but a single lamp with good
diffuser optics is almost always the better approach.
Information on dual-lamp displays is presented here for
reference purposes only.5

~ecelye I~balanced current. Even with identical lamps,
Illummatlon may not be balanced. This condition is
partially correctable by skewing values of C1 and C2 . C1,
because it drives greater parasitic capacitance, should be
larger than C2. This tends to equalize the currents
promoting equal lamp drive. It is important to realize that
this compensation does nothing to recapture the lost
energy-efficiency is still compromised. There is no
~ubstitute for minimizing loss paths. Similarly, any change
m lamp characteristics (e.g., aging) can cause imbalanced illumination to recur.

Systems using two lamps have some unique layout problems. Almost all dual-lamp displays are color units. The
lower light transmission characteristics of color displays
necessitates more light. As such, display manufacturers
sometimes use two lamps to produce more light. The
wiring layout of these dual-lamp color displays affects
efficiency and illumination balance in the lamps. Figure 33
shows an "x-ray" view of atypical display. This symmetrical arrangement presents equal parasitic losses. If C1 and
C2 and the lamps are well-matched, the circuit's current
output splits evenly and equal illumination occurs.

In general, imbalanced illumination causes fewer problems than might be supposed at high intensity levels.
Unequal illumination is much more noticeable at lower
levels. In the worst case the dimmer lamp may only
partially illuminate. This phenomenon, sometimes called
"Thermometering," is discussed in detail in the text section, "Floating Drive Circuits."
Nole 5. The text's tone is intended to convey our distaste for multilamp
displays. They are the very soul of heartache.
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CCFL Power Supply Circuits

Choosing an approach for ageneral purpose CCFL power
supply is difficult. A variety of disparate considerations
make determining the "best" approach athoughtful exercise. Above all, the architecture must be extraordinarily
flexible. The sheer number and diversity of applications
demands this. The considerations take many degrees of
freedom. Power supply voltages range from 2V to 30V
with output power from minuscule to SOW. The load is
highly nonlinear and varies over operating conditions. The
backlight is often located some distance from the primary
power source, meaning the supply must tolerate substantial supply bus impedances. Similarly, it must not corrupt
the supply bus with noise, or introduce appreciable RFI
into the system or environment. Component count should
be low and the supply must be physically quite small as
space is usually extremely limited. Additionally, the cir~uit
must be relatively layout-insensitive because of varying
board shape requirements. Interface for shutdown and
dimming control should accommodate either digital or

analog inputs, including voltage, current, resistive, PWM
or serial bit-stream addressing. Finally, lamp currentshould
be predictable and stable with changes in time, temperature and supply voltage.
A current-fed, feedback-controlled resonant Royer converter meets these requirements. 6 This approach, because of its extreme flexibility, is afavorable compromise.
It operates over wide supply ranges and scales well over
a broad output power rangE\. Current is taken from the
supply bus almost continuously, making the circuit tolerate supply bus impedance. This characteristic also means
that circuit operation does not corrupt power supply lines.
There is no RFI problem and component count is low. It is
small, relatively insensitive to layout and easy to interface
to. Lastly, lamp current is stable and predictable over
operating conditions.
Note 6. See Appendices K and L for detailed discussion on architecture
selection and the Royer configuration.

;"

AN65-32

Application Note 65
Figure 35 is apractical CCFL power supply circuit based on
the above discussion. Efficiency is 88% with an input
voltage range of 6.5V to 20V. This efficiency figure can be
degraded by about 3% if the LT®1172 VIN pin is powered
from the same supply as the main circuit VIN terminal.
Lamp intensity is continuously and smoothly variable
from zero to full intensity. When power is applied the
LT1172 switching regulator's Feedback pin is below the
device's internal 1.2V reference, causing full duty cycle
modulation at the Vsw pin (Trace A, Figure 36). Vsw conducts current (Trace B) which flows from L1's center tap,
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Figure 35. An 88% Ellieieney Cold Cathode Fluorescent
Lamp Power Supply

A =20VIDIV
B = O.4NDlV

C =20VIDIV
D = 20v/DIV
E= 1000v/DIV
F = 5V/DIV

A, B= 41'S1DIV
CTHRU F = 20flSlDIV
TRIGGERS FULLY INDEPENDENT

Figure 36. Waveforms for the Cold Cathode Fluorescent
Lamp Power Supply. Note Independent Triggeri!1g on
Traces A and B, and Cthrough F

through the transistors, into L2. L2's current is deposited
in switched fashion to ground by the regulator's action.
L1 and the transistors comprise a current driven Royer
class converter? which oscillates at afrequency primarily
set by L1's characteristics (including its load) and the
O.068~ capacitor. LT1172 driven L2 sets the magnitude
of the Q1/Q2 tail current, hence L1's drive level. The
1N5818 diode maintains L2's current flow when the
LT1172 is off. The LT1172's 100kHz clock rate is asynchronous with respectto the push/pull converter's (60kHz)
rate, accounting for Trace B's waveform thickening.
The O.068~ capacitor combines with L1's characteristics
to produce sine wave voltage drive at the Q1 and Q2
collectors (Traces C and D respectively). L1 furnishes
voltage step-up and about 1400Vp_p appears at its secondary (Trace E). Current flows through the 27pF capaCitor into the lamp. On negative waveform cycles, the lamp's
current is steered to ground via D1. Positive waveform
cycles are directed via D2 to the ground referred 562Q/50k
potentiometer chain. The positive half-sine appearing
across the resistors (Trace F) represents 1/2 the lamp
current. This signal is filtered by the 1Ok/O.1 ~ pair and
presented to the LT1172's Feedback pin. This connection
closes a control loop which regulates lamp current. The
2~ capacitor at the LT1172's Vc pin provides stable loop
compensation. The loop forces the LT1172 to switch
Nole 7. See Appendix K, "Who Was Royer and What Did He Design?"
See also Reference 2.
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mode modulate L2's average current to whatever value is
required to maintajn constant current in the lamp. The
constant current's value, and hence lamp intensity, may be
varied with the potentiometer. The constant current drive
allows full 0% t01 00% intensity control with no lamp dead
zones or "pop-on" at low intensities. s Additionally, lamp
life is enhanced because current cannot increase as the
lamp ages.
The circuit's 0.1 % line regulation is notably better than
some other approaches. This tight regulation prevents
lamp intensity variation when abrupt line changes occur.
This typically happens when battery-powered apparatus is
connected to an AC-powered charger. The circuit's excellent line regulation derives from the fact that L1's drive
waveform never changes shape as input voltage varies.
This characteristic permits the simple 10kn/O.1~ RC to
produce aconsistent response. The RC averaging characteristic has serious error compared to atrue RMS conversion, but the error is constant and "disappears" in the
562n shunt's value.
This circuit is similar to one previously described9 but its
88% efficiency is 6% higher. The efficiency improvement
is primarily due to the transistor's higher gain and lower
saturation voltage. The base drive resistor's value (nominally 1k) should be selected to provide full VCE saturation
without inducing base overdrive or beta starvation. A
procedure for dOing this is described in a following
section, "General Optimization and Measurement Considerations."
Figure 37's circuit is similar, but uses a transformer with
lower copper and core losses to increase efficiency to
91 %. The trade-off is slightly larger transformer size.
Additionally, ahigher frequency switching regulator offers
slightly lower VIN current, aiding efficiency. L1's smaller
value, a result of the higher frequency operation, permits
slightly reduced copper loss. The transformer options
listed allow efficiency optimization over the supply range
of interest. Value shifts in C1, L2 and the base drive
resistor reflect different transformer characteristics. This
circuit also features shutdown and a DC or pulse width
controlled dimming input. Appendix F, "Intensity Control
and Shutdown Methods," details operation of these features. Figure 38, directly derived from Figure 37, produces
10mA output to drive color LCDs at 92% efficiency. The
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Figure 37. A 91 % Efficient CCFL Supply for 5mA Loads
Features Shutdown and Dimming Inputs. Higher
Frequency Switching Regulator Reduces L1's Size
While Requiring Less VIN Current

slight efficiency improvement comes from a reduction in
regulator "housekeeping" current as a percentage of total
current drain. Value changes in components are the result
of higher power operation, The most significant change
involves driving two lamps, Accommodating two lamps
involves separate ballast capacitors but circuit operation
is similar. Dual-lamp designs reflect slightly different
loading back through the transformer's primary, C2 usuNote 8. Controlling a nonlinear load's current, instead of its voltage,
permits applying this circuit technique to a wide variety of nominally
evil loads. See Appendix I, "Additional Circuits."
Nole 9. See "Illumination Circuity for Liquid Crystal Displays," Linear
Technology Corporation, Application Note 49, August 1992 and
"Techniques for 92% Efficient LCD Illumination," Linear Technology
Corporation, Application Note 55, August 1993.
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ally ends up in the 1OpF to 47pF range. Note that C2A and
B appear with their lamp loads in parallel across the
transformer's secondary. As such, C2's value is often
smaller than in a single-lamp circuit using the same type
lamp. Ideally, the transformer's secondary current splits
evenly between the C2-lamp branches, with the total load
current being regulated. In practice, differences between
C2A and B, and differences in lamps and lamp wiring
layout preclude a perfect current split. Practically, these
differences are small and the lamps appear to emit an
equal amount of light at high intensity. Layout and lamp
matching can influence C2's value. Some techniques for
dealing with these issues appear in the text section,
"Considerations for Multilamp Designs." As previously
stated, dual-lamp designs are distinctly not recommended,
particularly if balanced illumination over wide dimming
ranges is required.

Figure 39 uses a dedicated CCFL IC, the LT1183, to
enhance circuit performance. The Royer-based high voltage converter portion is recognizable from previous circuits, with the 200kHz LT1183 performing the switching
regulator/feedback function. This IC also features open
lamp protection circuitry, simplified frequency compensation, a separate regulator providing LCD contrast and
other features. 10 The contrast supply is driven by the
LT1183 with L3 and associated discrete components
completing the function. The CCFL and contrast outputs
may be adjusted with DC, PWM or potentiometers.
Nole 10. Open lamp protection is often desirable and may be added to
the previous circuits at the cost of some discrete components. See
Appendix E, "Open Lamp/Overload Protection." Frequency
compensation issues are covered in the text section "Feedback Loop
Stability Issues." See Appendix J for discussion of LCD contrast
supplies.
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Low Power CCFL Power Supplies
Many applications require relatively low power CCFL backlighting. Figure 40's variation, optimized for low voltage
inputs, produces 4mA output. Circuit operation is similar
to the previous examples. The fundamental difference is
L1's higher turns ratio, which accommodates the reduced
available drive voltage. The circuit values given are typical,
although some variation occurs with various lamps and
layouts.
Figure 41 's design, the so-called "dim backlight," is optimized for very low current lamp operation. The circuit is
meant for use at low input voltages, typically 2V to 6V with
a 1mA maximum lamp current. This circuit maintains
control down to lamp currents of 1~, avery dim light! It
is intended for applications where the longest possible

battery life is desired. Primary supply drain ranges from
hundreds of microamperes to 1OOmA with lamp currents
of microamps to 1rnA. In shutdown the circuit pulls only
1OO~. Maintaining high efficiency at low lamp currents
requires modifying the basic design.
Achieving high efficiency at low operating current requires
lowering quiescent power drain. To do this the previously
employed pulse width modulator-based devices are replaced with an LT1173. The LT1173 is a Burst Mode™
operation regulator. When this device's Feedback pin is
too low it delivers a burst of output current pulses, putting
energy into the transformer and restoring the feedback
point. The regulator maintains control by appropriately
modulating the burst duty cycle. The ground referred
diode at the Vsw pin prevents substrate turn-on due to
excessive L2 ring-off.
Burst Mode is a trademark of Linear Technology Corporation.
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Figure 40. A 4mA Design Intended lor Low Voltage Operation.
L1's Modified Turns Ratio Allows Operation Down to 3.6V
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Figure 41. Low Power CCFL Power Supply. Circuit Controls Lamp
Current over a 11!A 10 1mA Range
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During the off periods the regulator is essentially shut
down. This type of operation limits available output
power, but cuts quiescent current losses. In contrast, the
other· circuit's pulse width modulator type regulators
maintain "housekeeping" current between cycles. This
results in more available output power but higher quiescentcurrents.
Figure 42 shows operating waveforms. When the regulator comes on (Trace A, Figure 42) it delivers bursts of
output current to the L1/01/02 high voltage converter.
The converter responds with bursts of ringing at its
resonant frequency.11 The circuit's loop operation is similar to the previous designs except that T1 's drive waveform varies ,with supply. Because of this, line regulation
suffers and the circuit is not recommended for wide
ranging inputs.
Some lamps may display nonuniform light emission at
very low excitation currents. See the text section, "Floating
Lamp Circuits."
ACCFL power supply that addresses the previous circuit's
line regulation problems and operates from 2V to 6V is
detailed in Figure 43. This circuit, contributed by Steve
Pietkiewicz of LTC, can drive asmall CCFL over a1DDIlA to
2mA range.
.

A= 5V101V

B = 5V101V

50~IV

Figure 42. Waveforms lor the Low Power CCFL Power Supply.
LT1173 Burst Type Regulator (Trace A) Periodically Excites the
Resonant High Voltage Converter (01 Collector Is Trace B)
Nole 11. The discontinous energy delivery to the loop causes
substantial jitter in the burst repetition rate, although the high voltage
section maintains resonance. Unfortunately, circuit operation is in the
"chop" mode region of most oscilloscopes, precluding a detailed
display. "Alternate" mode operation causes waveform phasing errors,
producing an inaccurate display. As such, waveform observation
requires special techniques. Figure 42 was taken with a dual-beam
instrument (Tektronix 556) with both beams slaved to one time base.
Single sweep triggering eliminated jitter artifacts. Most oscilloscopes,
whether analog or digital, will have trouble reproducing this display.
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Figure 43. Low Power Cold Cathode Fluorescent LamP Supply Is Optimized lor Low Voltage Inputs and Small Lamps
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The circuit uses an LT1301 micropower DC/DC converter
IC in conjunction with a current driven Royer class converter comprised of T1, 01 and 02. When power and
intensity adjust voltage are applied, the LT1301 's ILiM pin
is driven slightly positive, causing maximum switching
current through the IC's internal Switch pin (SW). Current
flows from T1 's center tap, through the transistors, into
L1. L1's current is deposited in switched fashion to ground
by the regulator's action.
Circuit efficiency ranges from 80% to 88% at full load,
depending on line voltage. Current mode operation combined with the Royer's consistent waveshape vs input
results in excellent line rejection. The circuit has none of
the line rejection problems attributable to the hysteretic
voltage control loops typically found in low voltage micropower DC/DC converters. This is an especially desirable characteristic for CCFL control, where lamp intensity
must remain constant with shifts in line voltage.
The Royer converter oscillates at afrequency primarily set
byT1 's characteristics (including its load) and the 0.06811f
capacitor. LT1301 driven L1 sets the magnitude of the
01/02 tail current, hence T1 's drive level. The 1N5817
diode maintains L1's current flow when the LT1301 's
switch is off. The 0.06811f capacitor combines with T1 's
characteristics to produce sine wave voltage drive at the
01 and 02 collectors. T1 furnishes voltage step-up and
about 1400Vp_p appears at its secondary. Alternating
current flows through the 22pF capacitor into the lamp. On
positive half-cycles the lamp's current is steered to ground
via D1. On negative half-cycles the lamp's current flows
through 03's collector and is filtered by C1. The LT1301 's
ILiM pin acts as aOV summing point with about 251lA bias
current flowing out of the pin into C1. The LT1301 regulates L1's current to equalize 03's average collector current, representing 1/2 the lamp current, and R1 's current,
represented by VA/R1. C1 smooths all current flow to DC.
When VA is set to zero, the ILiM pin's bias current forces
about 1001lA bulb current.

High Power CCFL Power Supply
As mentioned, the CCFL circuit approach presented here
scales quite nicely over a wide range of output power.
Most circuits are in the 0.5W to 3W region due to the
application's small size and battery-driven nature. Automotive, aircraft, desktop computer and other displays
often require much higher power.
Figure 44's arrangement is a scaled-up version of the
text's CCFL circuits. This design, similarto ones employed
for automotive use, drives a25W CCFL. There are virtually
no configuration changes, although most component
power ratings have increased. The transistors can handle
the higher currents, but all other power components are
higher capacity. Efficiency is about 80%.
Additional high power circuits appear in Appendix I, "Additional Circuits."
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Figure 44. A25W CCFL Supply Is a Scaled Version of
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the grounded end. In most cases these increased losses
are favorably offset by the reduced swing because of the
V2 loss term associated with voltage amplitude.
.

"Floating" Lamp Circuits
AII·circuits presented to,this point drive the lampin singleended fashion. Similarly, figure 45 shows one lamp electrodereceiving drive with the other terminal essentially at
ground. This causes significant loss via parasitic paths
associated with the lamp's driven end. This is so because
of the large voltage swing in this region. The parasitic
paths near the lamp's grounded end undergo relatively
little swing, contributing small energy loss. unfortunatel~, .
the lost energy is heavily voltage-dependent (E = 1/2 CV )
and net energy loss is excessive if driven end parasitics are
large. Figure 46 minimizesthe losses by altering the drive
scheme. In this case the lamp is driven from both ends
instead of grounding one end. This "floating" lamp arrangement requires only half the voltage swing at each
lamp end instead of full swing at one end. This introduces
more loss in the parasitic paths previously associated with
PARASITIC
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LOSS PATH ~"'1
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A second advantage of floating operation is extended
illumination range. "Grounded" lamps operating at relatively low currents may display the "thermometer effect,"
that is, light intensity may be nonuniformly distributed
along lamp length.
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The advantage gained varies considerably with display
type; although a10% to 20% reduction in lost energy is
common. In some displays loss reduction is not as good,
and occasionally improvement is negligible. Heavilyasymmetric wiring to or within the display can sometimes make
floating drive more lossy than grounded drive. In such
cases testing in both modes is necessary to determine
which type drive is most efficient.
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Figure 47 shows that although lamp current density is
uniform, the associated field is imbalanced. The field's low
intensity, combined with its imbalance, means that there
is not enough energy to maintain uniform phosphor glow
beyond some point. Lamps displaying the thermometer
effect emit most of their light near the driven electrode,
with rapid emission fall-off as distance from the electrode

ESSENTIALLY
GROUNDED

FIELD STRENGTH INCREASES
WITH INCREASING DISTANCE
FROM GROUNDED END OF LAMP
HIGH
VOLTAGE-

--l

\

increases. Placing a conductor along the lamp's length
largely alleviates "thermometering." The trade-off is decreased efficiency due to energy leakage. 12 It is worth
noting that various lamp types have different degrees of
susceptibility to the thermometer effect.
Some displays require extended illumination range.
"Thermometering" usually limits the lowest practical illumination level. One acceptable way to minimize
"thermometering" is to eliminate the large field imbalance.
The floating drive used to reduce energy loss also provides
away to minimize "thermometering." Figure 48 reviews a

Il---.....:.::::::..---...,,--~-I
TO
FEEDBACK

Figure 47. Field Strength vs Distance for a Ground Referred
Lamp. Field Imbalance Promotes Uneven Illumination at
Low Drive Levels

Note 12. Avery Simple experiment quite nicely demonstrates the effects of
energy leakage. Grasping the lamp at its low voltage end (low field
intensity) WITh thumb and forefinger produces almost no change in circuit
input current. Sliding the thumb/forefinger combination towards the high
voltage (higher field intensity) lamp end produces progressively greater
input currents. Don't touch the high voltage lead or you may receive an
electrical shock. Repeat: Do not touch the high voltage lead or you may
receive an electrical shock.
BAT-65

C2~
7
10

27pF

T1
VIN
7VT02OV

O.ln,l%
WIRE SHUNT

660n
(SEE TEXT)

4.99k·

5V-_------.
10k

vsw

E1
C1 = WIMA MKP-20 OR PANASONIC ECH-U
L1 = COILTRONICS GTXl50-4
01, 02 = ZETEX ZTX649, ZDT1046 OR ROHM 2SC5001
T1 = SUMIDA EP5-207
• = 1% FILM RESISTOR

LT1172
E2

VFB
GND

DD NDT SUBSTITUTE COMPONENTS
COILTRONICS (407) 241-7676, SUMIDA (706) 95&0666

Vc

+

1N4146
Jo.031lF

+

T2!lF T11lF

33k

.".

DIMMING
INPUT
(SEE TEXT)

,. "'"

Figure 48. Practical "Floating" Lamp Drive Circuit. A1 Senses Royer Input Current with 03 Providing Resultant
Feedback Information to Switching Regulator. Circuit Reduces Lost Energy Due to Parasilics by 10% to 20%

AN65-41

Application Note 65
circuit originally introduced in a previous publication. 13
The circuit's most significant aspect is thatthe lamp is fully
floating~there is no galvanic connection to ground as in
the previous designs. This allows T1to deliver symmetric,
differential drive to the lamp. Such balanced drive elimi,
nates field imbalance, reducing thermometering at low
lamp currents. This approach precludes any feedback
connectiontothe now floating output. Maintaining closedloop control necessitates deriving afeedback signal from
some other point. In theory, lamp current proportions to
T1 's or L1's drive level and some form of sensing this can
be used to provide feedback. In practice, parasitics make
a practical implementation difficult. 14

local feedback loop. Q3's drain voltage presents an amplified,. single-ended version of th.e shunt voltage. to the
feedback point, closing the main loop. A1 's power supply
pin is bootstrapped to T1 's boosted swing via the BAT-85
diode, permitting it to sense across the supply-fed shunt
resistor. Internal A1 characteristics ensure start-up and
substitution of this device is not recommended. 15
The lamp current is not as tightly controlled as before but
0.5% regulation over wide supply ranges is possible. The
dimming in this circuit is controlled by a1kHz PWM signal.
Note the heavy filtering (33k/1 w) outside the feedback
loop. This allows afast time constant, minimizing turn-on
overshoot. 16

Figure 48 derives the feedback signal by measuring Royer
converter current and feeding this information back to the
LT1172. The Royer's drive requirement closely proportions to lamp current under all conditions. A1 senses this
current across the 0.1 g shunt and biases Q3, closing a

Q

UP T06mA
MP
10

Note 13. See Reference 1.
Note 14. See Appendix L, "A Lot of Cut Off Ears and No Van GoghsSome Not-So-Great Ideas," for details.
Nota 15. See Reference 1, then don't say we didn't warn you.
Note 16. See text section, "Feedback Loop Stability Issues."
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In all other respects operation is similar to the previous
circuits. This circuit typically permits the lamp to operate
with less energy loss and over a 40:1 intensity range
without "thermometering." The normal feedback connection is usually limited to a 10:1 range.

tions except the Royer-based high voltage converter. The
circuit also has "open lamp" protection and a 1.23V
reference for biasing the dimming potentiometer.
Figure 50 adds a bipolar LCD contrast supply output to
Figure 49. The LT1182 allows setting contrast supply
polarity by simply grounding the appropriate output terminal. The CCFL portion is similar to the previous circuit,
although intensity is controlled with avarying PWM or OV
to 5V input.

IC-Based Floating Drive Circuits
Figure 49 compacts Figure48 into alow component count,
floating drive circuit. The LT1184F IC contains all func-
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Figure 50. LT1182 Has Bipolar Output Contrast Supply in Addition to Floating Lamp Drive

AN65-43

AppJication Note 65
Figure 51 's circuit is similar, although no contrast supply
is included. The LT1186 implements afloating lamp drive
similar to Figure 49. This IG contains an internal D/A
converter which may be addressed by accumulating a bit

stream or serial protocol. Figure 52 shows a typical
arrangement using an80C31 type microcontroller. Figure
53 gives the complete software listing which was written
by Tommy Wu of LTC.
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Figure 51. l T1186 Permits Seria.1 or Bit Stream Data Addressing to Set Floating lamp Current

Figure 52. Typical Processor Interface for Figure 51
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The l T1186 DAC algorithm is written in assembly code in a file ,named l T1186A.ASM as a function call from the
MAIN fuction below.
Note: A user inputs an integer from 0 to 255 on a keyboard and the l T1186 adjusts the lOUT programming
current to control the operating lamp current and the brightness of the LCD display.
#include <stdio.h>
#include <reg51.h>
#include <absacc.h>
extern char It1186(char); 1* external assembly function in It1186a.asm*'
sbit Clock = Ox93;
mainO
{

int number = 0;
int lstCode;
Clock = 0;
TMOD = 0x20; 1* Establish serial communication 1200 baud *'
TH1 =OxE8;
SCON =Ox52;
TCON=Ox69;

1* Endless loop *'

while(1)
{

printf("\nEnter any code from 0 - 255:");
scanf("%d" ,&number);
if«0>number)l(number>255))
{

number = 0;
printf("The number exceeds its range. Try again!");
else
{

lstCode = It1186(number);
printf("Previous # %u" ,(lstCode&OxFF)); 1* AND the previous number with OxFF to turn off sign
extension *'

}
number = 0;

; The following assembly program named l T1186A.ASM receives the Din word from the main C program,
; It1186 It11860. Assembly to C interface headers, declarations and memory allocations are listed before the
; actual assembly code.
; Port p1.4
; Port p1.3
; Port p1.1
; Port p1.0

= CS
= ClK
= Dout
= Din

Figure 53. Complete Software Listing for Figure 52's Processor Interface
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NAME l T1186_ CCFl
PUBLIC It1186, ?lt1186?BYTE
?PR?ADC_INTERFACE?lT1186_CCFl SEGMENT CODE
?DT?ADC_INTERFACE?lT1186_CCFl SEGMENT DATA
RSEG ?DT?ADC_INTERFACE?lT1186_CCFl
?lt1186?BYTE: DS 2
RSEG ?PR?ADC_INTERFACE?lT1186_CCFl
CS
ClK
DOUT
DIN

EQU
EQU
EQU
EQU

It1186: setb
mov
mov
clr
mov
mov
clr
ric
loop:
mov
setb
mov
ric
clr
djnz
mov
setb
ret
END

p1.4
p1.3
p1.1
P1.0
CS
r7,?lt1186?BYTE
p1,#01h
CS
a, r7
r4, #08h
c
a
DIN,c
ClK
c, DOUT
a
ClK
r4, loop
r7, a
CS

;set CS high to initialize the l T1186
;move input number(Din) from keyboard to R7
;setup port p1.0 becomes input
;CS goes low, enable the DAC
;move the Din to accumulator
;Ioad counter 8 counts
;clear carry before rotating
;rotate left Din bit(MSB) into carry
;move carry bit to Din port
;Clk goes high for l T1186 to latch Din bit
;read Dout bit into carry
;rotate left Dout bit into accumulator
;clear clock to shift the next Dout bit
;next data bit loop
;move previous code to R7 as character return
;bring CS high to disable DAC

Note: When CS goes low, the MSB of the previous code appears at Dout.

Figure 53 (continued). Complete Software Listing for Figure 52's Processor Interface

High Power Floating Lamp Circuit
High power floating lamp circuits require more current
than the LT118X series can deliver. In such cases the
function can be built from discrete components and ICs.
Figure 54 shows a30W CCFL circuit used in an automotive
application. This 4-lamp circuit uses an LT1269 currentfed Royer converter to provide high power. Lamp current
is sensed in current transformer T2. A1 and associated
components form a synchronous rectifier for T2's low
level output. A2 provides gain and closes aloop back at the
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LT1269's feedback terminal. T2's isolated sensing permits the advantages of floating operation with the LT1269
providing high power capability. This circuit has about
83% efficiency at 30W output, awide dimming range and
0.1 % line regulation.
Selection Criteria for CCFL Circuits
Selecting which CCFL circuit to use for aspecific application involves numerous trade-offs. A variety of issues
determine which circuit is the "best" approach. At a
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27pF
3kV
LAMP
27pF
3kV
LAMP
27pF
3kV
LAMP
27pF
3kV
LAMP

11
10k'
10k

v+ ............_-1

V,N

10VTO 16V

SW
LT1269

10k

L.---------~i~~ENSITY

FB

GND
1000PF

T

4.7k'
11'F = WIMA O.151'F MKP'20, 7 UNITS
L1 = COILTRONICS, CTX150·3-52
T1 = COILTRONICS, CTX02-11128-2
T2 = PULSE ENGINEERING, PE-51688
, = 1% METAL FILM RESISTOR

Figure 54. A High Power, Mullilamp Display Using the Floating Drive Approach. Power Requirement
Necessitates LT1269 Regulator and Discrete Component Approach. Floating Feedback Path Is Via
Current Transformer

minimum, the user should consider the following guidelines before committing to any approach. Related discussion to all of the following topics is covered in appropriate
text sections.
Display Characteristics

The display characteristics (including wiring losses) should
be well-understood. Typically, display manufacturers list
lamp requirements. These specifications are often obtained from the lamp vendor, who usually tests in free air,
with no significant parasitic loss paths. This means that
actual required power, start and running voltages may
significantlydifferfrom data sheet specifications. The only

way to be certain of display characteristics is to measure
them. The measured display energy loss can determine if
a floating or grounded circuit is applicable. Low loss
displays (relatively rare) usually provide better overall
efficiency with grounded drive. As losses become worse
(unfortunately, relatively common) floating drive becomes
abetter choice. Efficiency measurements may be required
in both modes to determine the best choice. (See "General
Optimization and Measurement Considerations.")
Operating Voltage Range

The operating voltage range includes the minimum to
maximum voltages the circuit must operate from. In
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battery-driven apparatus supply range can easily be 3:~, Supply Current Profile
and sometimes greater. Best backlight performance IS . The backlight is often physically located far "forward" in
usually obtained in the 8V to 28V range. In general, the system. Impedances in cables, switches, traces and
potentials below 7V require some efficiency trade-offs at connectors can build up to significant levels. This means
moderate (1.5W to 3W) power levels. Some systems that a CCFL circuit should draw operating power continureduce backlight power when running from the battery, ously, ratherthan requiring discrete, high current "chunks"
and this can have apronounced effect on the design. Even from a lossy supply line. Royer-based architectures are
seemingly small (e.g., 20%) reductions in power may nearly ideal in this regard, pulling current smoothly over
make painful trade-offs unnecessary. In particular, high time and requiring no special bypassing, supply impedturns ratio transformers are required to support low ance or layout treatment. Similarly, Royer type circuits do
voltage operation at full lamp output. They work well but not cause significant disturbances to the supply line,
somewhat less efficiently than lower ratio types due to the preventing noise injection back into the supply.
higher peak currents characteristic of their operation.
Current trends in battery technology encourage system Lamp Current Certainty
operation at low voltages, necessitating extreme care in
The ability to predict lamp current at full intenSity is
transformer selection and Royer circuit design.
important to maintain lamp life. Excessive overcurrent
greatly shortens lamp life, while yielding little luminosity
Auxiliary Operating Voltages
benefit (see Figure 2). Grounded circuits are excellent in
Auxiliary, logic supply voltages should be used (if avail- this category with 1% usually achieved. Floating circuits
able) to run CCFL "housekeeping" currents, such aslC are typically in the 2% to 5% range. Tight current toler"V'N" pins. This saves power. Always run switching regu- ances do not benefit unit/unit display luminosity because
lators from the lowest potential available, usually 3.3V or lamp emission and display attenuation variations ap5V. Many systems provide these voltages in switc~ed proach ±20% and vary over life.
form, making separate shutdown lines unnecessary. Simply turning off the switching regulator's supply shuts the Efficiency
entire backlight circuit down.
CCFL backlight efficiency should be considered from two
perspectives.
The electrical efficiency is the ability of the
Line Regulation
circuit to convert DC power to high voltage AC and deliver
Grounded lamp circuits, by virtue of their true global ittothe load (lamp and parasitics) with minimum loss. The
feedback, provide the best line regulation. For abrupt optical efficiency is perhaps more meaningful to the u~er.
changes, a user may notice anything beyond 1% regula- It is simply the ratio of display luminosity to DC power Into
tion. A grounded circuit easily meets this requirement; a the CCFL circuit. The electrical and optical losses are
floating circuit usually will. Slowly changing line inputs lumped together in this measurement to produce a lumicausing excursions outside 1% are not normally a prob- nosity vs power specification. It is quite significant that the
lem because they are not detectable. Rapid line changes, electrical and optical peak efficiency operating pOints do
such as plugging in a systems AC line adapter, require not necessarily coincide. This is primarily due to the
good regulation to avoid annoying display flicker.
lamp's emissivity dependence on waveshape. Th~ o~ti
mum waveshape for emissivity mayor may not COinCide
Power Requirements
with the circuit's electrical operating peak. In fact, it is
The CCFL's power requirement, including display and quite possible for "inefficient" circuits to produce more
wiring losses, should be well-defined over all conditions, light than "more efficient" versions. The only way to
including temperature and lamp specification variations. ensure peak efficiency in a given situation is to optimize
Usually, IC versions of floating lamp circuits are restricted the circuit to the display.
to 3W to 4W output power while grounded circuit power
is easily scaled.
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Shutdown

System shutdown almost always requires turning off the
backlight. In many cases the low voltage supply is already
available in switched form. If this is so, the CCFL circuits
shown go off, absorbing very little power. If switched low
voltage power is not available the shutdown inputs may be
used, requiring an extra control line.
Transient Response

The CCFL circuit should turn on the lamp without attendant overshoot or poor control loop settling characteristics. This can cause objectionable display flicker, and in
the worst case result in transformer overstress and failure.
Properly prepared floating and grounded CCFL circuits
have good transient response, with LT118X-based types
inherently easier to optimize.
Dimming Control

The method of dimming should be considered early in the
design. All of the circuits shown can be controlled by
potentiometers, DC voltages and currents, pulse width
modulation or serial data protocol. A dimming scheme
with high accuracy at maximum current prevents excessive lamp drive and should be employed.
Open Lamp Protection

The CCFL circuits deliver a current source output. If the
lamp is broken or disconnected, compliance voltage is
limited by transformer turns ratio and DC input voltage.
Excessive voltages can cause arcing and resultant damage. Typically, the transformers withstand this condition
but open lamp protection ensures against failures. This
feature is built into the LT118X series; it must be added to
other circuits.
Size

Backlight circuits usually have severe size and component
count limitations. The board mustfit within tightly defined
dimensions. LT118X series-based circuits offer lowest
component count, although board space is usually dominated by the Royer transformer. Inextremely tight spaces

it may be necessary to physically segment the circuit but
this should be considered as a last resort. 17
Contrast Supply Capability

Some LT118X parts provide contrast supply outputs. The
other circuits do not. The LT118X's onboard contrast
supply is usually an advantage but space is sometimes so
restricted that it cannot be used. In such cases the contrast
supply must be remotely located.
Emissions

Backlight circuits rarely cause emission problems and
shielding is usually not required. Higher power versions
(e.g., >5W) may require attention to meet emission requirements. The fast rise switching regulator output sometimes causes more RFI than the high voltage AC waveform. If shielding is used, its parasitic effects are partofthe
inverter load and optimization must be carried out with the
shield in place.

Summary of Circuits
The interdependence of backlight parameters makes summarizing or rating various approaches a hazardous exercise. There is simply no intellectually responsible way to
streamline the selection and design process if optimum
results are desired. A meaningful choice must be the
outcome of laboratory-based experimentation. There are
just too many interdependent variables and surprises for
asystematic, theoretically based selection. Pure analytics
are pretty; working circuits come from the bench. Some
generalizations having limited usefulness are, however,
possible. Figures 55 and 56 attempt to summarize salient
characteristics vs part type and may (however cautiously)
be considered a beginning point. 18
Figure 55 summarizes characteristics of all the circuits.
Figure 56 focuses on the features of the LT118X series
parts.
Note 17. See Appendix G, "Layout, Component and Emissions
Considerations."
Note 18. Readers detecting author ambivalence about inclusion of Figures
55 and 56 are not hallucinating.
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ISSUES

LT118X SERIES

U117X SERIES

LT137X SERIES

Optical Efficiency

Grounded output versions display
dependent. Floating versions
usually 5% to 20% better;

Display dependent

Display dependent

Electrical Efficiency

Grounded output versions75% to 90%, depending on supply
voltage and display. Floating output
versions slightly lower.

75% to 90%,depending on supply
voltage and display

75% to 92%, depending on supply
voltage and display

Lamp Current Certainty

1% to 2% for grounded versions,
1% to 4% for floating output types

2% maximum

2% maximum

Line Regulation

0.1 % to 0.3% for grounded types,
0.5% to 6% for floating versions

0.1% to 0.3%

0.1%to.3%

Operating Voltage Range

5.3V to 30V, depending on output
power, temperature range, displax,
etc.

4.0V to 30V, depending on output
power, temperature range, display
etc.

4.0V to 30V, depending on output
power, temperature range, display,
etc.

Power Range

0.75W to 6W typical

0.75W to 20W typical

0.5W to 6W typical

Supply Current Profile

Continuous-no high current peaks

Continuous-no high current peaks

Continuous-no high current peaks

Shutdown Control

Yes-logic compatible

Requires small FET or bipolar
transistor

Yes-logic compatible

Transient Response-Overshoot

Excellent-no optimization
required

Excellent-requires optimization
in some cases

Excellent-requires optimization
in some cases

Dimming Control

Pot., PWM, variable DC voltage
or current. LT1186 has serial
digital input with data storage.

Pot., PWM, variable DC voltage
or current

Pot., PWM, variable DC voltage
or current

Emissions

Low

Low

Low, although high power
versions may require attention to
layout and shielding

Open Lamp Protection

Internal to IC

.Requires external small-signal
transistor and some discretes
at high supply voltages

Requires external small-signal
transistor and some discretes
at high supply voltages

Size

Low component count, small
overall board footprint.
200kHz magnetiCS.

Small~100kHz

Small-1 MHz magnetics for
fastest versions

Contrast Supply Capability

Various contrast supply options
available, including bipolar output

No

magnetics

No

Figure 55. Design Issues.vs Typical Part Choice. Chart Makes Simplistic Assumptions and Is Intended As a Guide Only
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LT1269/L T127D

LT13D1

LT1173

Display dependent

Display dependent

Display dependent

75% to. 90%, depending an
supply valtage and display

70% to. 88%, depending an supply
valtage and display

65% to. 75%, depending an supply
valtage and display

2% maximum

2% typical

5%

0.1% to. 0.3%

0.1% to. 0.3%

8% to. 10%

4.5V to. 30V, depending an autput
pawer, temperature range, display,
etc.

2V to. 10V practical

2V to. 6V practical

5W to. 35W typical

0.02W to. 1W practical

Essentially OW to. abaut 0.6W

Cantinuaus-na high current peaks

Cantinuaus-na high current peaks

Irregular-relatively high current peaking
requires attentian to. supply rail impedance

Requires small FET ar bipo.lar
transistar

Yes-Iagic co.mpatible

Lo.gic co.mpatible shutdo.wn
practical

Excellent-requires aptimizatian
in same cases

Excellent:-na aptimizatian
required

Excellent-no. aptimizatian
required

Pat., PWM, variable DC valtage
ar current

Pat., PWM, variable DC valtage
ar current

Pat., PWM, variable DC valtage
ar current

High pawer mandates attentian
to. layaut and shielding

Real law

Itsy-bitsy

Requires external small-signal
transistar and same discretes
at high supply valtages

Requires external small-signal tansistar and
same discretes, but law supply valtages
usually eliminate this co.nsideratian

Nane, but law supply, law pawer
aperatian usually eliminates this
issue

Relatively large due to. high pawer
100kHz magnetics

Very small-law pawer magnetics
cut size

Small-law pawer magnetics
cut size

No.

No.

No.
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LT1182

Floating Lamp
Operation
Grounded Lamp
Operation
Contrast
Supply
Voltage Reference
Available
Internal
Control DAC

Yes

LT1183
Yes

Yes

Yes

Bipolar Unipolar
Contrast Contrast
Outputs Outputs
Yes
No
No

No

LT1184 LT1184F LT1186
No
Yes
Yes

Yes

Yes

Yes

No

No

No

Yes

Yes

No

No

No

Yes

Figure 56. Features of Various LT118X IC Backlight Controllers

General Optimization and Measurement
Considerations
Once a display/lamp combination has been picked, the
appropriate circuit can be selected and optimized. "Optimization" implies maximizing performance in those areas
most important in a particular application. This may involve trading off characteristics in one area to gainadvantage in another. The circuit typeS described impose mild
penalty in this regard because they are quite flexible.
A desirable characteristic is something often loosely referred to as "efficiency." There are really two types of
efficiency in a backlight circuit. The optical efficiency
measures the circuit/display combination as atransducer...
It is the ratio of light output to electrical power input. This
ratio lumps the converter's.electricalloss with lamp and
display losses. A backlight's electrical efficiency measures the converter's electrical input vs output power
without regard to optical performance. Obviously, high
electrical efficiency is required and a reliable way to
measure it is desirable. More subtly, the ability to measure
and manipulate purely electrical terms offers a way to
influence optical efficiency. This is so because the lamp is
sensitive to the drive waveform's shape. Best emissivity
and lifetime are usually obtained with low crest factor,
sinusoidal waveforms. The Royer circuit's transformer
and capacitors can be selected to provide this characteristic for any given display/lamp combination. Doing this
optimizes lamp drive but also effects the converter's
electrical efficiency. This interaction between the optimum
electrical and optical operating pOints must be accounted
for to obtain best optical efficiency. The relationship is
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quite complex with anumber of variables determining just
where peak optical efficiency occurs.
Typically, optical output peaking occurs with afairly clean,
low harmonic waveform at the Royer collectors (Figure
57). This is usually the result of a relatively large resonating capacitor and asmall ballast capacitor. Conversely, the
converter's peak electrical efficiency point usually comes
just as appreciable second harmonic appears in the Royer
collector waveform (Figure 58). The peak electrical and
optical efficiency points almost never coincide and optical
efficiency often occurs 5% or more off the electrical
efficiency peak. Happily, this very messy situation can be
resolved by a relatively simple functional trim. The trimming procedure assumes transformer turns ratio and
ballast capacitor values commensurate with the lowest

5V/DIV

51'SiDIV

Figure 57. Typical Royer Collector Waveform at the Peak
Optical Output Point. Relatively Large Resonating Capacitor
May Degrade Electrical Efficiency

5VIDIV

Figure 58. Typical Royer Collector Waveform at the Peak
Electrical Efficiency Point. Relatively High Harmonic Content
May Degrade Optical Efficiency
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required circuit operating voltage have been chosen.lfthis
factor is not considered, the optical efficiency peak will be
realized but the design may not regulate at low supply
voltages. Low supply voltage operation mandates high
turns ratio and larger ballast capacitor values for a given
display loss. If display loss is high, ballast capacitor value
generally must rise to offset voltage dividing effects ?etween it and the display's parasitic loss paths. Establish
the lowest values of turns ratio and ballast capacitor that
maintain regulation at minimum supply voltage before
performing the trim.
Achieving peak optical efficiency involves comparing display luminosity to input power for different resonating
capaCitor values. For a given lamp/transformer/ ballast
capacitor combination different resonating capacitors produce varying amounts of light. Large values tend to
smooth harmonics, peaking optical output but increasing
converter circulating losses. Smaller values promote lower
circulating currents but less light output. Figure 59 shows
typical results for five capacitor values at a forced 10V
main supply and 5mA lamp current. Large values produce
more light but require more supply current. The raw data
is expressed as the ratio of light output-per-watt of input
power in the right-most column. This Nits-per-Watt ratio
peaks at O.1J.1f, indicating the best optical efficiency.19
ThIs test must be performed in a stable thermal environment because of the lamp's emission sensitivity to temperature (see Figure 3). Additionally, some arrangement
for rapidly switching the capacitor values is desirabl~. This
avoids power interruptions and the resultant long display
warm-up times.
CAPACITOR
(IJF)

'10V MAIN
SUPPLY
CURRENT

5V
TOTAL
SUPPLY SUPPLY
CURRENT WATTS

INTENSITY
(NITS)

NITS/WATT

0.15
0.1
0.068
0.047
0.033

0.304
0.014
3.11
118
37.9
0.269
0.013
2.75
112
40.7
0.259
0.013
2.65
101
38.1
0.251
0.013
2.57
37.3
95
0.013
2.46
88
35.7
0.240
Note: Maintain IMAIN Supply = 1O.OV and ILAMP = 5mARMS under all
conditions.

Figure 59. Typical Data Taken lor Optical Efficiency
Optimization. Note Emissivity Peak (NilslWatt) !or O.1~ .
Resonating Value, Indicating Best Trade-Off Pomt lor Electrical
vs Optical Efficiency. Data Should Be Retaken lor Several Ballast
CapaCitor Values to Ensure Maximum Optical Efficiency

Electrical Efficiency Optimization and Measurement
Several pOints should be kept in mind when observing
operation of these circuits. The high voltage secondary
can only be monitored with a wideband, high voltage
probe fully specified for this type of measurement. The
vast majority of oscilloscope probes will break down and
fail if used for this measurement. 20 Tektronix probe types
P-6007 and P-6009 (acceptable in some cases) or types
P6013A and P6015 (preferred) probes must be used to
read L1's output.
Another consideration involves observing waveforms.
The switching regulator frequency is completely asynchronous from the Royer converter's switching. As such,
most oscilloscopes cannot Simultaneously trigger and
display all the circuit's waveforms. Figure 36 was obtained
using a dual beam oscilloscope (Tektronix 556).Traces A
and B are triggered on one beam while the remaining
traces are triggered on the other beam. Single beam
instruments with alternate sweep and trigger switching
(e.g., Tektronix 547) can also be used but are less versatile
and restricted to four traces.
Obtaining and verifying high electrical efficiency 21 requires some amount of diligence. The optimum efficiency
values given for C1 and C2 (C1 is the resonating capacitor
and C2 is the ballast capacitor) are typical and will vary for
specific types of lamps. An important realization is thatthe
term "lamp" includes the total load seen by the
transformer's secondary. This load, reflected back to the
primary, sets transformer input im~edance. The
transformer's input impedance forms an Integral part of
the LC tank that produces the high voltage drive. Because
of this, circuit efficiency must be optimized with the
Nole 19. Optical measurement units are beyond arcane; a monument to
obscuration. CandeialMeter2 is a basic unit, and 1 Nit = 1 CandelalMeter2.
"Nit" is a contracted form of the Latin word "Nitere," meaning "to emit
light ... to sparkle."
Note 20. Don't say we didn't warn you!
Note 21. The term "efficiency" as used here applies to electrical efficiency.
In fact, the ultimate concern centers around the efficient conversion of
power supply energy into light. Unfortunately, lamp types show
considerable deviation in their current·to-light conversion efficiency.
Similarly the emitted light for a given current varies over the life and
history oi any particular lamp. As such, this text portion treat~ "efficiency"
on an electrical basis; the ratio of power removed from the pnmary supply
to the power delivered to the lamp. When a lamp/display co~bina~ion has
been selected, the ratio of primary supply power to lamp emitted light
energy may be measured with the aid of a photometer. This is covered in
the immediately preceding text and Appendix D.
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wiring, display housing and physical layout arranged
exactly the same way they will be built in production.
Deviations f(om this procedure will result in lowerefficiency than might otherwise be possible. In practice, a
"first cut" efficiency optimization with "best guess" lead
I.engths and the intended lamp in its display housing
usually produces results within 5% of the achievable
figure. Final values for C1 and C2 may be established when
the physical layout to be used in production has been
decided on. C1 sets the circuit's resonance pOint, which
varies to some extent with the lamp's characteristic. C2
ballasts the lamp, effectively buffering its negative resistance characteristic. Small C2 values provide the most
load isolation but require relatively large transformer
output voltage for loop closure. Large C2 values minimize
transformeroutput voltage but degrade load buffering. C2
values also affect waveform distortion, influencing lamp
emissivity and optical efficiency (see previous text discussion). Also, C1 's "best" value is somewhat dependent on
the lamp type used. Both C1 andC2 must be selected for
given lamp types. Some interaction occurs, but generalized guidelines are possible. Typical values for C1 are
0.01!!F to 0.15!!F. C2 usually ends up in the 1OpF to 47pF
range. C1 must be alow loss capacitor and substitution of
the recommended devices is not recommended. A poor
quality dielectric for C1 can easily degrade efficiency by
10%. Before capacitor selection the 01/02 base drive
resistor should be setto avalue which ensures saturation,
e.g., 470Q. Next, C1 and C2 are selected by trying different
values for each and iterating towards best efficiency.
During this procedure ensure that loop closure is maintained. Several trials usually produce the optimum C1 and
C2 values. Note that the highest efficiencies are not
necessarily associated with the most esthetically pleasing
waveshapes, particularly at 01, 02 and output. Finally, the
base drive resis,tor's value should be optimized. .
The base drive resistor's value (nominally 1k) should be
selected to provide full VeE saturation without inducing
base overdrive or beta starvation. This point may be
established for any lamp type by determining the peak
collector current at full lamp power.
The base resistor should be set at the largest value that
ensures· saturation for worst-case transistor beta. This
condition may be verified by varying the base drive resis-
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tor about the ideal value and noting small variations in
input supply current. The minimum obtainable current
corresponds to the best beta vs saturation trade-off. In
practice,supply current rises slightly on either side of this
point. This "double value" behavior is due to efficiency
degradation caused by either excessive base drive or
saturation losses.
Other issues influencing efficiency include lamp wire
length and energy leakage from the lamp. The high voltage
side(s) of the lamp should have the smallest practical lead
length. Excessive length results in radiative losses which
can easily reach 3% for a 3-inch wire. Similarly, no metal
should contact or be in close proximity to the lamp. This
prevents energy leakage which can exceed 10%.22
It is worth noting that acustom designed lamp affords the
best possible results. A jointly tailored lamp/circuit combination permits precise optimization of circuit operation,
yielding highest efficiency.
These considerations should be made with knowledge of
other LCD issues. See Appendix B, "Mechanical Design
Considerations for Liquid Crystal Displays." This section
was guest-written by Charles L. Guthrie of Sharp Electronics Corporation.
Special attention should be given to the circuit board
layout since high voltage is generated at the output. The
output coupling capacitor must be carefully located to
minimize leakage paths on the circuit board. A slot in the
board will further minimize leakage. Such leakage can
permit current flow outside the feedback loop, wasting
power. Inthe worst case, long term contamination buildup
can increase leakage inside the loop, resulting in starved
lamp drive or destructive arcing. It is good practice for
minimization of leakage to break the silk screen line which
outlines the transformer. This prevents leakage from the
Nole 22. This footnote annotates similar issues raised in Footnote 12 and
associated text. The repetition is based on the necessity for emphasis. A
very simple experiment quite nicely demonstrates the effects of energy
leakage. Grasping the lamp at its low voltage end (lOW field intensity) with
thumb and forefinger produces almost no change in circuit input current.
Sliding the thumb/forefinger combination towards the high voltage (higher
field intensity) lamp end produces progressively greater input currents.
Don't touch the high voltage lea~ or your may receive an electrical shock.
Repeat: Do not touch the high voltage lead or you may receive an electrical
shock.
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high voltage secondary to the primary. Another technique
for minimizing leakage is to evaluate and specify the silk
screen ink for its ability to withstand high voltages. Appendix G, "Layout, Component and Emissions Considerations," details high voltage layout practice.
Electrical Efficiency Measurement
Once these procedures have been followed efficiency can
be measured. Efficiency may be measured by determining
lamp current and voltage. Measuring current involves
utilization of a wideband, high accuracy clip-on current
probe having a true (thermally based) RMS readout. No
commercially manufactured current probe will meet the
accuracy and bandwidth requirements and the probe must
be constructed. 23
Lamp RMS voltage is measured at the lamp with a wideband, properly compensated high voltage probe. 24 Multiplying these two results gives power in watts, which may
be compared to the DC input supply (E)(I) product. In
practice, the lamp's current and voltage contain small outof-phase components but their error contribution is negligible.

associated with color displays requires more attention to
loop response. The transformer produces much higher
output voltages, particularly at start-up. Poor loop damping can allow transformer voltage ratings to be exceeded,
causing arcing and failure. As such, higher power designs
may require optimization of transient response characteristics. LT118X series parts almost never require optimization because their error amplifier's gain/phase characteristics are specially tailored to CCFL load characteristics.
The LT1172, LT1372 and other general purpose switching
regulators require more attention to ensure proper behavior. The following discussion, applicable to general purpose LTC switching regulators in CCFL applications, uses
the LT1172 as an example.
Figure 60 shows the significant contributors to loop transmission in these circuits. The resonant Royer converter
delivers information at about 50kHz to the lamp. This
information is smoothed by the RC averaging time constant and delivered to the LT1172's feedback terminal as
HIGH VOLTAGE

Both the current and voltage measurements require a
wideband true RMS voltmeter. The meter must employ a
thermal type RMS converter-the more common logarithmic computing type-based instruments are inappropriate because their bandwidth is too low.
The previously recommended high voltage probes are
designed to see a1MQ/1 OpF-22pF oscilloscope input. The
RMS voltmeters have a 10Mn input. This difference
necessitates an impedance matching network between the
probe and the voltmeter. Floating lamp circuits require this
matching and differential measurement, severely complicating instrumentation design. See Footnote 24.
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Feedback Loop Stability Issues
The circuits shown to this point rely on closed-loop
feedback to maintain the operating point. All linear closedloop systems require some form of frequency compensation to achieve dynamic stability. Circuits operating with
relatively low power lamps may be frequency compensated by simply overdamping the loop. Text Figures 35, 37
and 38 use this approach. The higher power operation

Figure 60. Delay Terms in the Feedback Path. The RC Time
Constant Dominates Loop Transmission Delay and Must Be
Compensated lor Stable Operation
Nole 23. Justification for this requirement and construction details appear
in Appendix C, "Achieving Meaningful Electrical Measurements,"
Nole 24. Measuring floating lamp circuit voltages is a particularly
demanding exercise requiring a wide band differential high voltage probe.
Probe construction details appear in Appendix C.
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DC; The LT1172 controls the Royer converter at a 100kHz
rate, closing the control loop. The capacitor at the LT1172
rolls off gain, nominally stabilizing the loop. Thiscompensation capacitor must roll off the gain-bandwidth at a low
enough value to prevent the various loop delays from
causing oscillation.
Which of these delays is the most significant? From a
stability viewpoint the LT1172's output repetition rate and
the Royer's oscillation frequency are sampled" data systems. Their information delivery rate is far above the RC
averaging time constants delay and is not significant. The
RC time constant is the major contributor to loop delay.
This time constant must be large enough to turn the half
wave rectified waveform into DC. It also must be large
enough to average any intensity control PWM signal
to DC. Typically, these PWM intensity control signals
come in ata 1kHz rate (see Appendix F, "Intensity Control
and Shutdown Methods"). TheHC~s resultant delay dominates loop transmission. It must be compensated by the
capacitor at the LT1172. A large enough value for this
capacitor rolls off loop gain at low enough frequency to
provide stability. The loop simply does not have enough
gain to oscillate at afrequency commensurate with the RC
delay.25
This form of compensation is simple and effective. It
ensures stability over a wide range of operating conditions. It does, however, have poorly damped response at
system turn-on. At turn-on the Re lag delays feedback,
allowing output excursions well above the normal operating point. When the Re acquires the feedback value the
loop stabilizes properly. This turn-on overshoot is not a
concern if it is well within transformer breakdown ratings.
Color displays, running at higher power, usually require
large initial voltages. If loop damping is poor, the overshoot may be dangerously high. Figure 61 shows such a
loop responding to turn-on. In this case the Re values are
10k and 4.7W, with a 2W compensation capacitor. Turnon overshoot exceeds 3500V for over 1Oms! 'Ring-off
takes over 100ms before settling occurs. Additionally, an
inadequate (too small) ballast capacitor and excessively
lossy layout force a 2000V output once 10dp settling'
occurs. This photo was taken with atransformer rated well
below this figure. The resultant arcing caused transformer
destruction, resulting in field failures. Atypical destroyed
transfomer appears in Figure 62.
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Figure 61. Destructive High Voltage Overshoot and Ring-Off
Due to Poor Loop Compensation. Transformer Failure and Field
Recall Are Nearly Certain. Job Loss May also Occur

Figure 62. Poor Loop Compensation Caused This Transformer
Failure. Arc Occured in High Voltage Secondary (Lower Right).
Resultant Shorted Turns Caused Overheating

Figure 63 shows the same circuit with the RC values
reduced to 10k and 1 The ballast capacitor and layout
have also been optimized. Figure 63 shows peak voltage
reduced to 2.2kV with duration down to about 2ms (note
horizontal scale change). Ring-off is also much quicker
with lower amplitude excursion. Increased ballast capacitor value and wiring layout optimization reduce running
voltage to 1300V. Figure 64's results are even better.
Changing the compensation capacitor to a 3knJ2W network introduces aleading response into the loop, allowing
faster acquisition. Now, turn-on excursion is slightly lower,
but greatly reduced in duration (again, note horizontal
scale change). The running voltage remains the same.

w.

Nole 25. The high priests of ieedback refer to this as "Dominant Pole
Compensation," The rest of us are reduced to more pedestrian
descriptives.
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Figure 65 shows alow loss display responding to turn-on
with a 21Jf compensation capacitor and 1Okl11Jf RC values. Trace Ais the transformer's output while Traces Band
C are the LT1172's VCOMPENSATION and Feedback pins,
respectively. The output overshoots and rings badly, peaking to about 3000V. This activity is reflected by overshoots
at the VCOMPENSATION pin (the LT1172's error amplifier
output) and the Feedback pin. In Figure 66 the RC is
reduced to 1OkQ/O.11Jf. This substantially reduces loop
delay. Overshoot goes down to only 800V-a reduction
of almost a factor of four. Duration is also much shorter.

A =1000VlOIV

Figure 63. Reducing RC Time Constant Improves Transient
Response, Although Peaking, Ring-Off and Run Voltage Are
Stili Excessive
A = 2000VlOIV

B = O.5V10IV

C= lV10lV

A = l000VlOIV

Figure 65. Waveform for a Lower Loss Layout and Display.
High Voltage Overshoot (Trace AI Is Reflected at
Compensation Node (Trace BI and Feedback Pin (Trace CI
2ms/DIV

-

Figure 64. Additional Optimization of RC Time Constant and
Compensation Capacitor Reduces Turn-On Transient. Run
Voltage Is Large, Indicating Possible Lossy Layout and Display

The photos show that changes in compensation, ballast
value and layout result in dramatic reductions in overshoot
amplitude and duration. Figure 62's performance almost
guarantees field failures while Figures 63 and 64 do not
overstress the transformer. Even with the improvements,
more margin is possible if display losses can be controlled. Figures 62, 63 and 64 were taken with an exceptionally lossy display. The metal enclosure was very close
to the metallic foil wrapped lamp, causing large losses
with subsequent high turn-on and running voltages. If the
display is selected for lower losses, performance can be
greatly improved.

A =2000VIDIV

B = O.5V/OIV

C= 1VIDIV

10mslOlV

Figure 66. Reducing RC Time Constant Produces Quick,
Clean Loop Behavior. Low Loss Layout and Display
Result in 650VRMS Running Voltage
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The VCOMPENSATION and Feedback pins reflect this tighter
control. Damping is much better; with slight overshoot
induced at turn-on. Further reduction of the RC to 10knl
0.01 ~F (Figure 67) results in even faster loop capture but
anew problem appears. In Trace Alamp turn-on is so fast
the overshoot does not register in the photo. The
VCOMPENSATION (Trace B) and feedback nodes (Trace C)
reflect this with exceptionally fast response. Unfortunately, the RC's lightfiltering causes ripple to appearwhen
the feedback node settles. As such, Figure 66's RCvalues
are probably more realistic for this situation.
The lesson from this exercise is clear. The higher voltages
involved in color displays mandate attention to transformer outputs. Under running conditions layout and
display losses can cause higher loop compliance voltages,
degrading efficiency ;md stressing the transformer. At
turn-on improper compensation causes huge overshoots,
resulting in possible transformer,destruction. Isn't a day
of loop and layout optimization worth a field recall?
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A;' 20QOV/DIV

B= O.5v/DIV

. C=WIDIV

Figure 67. Very Low RC Value Provides Even Faster
Response, but Ripple at Feedback Pin (Trace C) Is Too High.
Figure 66 Is the Best Compromise
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APPENDIX A
"HOT" CATHODE FLUORESCENT LAMPS
Many CCFL characteristics are shared by so-called "Hot"
Cathode Fluorescent Lamps (HCFLs). The most significant difference is that HCFLs contain filaments at each end
of the lamp (see Figure A1). When the filaments are
powered they emit electrons, lowering the lamp's ionization potential. This meansa significantly lower voltage will
start the lamp. Typically, the filaments are turned on, a
relatively modest voltage impressed across the lamp and
start-up occurs. Once the lamp starts,filament power is
removed. Although HCFLs reduce the high voltage requirement they require afilament supply anq sequencing
circuitry. The CCFL circuits shown in the text will start and
run HCFLs without using the filaments. In practice, this
involves simply driving the filament connections at the
HCFL ends as if they were CCFL electrodes.

FILAMENT

SUPPLY

FILAMENT

HCFL

FILAMENT

HIGH
VOLTAGE

SUPPLY

Figure A1. A Conceptual Hot Cathode Fluorescent Lamp Power
Supply. Heated Filaments Liberate Electrons, Lowering the
Lamp's Start-Up Voltage Requirement. CCFL Supply Discussed
in Text Eliminates Filament Supply
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Reprinted with permission of Sharp Electronics Corporalion

MECHANICAL DESIGN CONSIDERATIONS FOR LIQUID CRYSTAL DISPLAYS

Charles L. Guthrie, Sharp Electronics Corporation
Introduction

As more companies begin the manufacturing of their next
generation of computers, there is a need to reduce the
overall size and weight of the units to improve their
portability. This has sparked the need for more compact
designs where the various components are placed in
closer proximity, thus making them more susceptible to
interaction from signal noise and heat dissipation. The
following is asummary of guidelines for the placement of
the display components and suggestions for overcoming
difficult design constraints associated with component
placement.
In notebook computers the thickness of the display housing is important. The design usually requires the display to
be in a pivotal structure so that the display may be folded
down over the keyboard for transportation. Also, the
outline dimensions must be minimal so that the package
will remain as compact as possible. These two constraints
drive the display housing design and placement of the
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display components. This discussion surveys each of the
problems facing the designer in detail and offers suggestions for overcoming the difficulties to provide a reliable
assembly.
The problems facing the pen-based computer designer
are similar to those realized in notebook designs. In
addition, however, pen-based designs require protection
for the face of the display. In pen-based applications, as
the pen is moved across the surface of the display, the pen
has the potential for scratching the front polarizer. For this
reason the front ofthe display m~st be protected. Methods
for protecting the display face while minimizing effects on
the display image are given.
Additionally, the need to specify the flatness of the bezel is
discussed. Suggestions for acceptable construction techniques for sound design are included. Further, display
components likely to cause problems due to heat buildup
are identified and methods for minimization of the heat's
effects are presented.
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The ideas expressed here are not the only solutions to the
various problems and have not been assessed as to
whether they may infringe on any patents issued or
applied for.

the shock and vibration experienced in a portable computer. Even though the display has been carefully designed, the notebook computer presents extraordinary
shock and abuse problems.

Flatness and Rigidity of the Bezel

Avoiding Heat Buildup in the Display

In the notebook computer the bezel has several distinct
functions. It houses the display, the inverter forthe backlight, and in some instances, the controls for contrast and
brightness of the display. The bezel is usually designed to
tilt to set the optimum viewing angle for the display.

Several of the display components are sources for heat
problems. Thermal management must be taken into
account in the design ofthe display bezel. Aheated display
may be adversely affected; a loss of contrast uniformity
usually results. The Cold Cathode FluorescentTube (CCFT)
itself gives off a small amount of heat relative to the
amountof power dissipated in its glow discharge. Likewise,
even though the inverters are designed to be extremely
efficient, there is some heat generated. The buildup of heat
in these components will be aggravated by the typically
"tight" designs currently being introduced. There is little
ventilation designed into most display bezels. To compound
the problem, the plastics used are poor thermal conductors,
thus causing the heat to build up which may affect the
display.

It is important to understand that the bezel must provide
a mechanism to keep the display flat, particularly at the
mounting holds. Subtle changes in flatness place uneven
stress on the glass which can cause variations in contrast
across the display. Slight changes in pressure may cause
significant variation in the display contrast. Also, at the
extreme, significantly uneven pressures can cause the
display glass to fail.
Because the bezel must be functional in maintaining the
flatness ofthe display, consideration must be madeforthe
strength of the bezel. Care must be taken to provide
structural members while minimizing the weight of the
unit. This may be executed using aparallel grid, normal to
the edges of the bezel, or angled about 45° off of the
edges of the bezel. The angled structure may be more
desirable in that it provides resistance to torquing the
unit while lifting the cover with one hand. Again, the
display is sensitive to stresses from uneven pressure on
the display housing.
Another structure which will provide excellent rigidity, but
adds more weight to the computer, is a "honeycomb"
structure. This "honeycomb" structure resists torquing
from all directions and tends to provide the best protection
for the display.
With each of these structures it is easy to provide mounting assemblies forthe display. "Blind nuts" can be molded
into the housing. The mounting may be done to either
the front or rear of the bezel. Attachment to the rear
may provide better rigidity for placement of the mounting
hardware.
One last caution is worth noting in the development of a
bezel. The bezel should be engineered to absorb most of

Some current designs suffer from poor placement of the
inverter and/or poor thermal management techniques.
These designs can be improved even where redesign of
the display housing with improved thermal management
is impractical.
One of the most common mistakes in current designs is
that there has been no consideration forthe buildup of heat
from the CCFT. Typically, the displays for notebook applications have only one CCFT to minimize display power
requirements. The lamp is usually placed along the right
edge of the display. Since the lamp is placed very close to
the display glass, it can cause a temperature rise in the
liquid crystal. It is important to note that variations in
temperature of as little as 5°C can cause an apparent nonuniformity in display contrast. Variations caused by slightly
higher temperature variations will cause objectionable
variations in the contrast and display appearance.
To further aggravate the situation, some designs have the
inverter placed in the bottom of the bezel. This has a
tendency to cause the same variations in contrast, particularly when the housing does not have any heat sinking for
the inverter. This problem manifests itself as a"blooming"
of the display, just above the inverter. This "blooming"

AN65-61

Application Note 65
looks like awashed out area where, in the worst case, the
characters on the qisplay fade completely.
The following section discusses the recommended methods for overcoming these design problems.
Placement of the Display Components

The best solution for the designer of new hardware is to
consider the placement of the inverter to the side of the
display and at the top of the bezel. In existing deSigns of
this type the effects of heat from the inverter, even in tight
housings, has been minimal or nonexistent.

One of the things that can be done is to design the inverter
into the base of the computer with the motherboard. In
some applications this is impractical because this requires
the high voltage leads to be mounted within the hinges
connecting the display bezel to the main body. This causes
a problem with strain relief of the high voltage leads and
thus with UL certification.

One problem which is aggravated by the placement of the
inverter at the bezel is heat dissipated by the CCFT. In
designs where the inverter is placed up and to the side of
the display, fading of the display contrast due to CCFT
heat is not a problem. However, when the inverter is
placed at the bezel bottom; some designs experience a
loss of contrast aggravated by the heat from the CCFT
and inverter.
.

One mistake made most often is placing the inverter at the
bottom of the bezel next to the lower edge of the display.
It is a fact that heat rises, yet this is one of the most
overlooked problems in new notebook designs. Even
though.the inverters are very efficient, some energy is lost
in the inverter in the form of heat. Because ofthe insulating
properties of the plastic materials used in the bezel construction, heat builds up and affects the display contrast.

In cases where the inverter must be left atthe bottom and
the CCFTis causing aloss of contrast, the problem c~n be
minimized by using an aluminum foil heat sink. This does
not remove the heat from the display but dissipates it
over the entire display area, thus normalizing the display
contrast. The aluminum foil is easy to install and in
some present designs has successfully improved the
display contrast.

Designs with the inverter at the bottom can be improved
in one of three ways. The inverter can be relocated away
from the display, heat sinking materials can be placed
between the display and the inverter, or ventilation can be
provided to remove the heat.

Remember that the objection to the contrast variation
stems more from nonuniformity than from a total loss
of contrast.

In mature designs it may be impractical to do what is
obvious and move the inverter up to the side of the display
towards the top ofthe housing. In these cases the inverter
may be insulated from the display with a "heat dam." One
method of accomplishing this would be to use a piece of
mica insulator die cut to fit tightly between the inverter and
the display. This heat dam would divert the heat around the
end of the display bezel to rise harmlessly to the top of the
housing. Mica is recommended in this application because of its thermal and electrical insulation properties.

One of the last considerations in the design of notebook
and pen-based computers is protection ofthe display face.
The front polarizer is made of a mylar base and thus is
susceptible to scratching. The front protection for the
display, along with providing scratch protection, may also
provide an antiglare surface.

The last suggestion for removing heat is to provide some
ventilation to the inverter area. This has to be done very
carefully to prevent exposing the high voltage. Ventilation
may not be a. practical solution because resistance to
liquids and dust is compromised.
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Protecting the Face of the Display

There are several ways that scratch resistance and antiglare surfaces can be incorporated. A glass or plastic
cover may be placed over the display, thus providing
protection. The material should be placed as close to the
display as possible to minimize possible parallax problems due to reflections off of the cover material. With
antiglare materials the further the material is from the front
of the display the greater the distortion.
In pen applications, the front antiscratch material is best
placed in contact with the front glass of the display. The
cover glass material normally needs to be slightly thicker
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to protect the display from distortion when pressure is
being exerted on the front.
There are several methods for making the pen input
devices. Some use the front surface of the cover glass to
provide input data and some use a field effect to aprinted
wiring board on the back of the display. When the pen
input is on the front of the display, the input devite is
usually on a glass surface.

To limit specular reflection in this application, the front
cover glass should be bonded to the display. Care must be
taken to ensure that the coefficient of thermal expansion is
matched for all of the materials used in the system.
Because ofthe difficulties encountered with the bonding of
the cover glass, and the potential to destroy the display
through improper workmanship, consulting an expert is
strongly recommended.

APPENDIX C
ACHIEVING MEANINGFUL ELECTRICAL MEASUREMENTS

Obtaining reliable efficiency data for the CCFL circuits
presents a high order difficulty measurement problem.
The accuracy required in the high frequency AC measurements is uncomfortably close to the state-of-the-art.
Establishing and maintaining accurate wideband AC
measurements is atextbook example of attention to measurement technique. The combination of high frequency,
harmonic laden waveforms and high voltage makes meaningful results difficultto obtain. The choice, understanding
and use ottest instrumentation is crucial. Clear thinking is
needed to avoid unpleasant surprises!1
-3.2

The lamp's current and voltage waveforms contain energy
content over a wide frequency range. Most of this energy
is concentrated at the inverter's fundamental frequency
and immediate harmonics. However, if 1% measurement
uncertainty is desirable, then energy content outto 10MHz
must be accurately captured. Figure C1, aspectrum analysis of lamp current, shows significant energy out to
500kHz. Diminished, but still significant, content shows
Note 1: It is worth considering that various constructors of text Figure 35
have reported efficiencies ranging from 8% to 115%.
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Figure C1. Hewlett-Packard HP89410A Spectral Plot of Lamp
Current Shows Significant Energy Out to 500kHz
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up in Figure C2's 6MHz wide plot. This data. suggests that
monitoring instrumentation must maintain.high accuracy
over wide bandwidth.

Current Probe Circuitry
Figure C3's Circuitry meets the discussed requirements. It
signal-conditions acommercially available "clip-on" current probe with a precision amplifier to provide 1% measurement accuracy to 10MHz. The "clip-on" probe pro-,
vi des convenience, even in the presence of the. high
common voltages noted. The current probe biases A1,
operating at again of about 3.75. No impedance matching
is required due to the probe's low output impedance
termination. Additional amplifiers provide distributed gain,
maintaining wide bandwidth with an overall gain of about

Accurate determination of RMS operating current is important for electrical and emissivity efficiency computations and to ensure long lamp life. Additionally, it is
desirable to be able to perform current measurements in
the presence of high common mode vOltage (> 1000VRMS).
This capability allows investigation and quantification of
display and wiring-induced losses, regardless of their
origins in the lamp drive circuitry.
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Figure C2. Extended HP89410A Spectral Plot Shows Lamp Current Has Measurable Energy Well into MHz Range. Data
Indicates that Lamp Voltage and Current Instrumentation Must Have Precision, Wideband Response

TEKTRONIX P6021
CURRENT PROBE
2mAlmV

OUTPUT TO
THERMALLY BASED
RMS VOLTMETER•
•. g., HP3403, 3400,
flUKE 8920A.
SCALE FACTOR IS
1k 10.DOmARMS =1.000VRMS
20kHz TO 10MHz

SELECTRx

D1V:~~~W. ±15V
SEE TEXT
ALL RESISTORS ARE 1% FILM UNLESS NOTED.
":"
USE RF LAYOUT TECHNIQUES-SEE FOLLOWING PHOTOS AND TEXT
SUPPLIES =±15V, BYPASS EACH AMPLIFIER WITH 0.1~F CERAMIC CAPACITORS.
DIODE CLAMP SUPPLIES FOR REVERSE VOLTAGE

1000
CALIBRATE

Figure C3. Precision "Clip-On" Current Probe for CCFL Measurements Maintains 1%
Accuracy over 20kHz to 10MHz Bandwidth
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200. The individual amplifiers avoid any possible crosstalkbased error that could be introduced by amonolithic quad
amplifier: 01 and Rx are selected for polarity and value to
trim overall amplifier offset. The 1oon trimmer sets gain,
fixing the scale factor. The output drives a thermally

based , wideband RMS voltmeter. In practice, the circuit is
built into a 2.25" x 1" x 1" enclosure which is directly
connected via BNC hardware to the voltmeter. No cable is
used. Figure C4 shows the probe/amplifier combination.
Figure C5 details RF layout techniques used in the amplifier's

Figure C4. Current Probe Amplifier Mated to the Current Probe Termination Box

Figure CS. RF layout Technique for the Current Probe Amplifier Is Required for
Performance levels Quoted in Text
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Figure C6. A Version of the Current Probe Amplifier in Its Housing.
Current Probe Terminator Is at Left

construction. Figure C6 shows a version of the amplifier,
detailing enclosure layout and construction. The result is
a "clip-on " current probe with 1% accuracy over a 20kHz
to 10MHz bandwidth. This tool has proven to be indispensable to any rigorously conducted backlight work.
Figure C7 shows response for the probe/amplifier
as measured on a Hewlett-Packard HP4195A network
analyzer.
lOOk

1M
FREQUENCY (Hz)

10M

Figure C7. Amplitude vs Frequency Output of HP4195A Network
Analyzer. Current Probe/Amplifier Maintains 1% (O.ldB) Error
Bandwidth from 20kHz to 10MHz. Small Aberrations Between
10MHz and 20MHz Are Test Fixture Related
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Current Calibrator
Figure C8's circuit, acurrent calibrator, permits calibration
of the probe/amplifier and can be used to perio.dically
check probe accuracy. A1 and A2 form a Wein bridge
oscillator. Oscillator output is rectified by A4 and A5 and
compared to a DC reference at A3. A3's output controls
Q1, closing an amplitude stabilization loop. The stabilized
amplitude is terminated into a 100n, 0.1 % resistor to
provide a precise 10.00mA, 60kHz current through the
series current loop. Trimming is performed by altering the
nominal 15k resistor for exactly 1.000VRMS across the
100n unit.

In use, this current probe has shown 0.2% baseline
stability with 1%absolute accuracy over one year's time.
The sole maintenance requirement for preserving accuracy is to keep the current probe jaws clean and avoid
rough or abrupt handling ofthe probe. 2 Figure C9a shows
the probe/calibrator used with an RMS voltmeter. Figure
C9b shows the current probe in use, in this case determining display frame parasitic loss.
Note 2: Private communication, Tektronix, Inc.

5k

10.00mA
~60kHz

1N4148

$

CURRENT LOOP
OUTPUT

1N4148

10k

-=ALL RESISTORS ARE 1% FILM UNLESS NOTED
SUPPLIES = ±15V

15k NOMINAL. TRIM
FOR 1.000V ACROSS
1000 RESISTOR.
SEE TEXT

4.7k
5%

LT1029
5V
AN650Ft:O&

Figure ca. Current Calibrator for Probe Trimming and Accurat;y Checks. Stabilized Oscillator Forces
10.00mA Through Output Current Loop at 60kHz
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Voltage Probes for Grounded Lamp Circuits
The high voltage measurement across the lamp is quite
demanding on the probe. The simplest case is measuring
grounded lamp circuits. The waveform fundamental is at
20kHz to 100kHz, with harmonics into the MHz region.
This activity occurs at peak voltages in the kilovolt range.
The probe must have a high fidelity response under these
conditions. Additionally, the probe should have low input
capacitance to avoid loading effects which would corrupt
the measurement. The design and construction of such a
probe requires significant attention. Figure C1 0 lists some
recommended probes along with their characteristics. As
stated in the text, almost all standard oscilloscope probes
will fai/3 if used for this measurement. Attempting to
circumvent the probe requirement by resistively dividing
the lamp voltage also creates problems. Large value
resistors often have significant voltage coefficients and
their shunt capacitance is high and uncertain. As such,
simple voltage dividing is not recommended. Similarly,
common high voltage probes intended for DC measurement will have large errors because of AC effects. The
P6013A and P6015 are the favored probes; their 100Mn
input and small capacitance introduces low loading error.

TEKTRONIX
PROBE
ATTENUATION
TYPE
FACTOR
ACCURACY

The penalty for their 1OOOX attenuation is reduced output,
but the recommended voltmeters (discussion to follow)
can accommodate this.
All of the recommended probes are designed to work into
an oscilloscope input. Such inputs are almost always 1Mn
paralleled by (typically) 1OpF to 22pF. The recommended
voltmeters, which will be discussed, have significantly
different input characteristics. Figure C11 's table shows
higher input resistances and a range of capacitances.
Because of this the probe must be compensated for the
voltmeter's input characteristics. Normally, the optimum
compensation point is easily determined and adjusted by
observing probe output on an oscilloscope. A known
amplitude square wave is fed in (usually from the oscilloscope calibrator) and the probe adjusted for correct response. Using the probe with the voltmeter presents an
unknown impedance mismatch and raises the problem of
determining when compensation is correct.
The impedance mismatch occurs at low and high frequency. The low frequency term is corrected by placing an
appropriate value resistor in shunt with the probe's output.
Nole 3: That's twice we've warned you nicely.

INPUT
RESISTANCE

INPUT
CAPACITANCE

RISE
TIME

BANDWIDTH

MAXIMUM
VOLTAGE

DERATED
ABOVE

P6007

100X

3%

10M

2:2pF

'14ns.

25MHz

1.5kV

200kHz

P6009

100X

3%

10M

2.5pF

2.9ns

120MHz

1.5kV

200kHz

P6013A

1000X

Adjustable

100M

3pF

7ns

50MHz

12kV

100kHz

P6015

1000X

Adjustable

100M

, 3pF

4.7ns

75MHz

20kV

100kHz·

DERATED TO
AT
FREQUENCY
700VRMS
atl0MHz
450VRMS
at40MHz
800VRMS
at20MHz
2000VRMS
at20MHz

COMPENSATION
RANGE

ASSUMED
TERMINATION
RESISTANCE

15pF to 55pF

1M

15pFto 47pF

1M

12pFto 60pF

1M

12pF to 47pF

1M

Figure C10_ Characteristics of Some Wideband High Voltage Probes_ Output Impedances Are Designed for Oscilloscope Inputs
MANUFACTURER
AND MODEL

FULL SCALE
RANGES

ACCURACY
AT1MHz

ACCURACY
AT 100kHz

INPUT RESISTANCE
AND CAPACITANCE

MAXIMUM
BANDWIDTH

CREST
FACTOR

Hewlett-Packard 3400
Meter Display

lmVto 300V,
12 Ranges

1%

1%

O.OOlV to 0.3V Range =10M and < 50pF,
1V to 300V Range =10M and < 20pF

10MHz

10:1 At Full Scale,
100:1 At 0.1 Scale

Hewlett-Packard 3403C
Digital Display

10mV to 1000V,
6 Ranges

0.5%

0.2%

10mV and 100mV Range =20M and 20pF ±10%,
lVto 1000V Range =10M and 24pF ±10%

100MHz

10:1 At Full Scale,
100:1 At 0.1 Scale

Fluke 8920A
Digital Display

2mVto 700V,
7 Ranges

0.7%

0.5%

10M and < 30pF

20MHz

7:1 At Full Scale,
70:1 At 0.1 Scale

Figure C11. Pertinent Characteristics of Some Thermally Based RMS Voltmeters. Input Impedances Necessitate Matching
Network and Compensation for High Voltage Probes
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For a 10MQ voltmeter input a 1.1 M resistor is suitable.
This resistor should be built into the smallest possible
BNC equipped enclosure to maintain a coaxial environment. No cable connections should be employed ; the
enclosure should be placed directly between the probe
output and the voltmeter input to minimize stray capacitance. This arrangement compensates the low frequency
impedance mismatch. Figure C12 shows the impedance
matching box attached to the high voltage probe.
Correcting the high frequency mismatch term is more
involved . The wide range of voltmeter input capacitances
combined with the added shunt resistor's effects presents
problems. How is the experimenter to know where to set
the high frequency probe compensation adjustment? One
solution is to feed aknown value RMS signal to the probe/
voltmeter combination and adjust compensation for a
proper reading . Figure C13 shows a way to generate a
known RMS voltage. This scheme is simply a standard
backlight circuit reconfigured for a constant voltage output. The op amp permits low RC loading of the 5.6kQ
feedback termination without introducing bias current
error. The 5.6kQ value may be series or parallel trimmed
for a 300V output. Stray parasitic capacitance in the
feedback network affects output voltage. Because of thi s,
all feedback associated nodes and components should be
rigidly fi xed and the entire circuit built into a small metal
box. This prevents any significant change in the parasitic
terms. The result is a known 300VRMS output.
Now, the probe's compensation is adjusted for a 300V
voltmeter indication using the shortest possible connection (e.g., BNC-to-probe adapter) to the calibrator box.
This procedure, combined with the added resisto r, completes the probe-to-voltmeter impedance match . If the
probe compensation is altered (e.g. , for proper response
on an oscilloscope) the voltmeter's reading will be erroneous. 4 It is good practice to verify the calibrator box output
before and after every set of efficiency measurements.
This is done by directlyconnecting , via BNC adapters, the
cal ibrator box to the RMS voltmeter on the 1000V range.
Note 4: The translation of this statement is to hide the probe when you are
not using it. If anyone wants to borrow it, look straight at them, shrug you r
shoulders and say you don't know where it is. This is decidedly dishonest,
but eminently practical. Those find ing this morally questionable may wish
to re-examine their attitude after producing a day's worth of wo rth less data
with a probe that was unknowingly readjusted.

Figure C12. The Impedance Matching Box (Extreme left)
Mated to the High Voltage Probe. Note Direct Connection.
No Cable Is Used
SHORT WIRE DIRECTLY
TO THIS BNC OUTPUT
300VRMS
OUTPUT =60kHz

75k, 3W
CARBON COMP
750k'

..t

1
+

Cl

l N4148

0 . 033~F
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l N4148

II

5.6k'
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300VRMS
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LTll72
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Cl = MUST BE A LOW LOSS CAPACITOR.
METALIZED POLYCARB
WIMA FKP2, MKP-20 (GERMAN) OR PANASONICECH-U RECOMMENDED
L1 = SUMIDA 6345-020 OR COILTRONICS CTXll0092-1
PIN NUMBERS SHOWN FOR COILTRONICS UNIT
L2 = COILTRDNICS CTX300-4
Ql , Q2 = ZETEX ZTX849 OR ZDTl 048
, = 1% FILM RESISTOR [TEN 75k RESISTORS IN SERIES)
DO NOT SUBSTITUTE COMPONENTS
COILTRONICS (407) 241 -7876, SUMIDA (708) 956-0666

Figure C13, High Voltage RMS Calibrator Is Voltage
Output Version 01 CCFl Circuit
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Voltage Probes for Floating Lamp Circuits
~easuring voltage of floating lamp circuits requires a
nearly heroic effort. Floating lamp measurement involves
all the difficulties of the grounded case but also needs a
fully differential input. This is so because the lamp is freely
floating from ground. The two probes must not only be
properly compensated but matched and calibrated within
1%. Additionally, a fully floating source is required to
check calibration instead of Figure C13's simple singleended approach.

Figure C14's differential amplifier converts the differential
outpu.t ?f the high voltage probes to asingle-ended signal
for driving an RMS voltmeter. It introduces less than 1%
err?r i~ 10MHz bandwidth if probe compensation and
~ahbratlon are correct (discussion to follow). Both probe
Inputs feed source followers (01-04) via RC networks that
provide proper probe termination. 02 and 04 bias differential amplifier A2, running atagain of ... 2. FET DCand low
frequency differential drift is controlled by A1. A1 measures aband limited version of A2's inputs and biases 04's
gate termination resistor. This forces 04 and 02 to equal
source voltages. This control loop eliminates DC and low
7.5V

frequency error. due to FET mismatches.s 01 and 03 also
follow the probe output and feed a small, frequencydependent, summed signal to A2's auxiliary input. This
term is used to correct high frequency common mode
rejection limitations of A2's main inputs. A2's output drives
the RMS voltmeterviaa20:1 divider. The divider combines
with A2's gain-bandwidth characteristics to give 1%accuracy out to 1OM Hz at the voltmeter input.
To calibrate the amplifier, tie both inputs together and
select Rx (shown at 04) so A1's output is near OV. It may
be necessary to. place Rx at 02 to make this trim. Next,
drive the shorted inputs with a 1V, 10MHz sine wave.
Adjust the "10MHz CMRR trim" for a minimum RMS
voltmeter reading, which should be below 1mV. Finally lift
the "+" input from ground, apply 1VRMS at 60kHz and'set
A2's gain trim for a1OOmV voltmeter reading. As acheck
grounding the "+" input and driving the "-" input with th~
60kHz signal should produce an identical meter reading.
Note 5: A more obvious and less complex way to control FET mismatchinduced offset would utilize a matched dual monolithic FET. Readers are
invited to speculate on why this approach has unacceptable high
frequency error.
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Further, known differential inputs at any frequency from
10kHz to 10MHz should produce corresponding calibrated and stable RMS voltmeter readings within 1%.
Errors outside this figure at the highest frequencies are
correctable by adjusting the u10MHz antipeaking" trim.
This completes amplifier calibration.
The high voltage probes must be properly frequencycompensated to give calibrated results with the amplifier.
The RC values at the amplifier inputs approximate the
termination impedance the probe is designed for. Individual probes must, however, be precisely frequencycompensated to achieve required accuracy. This is quite a
demanding exercise because of probe characteristics.

The large number of parasitic terms associated with the
probe head and cable result in a complex, multitimeconstant response characteristic. Faithful wideband response requires the terminator box components to separately compensate each of these time constants. As such,
no less than seven user adjustments are required to
compensate the probe to any individual instrument input.
Thesetrims are interactive, requiring arepetitive sequence
before the probe is fully compensated. The probe manual
describes the trimming sequence, using the intended
oscilloscope display as the output. In the present case the
ultimate output is an RMS voltmeter via the differential
amplifier just described. This complicates determining
the probe's proper compensation point but can be accommodated.

Figure C15 is an approximate schematic of the Tektronix
P6015 high voltage probe. Aphysically large, 100M resistor occupies the probe head. Although the resistor has To compensate the probes, connect them direct/yto the
repeatable wideband characteristics, it suffers distributed calibrated differential amplifier (see Figures C16, C17,
parasitic capacitances. These distributed capacitances C18) and ground the probe associated with the U_" input.
combine with similar cable losses, presenting a distorted Drive the U+" input probe with a1OOV, 100kHz square wave
version ofthe probed waveform to the terminator box. The . that has a clean 10ns 6edge with minimal aberrations
terminator box impedance-frequency characteristic, when following the transition. The absolute amplitude of the
properly adjusted, corrects the distorted information, pre- waveform is unimportant. Monitor this waveform? on an
senting the proper waveform at the output. The probe's oscilloscope. Additionally, monitor A2's output in the
1OOOX attenuation factor, combined with its high impedNote 6: Suitable instruments include the Hewlett-Packard 214A and the
ance, provides a safe, minimally invasive measure of the Tektronix type 106 pulse generators.
input waveform.
Note 7: Use a properly compensated probe. please!
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Figure C15. Approximate Schematic of Tektronix P6015 High Voltage Probe. Distributed Parasitic Capacitances Necessitate
Numerous Interactive Trims, Complicating Probe Matching to Voltmeter
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Figure C16 . Complete Differential Probe and Calibrator. BNC Outputs Provide Precision, Floating 500VRMS
Calibration Source to Check Probe/Amplifier Section

differential amplifier (see Figure C14) with the oscilloscope B Perform the compensation procedure described
in the Tektronix P6015 manual until both waveforms
displayed on the oscilloscope have identical shapes. When
this state is reached , repeat this procedure with the "- "
input probe driven and the "+" input probe grounded. This
sequence brings the probe's interactive adjustments reasonably close to the optimum points.
To complete the calibration, connect the 50n precision
termination (see Figures C14 and C16) and the RMS
voltmeter to the differential amplifier's output (see Figure
C16). Ground the "- " input probe and drive the "+" probe
with a known amplitude high voltage waveform of about
60kHz.9

Perform vel}' slight readjustments of this probe's compensation trims to get the voltmeter's reading to agree
with the calibrated input (account for scaling differences-e.g., ignore the voltmeter's range and decimal point
indications) . The trim(s) having the greatest influence
should be utilized for this adjustment-only a slight
adjustment should be required . Upon completing this step
repeat the procedure using the 100V, 100kHz square
wave, verifying inpuVoutput waveform edge fidelity. If
waveform fidelity has been lost retrim and try again.
Several iterations may be necessary until both conditions
are met.
Repeat the above procedure for the "-" probe adjustment
with the "+" probe grounded .
Note 8: See Footnote 7.
Note 9: Figure C13's calibrator is appropriate.
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Figure C17. Top View of Differential Probe/Calibrator. Probes Are Directly Mated to Differential Amplifier
(Left). Calibrator Is to Right. Current Transformer Is Located Between Load Resistors

Short both probes together and drive them with the 100V,
100kHz square wave. The RMS voltmeter should read
(ideally) zero. Typically, it should indicate well below 1%
of input. The differential amplifier's "1OMHz CMRR trim "
(Figure C14) can be adjusted to minimize the voltmeter
reading.

to 10MHz signal to each probe with the other probe
grounded. Verify that the RMS voltmeter indicates correct
and flat gain over the entire swept frequency range for
each case. If any condition described in this paragraph is
not met, the entire calibration sequence must be repeated.
This completes the calibration .

Next, with the probes still shorted , apply a swept 20kHz to
10MHz sine wave with the highest amplitude available.
Monitor A2's output with an RMS voltmeter, ensuring that
it never rises above 1% of input amplitude. FinallY,10
apply the highest available knownamplitude, swept 20kHz

Note 10: "Finally" is more than an app ropriate descriptive. Ach ieving a
wideband , matched probe response involving 14 interactive adjustments
takes time, patience and utter determination. Allow at least six hours for
the entire session. You'll need it.
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Figure C18. Detail 01 Probe/Amplifier Connection Shows Direct, Low Loss BNC Coupling

Differential Probe Calibrator
A calibrator with a fully floating , differential output allows
periodic operational checking of the differential probe's
accuracy. This calibrator is built into the same enclosure
as the differential probe (Figure C16) . Figure C19 is a
schematic of the calibrator.
The circuit is a highly modified form of the basic backlight
power supply. Here, T1 's output drives two precision
resistors which are well-specified for high frequency, high
voltage operation. The resistor's current is monitored by
L2, a wide band current transformer. L2's placement between the resistors combines with T1 's floating drive to
minimize the effects of L2's parasitic capacitance. Although L2 has parasitic capacitance, it is bootstrapped to
essentially OV, negating its effect.
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L2's secondary output is amplified by A1 and A2, with A3
and A4 serving as a precision rectifier. A4's output is
smoothed by the 1OkQ/0.1 Wfilter, closing a loop at the
LT1172's Feedback pin. Similar to previously described
CCFL circuits, the LT1172 controls Royer drive, setting
T1 's output.
TO,calibrate this circuit, ground the LT1172's Vc pin, open
T1 s secondary and select the LT1 004 's polarity and
associated resistor value for OV at A4's output. Next, put
a 5.00mA, 60kHz current through L2.11 Measure A4's
smoothed output (the LT1172's Feedback pin) and adjust
the "output trim " for 1.23V. Next, reconnect T2's secondary, remove the current calibrator connection and unground
Note 11 : Figure CS's output, rescaled for 5.00mA, is a source of calib rated
current.
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Application Note 65
the LT1172 Vc pin.The result is 500VRMS atthe calibrator's
differential output. This may be checked with the differential probe. Reversing the probe connections should have
no effect, with readings well within 1%.12
The differential probe and floating output calibrator reQuire almost fanatical attention to layout to achieve the
performance levels noted. The wideband amplifier sections utilize RF layout techniques which are reasonably

well-documented. 13 Practical construction considerations
for parasitic capacitance related issues are photographically detailed in Figures C17 through C23.

Note 12: Those who construct and trim the differential probe and
calibrator will experience the unmitigated ioy that breaks loose when they
agree within 1'!o.
Note 13: See Reference 26.
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RMS Voltmeters

The efficiency measurements require an RMS responding
voltmeter. This instrument must respond accurately at
high frequency to irregular and harmonically loaded waveforms. These considerations eliminate almost all AC voltmeters, including DVMs with AC ranges.
There are a number of ways to measure RMS AC voltage.
Three of the most common include average, logarithmic
and thermally responding. Averaging instruments are
calibrated to respond to the average value of the input
waveform, which is almost always assumed to be a sine
wave. Deviation from an ideal sine wave input produces
errors. Logarithmically based voltmeters attempt to overcomethis limitation by continuously computing the input's
true RMS value. Although these instruments are "real
time" analog computers, their 1% error bandwidth is well
below 300kHz and crestfactor capability is limited. Almost
all general purpose DVMs use such a logarithmically
based approach and, as such, are not suitable for CCFL
efficiency measurements. Thermally based RMS voltmeters are direct acting thermoelectronic analog computers.
They respond to the input's RMS heating value. This
technique is explicit, relying on the very definition of RMS
(e.g., the heating power of the waveform). By turning the
input into heat, thermally based instruments achieve vastly
higher bandwidth than other techniques. 14 Additionally,
they are insensitive to waveform shape and easily accommodate large crest factors. These characteristics are
necessary for the CCFL efficiency measurements.
Figure C24 shows a conceptual thermal RMS/DC converter. The input waveform warms a heater, resulting in
increased output from its associated temperature sensor.
A DC amplifier forces a second, identical, heater/sensor
pair to the same thermal conditions as the input driven
pair. This differentially sensed, feedback enforced loop
makes ambient temperature shifts acommon mode term;
eliminating their effect. Also, although the voltage and
thermal interaction is nonlinear, the inpuVoutput RMS
voltage relationship is linear with unity gain.
The ability of this arrangement to reject ambient temperature shifts depends on the heater/sensor pairs being
isothermal. This is achievable by thermally insulating
them with a time constant well below that of ambient
shifts. If the time constants to the heater/sensor pairs are
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Figure 1;24. Conceptual Thermal RMS/DC Converter

matched, ambient temperature terms will affect the pairs
equally in phase and amplitude. The DC amplifier rejects
this common mode term. Note that although the pairs are
isothermal, they ar~ insulated from .each other. Any
thermal interaction between the pairs reduces the
system's thermally based gain terms. This would cause
unfavorablesignal-to-noise performance, limiting dynamic
operating range.
Figure C24's output is linear because the matched thermal
pair's nonlinear voltage/temperature relationships cancel
each other.
The advantages of this approach have made its use popular in thermally based RMS/DC measurements.
The instruments listed in Figure C11, while considerably
more expensive than other options, are.typical of what is
required for meaningful results. The HP3400A and the
FI uke 8920A are currently available from thei r man ufactu rers. The HP3403C, an exofic and highly desirable instrument, is no longer produced but readily available on the
secondary market.
Figure C25 shows an RMS voltmeter which can be constructed instead of purchased. 15 Its small size permits itto
be built into bench and production test equipment. As
shown, it is designed to be used with Figure C14's differential probe, although the configuration is adaptable to
any CCFL-related measurement. It provides a true
Note 14: Those finding these descriptions intolerably brief are commended
to References 4, 5, 6, 9, 10, 11 and 12.
Note 15: This circuit derives from Reference 27.
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FIGURE C14

0.022"F
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3k

VOUT

*,22 PF
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15V
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OVERLOAD TRIM. SET AT
10% BELOW D1's VOLTAGE
WITH CIRCUIT OPERATING
AT FULL SCALE

• = 1% FILM RESISTOR

Figure C25. Wideband RMS/DC Converter lor Use with Differential Probe/Amplifier. Circuit Is also Usable with
Current Probe/Amplifier with Appropriate Gain Adjustments

RMS/DC conversion from DC to 1OMHz with less than 1%
error, regardless of input signal waveshape. It also features high input impedance and overload protection.
The circuit consists of three blocks; awideband amplifier,
the RMS/DC converter and overload protection. The amplifier provides high input impedance and gain, and drives
the RMS/DC converter's input heater. Input resistance is
defined by the 1M resistor with input capacitance about

1OpF. The LT1206 provides a flat 1OMHz bandwidth gain
of 5. The 5kQ/22pF network gives A1 a Slight peaking
characteristic at the highest frequencies, allowing 1%
flatness to 10MHz. A1's output drives the RMS/DC
converter.
The LT1088-based RMS/DC converter is made up of
matched pairs of heaters and diodes and a control amplifier. The LT1206 drives R1, producing heat which lowers
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D1 's voltage. Differentially connected A2 responds by
driving R2 via 03 to heat D2; closing a loop around the
amplifier. Because the diodes and heater resistors are
matched, A2's DC output is related to the RMS value of the
input, regardless of input frequency or waveshape. In
practice, residual LT1088 mismatches necessitate a gain
trim, which is implemented atA3. A3's output is the circuit
output. The LT1004 and associated components provide
loop compensation and good settling time over wide
ranges of operating conditions (see Footnote 14).
Start-up or input overdrive can cause A1 to deliver excessive current to the LT1 088 with resultant damage. C1 and
C2 prevent this. Overdrive forces D1 's voltage to an
abnormally low potential. C1 triggers low under these
conditions, pulling C2's input low. This causes C2's output
to go high, putting A1 into shutdown and terminating the
overload. After atime determined by the RC at C2's input,
A1 will be enabled. If the overload condition still exists the
loop will almost immediately shut A1 down again. This
OSCillatory action will continue, protecting the LT1 088
until the overload condition is removed.
Performance forthe circuit is quite impressive. Figure C26
plots error from DC to 11 MHz. The graph shows 1% error
bandwidth of 11 MHz. The slight peaking out to 5MHz is
due to the gain boost network at A1's negative input. The
peaking is minimal compared to the total error envelope,
and asmall price to pay to getthe 1%accuracy to 10MHz.

~

is
a:

0

ffi

-1

- -

- O.7%.ERROR AT 10MHz- Ir-

o

2

1

3 4 5 6 7 8 9 10 11
FREQUENCY (MHz)

Figure C26. Error Plot for the RMS/DC Converter.
Frequency-Dependent Gain Boost at A1 Preserves 1%
Accuracy but Causes Slight Peaking Before Rolloff
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To trim this circuit put the 5kQ potentiometer at its
maximum resistance position and apply a 100mV, 5MHz
signal. Trim the 500n adjustmentfor exactly WOUT. Next,
apply a 5MHz, 1V input and trim the 10kn potentiometer
for 10.00VOUT. Finally, put in 1Vat 1OMHz and adjust the
5kQ trimmer for 10.00VOUT. Repeat this sequence until
circuit output is within 1%accuracy for DC-1 OM Hz inputs.
Two passes should be sufficient.
Calorimetric Correlation of Electrical Efficiency
Measurements
Careful measurement technique permits a high degree of
confidence in the efficiencymeasurement's accuracy. It is,
however, a good idea to check the method's integrity by
measuring in a completely different domain. Figure C27
does this by calorimetric techniques. This arrangement,
identical to the thermal RMS voltmeter's operation (Figure
C24), determines power delivered by the CCFL circuit by
measuring its load temperature rise. As in the thermal
RMS voltmeter, adifferential approach eliminates ambient
temperature as an error term. The differential amplifier's
output, assuming a high degree of matching in the two
thermal enclosures, proportions to load power. The ratio
of the enclosure's E-I products yields efficiency information. In a 100% efficient system the amplifier's output
energy would equal the power supply's output. Practically
it is always less as the CCFL circuit has losses. This term
represents the desired efficiency information.
Figure C28 is similar except that the CCFL circuit board is
placed within the calorimeter. This arrangement nominally
yields the same information, but is amuch more demanding measurement because far less heat is generated. The
signal-to-noise (heat rise above ambient) ratio is unfavorable, requiring almost fanatical attention to thermal and
instrumentation considerations. 16 It is significant that the
total uncertainty between electrical and both calorimetric
efficiency determinations was 3.3%. The two thermal
approaches differed by about 2%. Figure C29 shows the
calorimeter and its electronic instrumentation. Descriptions of this instrumentation and thermal measurements
can be found in the References section following the
main text.
Note 16: Calorimetric measurements are not recommended for readers
who are short on time or sanity.
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APPENDIX 0
PHOTOMETRIC MEASUREMENTS

In the final analysis, the ultimate concern centers around
the efficient conversion of power supply energy to light.
Emitted light varies monotonically with power supply
energy,1 but certainly not linearly. In particular, lamp
luminosity may be highly nonlinear, particularly at high
power vs drive power. There are complex trade-offs involving the amount of emitted light vs power consumption , drive waveform shape and battery life. Evaluating
these trade-offs requires some form of photometer. The
relative luminosity of lamps may be evaluated by placing
the lamp in a light tight tube and sampling its output with
photodiodes. The photodiodes are placed along the lamp's
length and their outputs electrically summed. This sampling technique is an uncalibrated measurement, providing relative data only. It is, however, quite useful in
determining relative lamp emittance under various drive
conditions. Additionally, because the enclosure has essentially no parasitic capacitance, lamp performance may
be evaluated under "zero loss" conditions. Figure 01
showsthis "glometer," with its uncalibrated output appropriately scaled in "brights." The switches allow various
sampling diodes along the lamp's length to be disabled.
The photodiode signal-conditioning electronics are
mounted behind the switch panel with the drive electronics located to the left.

Figure 02 details the drive electron ics. A1 and A2 form a
stabilized output Wein bridge sine wave oscillator. A1 is
the oscillator and A2 provides gain stabilization in concert
with Q1. The stabilizing loop's operating point is derived
from the LT1 021 voltage reference. A3 and A4 constitute
a voltage-controlled amplifier which feeds power stage
AS. AS drives T1 , a high ratio step-up transformer. T1 's
output sources current to the lamp. Lamp current is
rectified and its positive portion terminated into the 1k
resistor. The voltage appearing across this resistor, indicative of lamp current, biases A6. Band-limited A6
compares the lamp current-derived signal against the
LT1 021 reference and closes aloop back to A3 . This loop's
operating point, and hence lamp current, is set by the
"current amplitude" adjustment over aOmA to 6mA range.
A1's"Frequency Adjust" control permits a20kHzto 130kHz
frequency operating range. The switch located at A1's
output permits external sources of various waveforms and
frequencies to drive the amplifier.

Note 1: But not always! It is possible to build highly electrically efficient
circuits that emit less light than "less efficient" designs. See previous text
and Appendix L, "A Lot of Cut Off Ears and No Van Goghs-Some
Not-So-Great Ideas."

Figure 01 . "Glometer" Measures Relative Lamp Emissivity under Various Drive Conditions. Test Lamp Is Inside
Cylindrical Housing. Photo diodes on Housing Convert Light to Electrical Output (Center) Via Amplifiers (Not Visible in
Photo). Electronics (Left) Permit Varying Drive Waveforms and Frequency
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The drive scheme and wideband transformer provide
extremely faithful response. Figure 03 shows waveform
fidelity at 100kHz with a SmA lamp load. Trace A is T1 's
primary drive and Trace Bisthe high voltage output. Figure
04, a horizontal and vertical expansion of 03, indicates
well-controlled phase shift. Residual effects cause slight
primary impedance variations (note primary drive nonlinearity at the sixth vertical division), although the output
remains singularly clean.

A= 20VIDIV

B = 200V/DIV

2!JS/DIV

Figure 03. Wideband Transformers Input (Trace A) and Output
(Trace B) Waveforms Indicate Clean Response at1 OOkHz

Figure OS shows the photodiode signal conditioning.
Groups of various photodiodes bias amplifiers A1through
A6. Each amplifier's output is fed via aswitch to summing
amplifier A7. The switches permit establishment of "dead
zones" along the test lamp's length, enhancing ability to
study emissivity vs location. ATs output represents the
summation of all sensed lamp emission.
The glometer's ability to measure relative lamp emission
under controlled settings of frequency, waveshape and
drive current in a "Iossless" environment is invaluable for
evaluating lamp performance. Evaluating display performance and correlating results with customers requires
absolute light intensity measurements.
Calibrated light measurements call for atrue photometer.
The Tektronix J-17/J1803 photometer is such an instrument. It has been found particularly useful in evaluating
display (as opposed to simply the lamp)luminosity under
various drive conditions. The calibrated output permits
reliable correlation with customer results. 2 The light tight
measuring head allows evaluation of emittance evenness
at various display locations.
Figure D6 shows the photometer in use evaluating a
display. Figure D7 is a complete display evaluation setup.
It includes lamp and DC input voltage and current instrumentation, the photometer described and a computer
(lower right) for calculating optical and electrical efficiency.

A =5V1DIV
B =200VlDlV
(UNCAlJBRAlID)

1~DlV

Figure 04. Magnified Versions of Figure D3's waveforms.
Output (Trace B) Is Undistorted Despite Slight Drive (Trace A)
Deformity at Sixth Vertical Divison. Transfomer Rollol!
Dictates This Desirable Behavior

Note 2: It is unlikely customers would be enthusiastic about correlating
the "brights" units produced by the aforementioned glometer.
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Figure D5. Glometer Photodiode/Amplifier Converts Lamp Light to Relative, Uncalibrated Electrical Output.
Switches Permit Investigation of Individual Portions of Lamp Output
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Figure 07. Complete CCFL Test Set Includes Photometer (Left and Center) , Differential Voltage Probe/Amplifier (Upper and
Lower Center), Current Probe Electronics (Right) and Input V and I DC Instrumentation (Upper Left). Computer (Lower
Right) Permits Calculation of Electrical and Optical Efficiency

APPENDIX E
OPEN LAMP/OVERLOAD PROTECTION

The CCFL circuit's current source output means that
"open" or broken lamps cause full voltage to appear at the
transformer output. Safety or reliability considerations
sometimes make protecting against this condition desirable. This protection is built into the LT118X series parts.
Figure E1 shows a typical circuit. C5, R2 and R3 sense
differentially across the Royer converter. Normally, the
voltage across the Royer is controlled to relatively small
values. An open lamp will cause full duty cycle modulation
atthe Vsw pin, resulting in large current drive through L2.
This forces excessive Royer voltage at the C5/R2/R3
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network, causing LT1184 shutdown via the "bulb" pin. C5
sets a delay, allowing Royer operation at high drive levels
during lamp start-up. This prevents unwarranted shutdown during the lamp's transient high impedance start-up
state.
The LT1172 and similar switching regulator parts need
additional circuitry for open lamp protection. Figure E2
details the modifications. Q3 and associated components
form asimple voltage mode feedback loop that operates if
Vz turns on. If T1 sees no load, there is no feedback and
the Q1/Q2 pair receives full drive. Collector voltage rises to

Application Note 65
abnormal levels and Vz biases via 01 's VBE path. 01 's
collector current drives the feedback node and the circuit
finds a stable operating point. This action controls Royer
drive and hence output voltage. 03's sensing across the
Royer provides power supply rejection. Vz's value should
be somewhat above the worst-case 01/02 VCE voltage
under running conditions. It is desir~ble to select Vz's
value so clamping occurs at the lowest output voltage
possible while still permitting lamp start-up. This is not as
tricky as it sounds because the 1Ok/1 ~ RC delays the
effects of 03's turn-on. Usually, selecting Vz several volts
above the worst-case 01/02 VCE will suffice.

Overload Protection
In certain cases it is desirable to limit output current if
either lamp wire shorts to ground. Figure E3 modifies a
switching regulator-based circuit to do this. The current
sensing network, normally series connected with the
lamp, is moved to the transformer. Any overload c~rre~t
must originate from the transformer. ~eedb~ck sensln~ In
this path provides the desired protection. Thl.s connectl.~n
measures total delivered current, including parasitic
terms, instead of lamp return current. Slight line regulation and current accuracy degradation occurs, but not to
an objectable extent.

Additional protection for all CCFL circuits is poss!ble by
fusing the main supply line, typically at a value twice the
largest expected DC current. Also, a thermally.activated
fuse is sometimes mated to 01 and 02. Excessive Royer
current causes heating in the transistors, activating the
fuse.

Floating lamp circuits, because of their isolation, are
inherently immune to ground referred short~. Sho~ed
lamp wires are also tolerated because of the primary Side
current sensing.
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Figure E1. C5, R2 and R3 Provide Delayed Sensing Across Royer Converter, Protecting Against Open Lamp
Conditions in LT118X Series ICs
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Figure E2. Q3 and Associated Components Form a Local
Regulating Loop to Limit Output Voltage

APPENDIX F
INTENSITY CONTROL AND SHUTDOWN METHODS
The CCFL circuits usually require shutdown capability and
some form of intensity (dimming) control. Figure F1lists
various options for the LT118X parts. Control sources
include pulse width modulation (PWM), potentiometers
and DACs or other voltage sources. The LT1186 (not
shown) uses a digital serial-bit stream data input and is
discussed in text associated with Figure 51.
In all cases shown the average current into the ICCFL pin
sets lamp current. As such, the amplitude and duty cycle
must be controlled in cases A and B. The remaining
examples use the LT118X's reference to eliminate amplitude uncertainty-induced errors.
Figure F2 shows shutdown options for LT118X parts. The
parts have ahigh impedance Shutdownpin, or power may
simply be removed from VIN. Switching VIN power requires a higher current control source but shutdown
current is somewhat .Iower.
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Figure F3 shows options for dimming control in LT1172
and similar regulator-based CCFL circuits. Three basic
ways to control intensity appear in the figure. The most
common intensity control method is to add a potentiometer in series with the feedback termination. When using
this method ensure that the minimum value (in this case
5620) is a1% unit. If awide tolerance resistor is used the
lamp current, at maximum intenSity setting, will vary
appropriately.
Pulse width modulation or variable DC is sometimes used
for intensity control. Two interfaces work well. Directly
driving the Feedback pin via a diode-22k resistor with
DC or PWM produces intenSity control. The other method
shown is similar, but places the 1!lf capacitor outside the
feedback loop to get best turn-on transient response. This
is the best method if output overshoot must be minimized.
Note that in all cases the PWM source amplitude at 0%
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(F1a) LT1182/LT11831CCFL PWM Programming

(F1b) LT1184/lT1184F IcCFL PWM Programming

V (PWM)
R1
R2
OV TO 5V
40.5k
40.5k
1kHz PWM ~ TO ICCFLPIN
0% to 90%.
+
DC = 01lA to 501lA
C1
R1 AND R2 ARE IDEAL VALUES.
2.2~F
USE NEAREST 1% VALUE.

V (PWM)
R1
R2
OV TO 5V 40.35k
40.35k
1kHzPWM ~ TOICCFLPIN
0% to 90%.
DC = 01lA to 501lA
+ C1
R1 AND R2 ARE IDEAL VALUES.
2.2~F
USE NEAREST 1% VALUE

r

r

(F1d) LT1184/lT1184F ICCFL Programming
with Potentiometer Control

(F1c) LT11831CCFL Programming
with Potentiometer Control
R1
15.9k

VREF

R1
15.5k

R2
50k

~

VREF

TOICCFLPIN

(F1e) LT1182/LT1183/LT1184/LT1184F
ICCFL Programming with DAC or Voltage Source Control

(F1f) LT1183ICCFL PWM Programming with VREF
FROMVREF
V (PWM)
R1
OV TD 5V
33011
1kHz PWM ~~;.'-.---J
0% to 90%. -""....--,
DC = 01lA to 501lA

R1
5k

I-......--'M-- TO ICCFL PIN
_,_ STRAY OUTPUT
- . - CAPACITANCE

CURRENT SOURCE
DAC

J

R2
7.15k

R3
7.15k

+----'w.,.-- TO ICCFL PIN
+

C1

R1 PREVENTS OSCILLATION.
R2 AND R3 ARE IDEAL VALUES.
USE NEAREST 1% VALUE

T-:- 22~F

(F1g) LT1184/lT1184F ICCFL PWM Programming with VREF

(F1h) LT11831CCFl PWM Programming with VREF

FROM VREF

J

01
VN2222L

-;:-

R1 DECOUPLES DAC OUTPUT CAPACITANCE
FROM THE ICCFL PIN

V (PWM)
R1
OV TO 5V
33011
1kHz PWM ~u:~'-.---J
0% to 90%. -""....--,
DC = 01lA to 501lA

TOICCFLPIN

R1 AND R2 ARE IDEAL VALUES.
USE NEAREST 1% VALUE.
ICCFL = 121lA TO 501lA

R1 AND R2 ARE IDEAL VALUES.
USE NEAREST 1% VALUE.
ICCFL = 121lA TO 501lA

DAC
OR
VOLTAGE
SOURCE

R2
50k

~

FROMVREF

01

R3
7.15k

VN2222L
R2
6.98k

V (PWM)

R3
6.98k

+---M~HM- TO ICCFL PIN

1~~,r~~~~Q1VN2222L
10 to 100%. - ,

+----'w.,.-- TO ICCFL PIN
C1
R1 PREVENTS OSCILLATION.
'I'_ 22"F R2
AND R3 ARE IDEAL VALUES.
+

DC = 501lA TO 01lA

C1

T
-:-

~

22~F

R1, R2 AND R3 ARE IDEAL VALUES.
USE NEAREST 1% VALUE

USE NEAREST 1% VALUE

(F1i) LT1184/lT1184F ICCFL PWM Programming with VREF
FROM VREF
R1
3.48k
V (PWM)

~~zTpDJ~ ~ ~01
VN2222L

1
10 to 100%. -,
DC = 501lA TO 01lA

R3
6.98k

R2
3.48k

+---M~HM- TO ICCFL PIN

C1

T
-:-

22~F

R1, R2 AND R3 ARE IDEAL VALUES.
USE NEAREST 1% VALUE

Figure F1. Various Dimming Options for LT118X Series Paris. LT1186 (Not Shown) Has Serial-Bit
Stream Digital Dimming Input
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LT118X
V
IN

12

Figure F2. Shutdown Options for LT118X Series Parts
Include Shutdown Pin or Simply Removing VIN

duty cycle does not; by definition, effect full-scale lamp
current certainty. See the main text section, "Feedback
Loop Stability Issues" for pertinent discussion.
Figure F4 shows methods for shutting down switching
regulator-based CCFL circuits. In LT1172 circuits pulling
the Vc pin to ground puts the circuit into micropower
shutdown. In this mode about SO~ flows into the LT1172
VIN pin with essentially no current drawn from the main
(Royer center tap) supply. Turning off VIN power eliminates the LT1172's SO~ drain. Other regulators, such as
the LT1372, have a separate Shutdown pin.

are usually betterthan absolute resistance specifications.
Because of this, it is sometimes advantageous to use the
device as a voltage divider instead of a rheostat. The key
issue in potentiometer-based dimming is usually ensuring
that lamp overdrive cannot occur. This is why arranging
dimming schemes for maximum intenSity at "shorted"
potentiometer positions is preferable. The "end resistance" tolerance, which should be checked, is often less
significant and more repeatable than that for maximum
resistance or even ratio setting. Other issues include wiper
current capability, taper characteristic and circuit sensitivity to "opens." Always review circuit behavior for maximum wiper current demands. CCFL dimming schemes
almost never require significant wiper current, but ensure
thatthe particular scheme used doesn't have this problem.
SHUTDOWN
BY REMOVING
VIN ORIVE

SHUTOOWN
PIN (LT1372)
Vc

About Potentiometers

SHUTDOWN
BY PULLING
TO GROUNO

Potentiometers, frequently used in CCFL dimming, require thoughtto avoid problems. In particular, resistance,
ratio tolerances and other issues can upset an ill-prepared
design. Keep in mind that ratio tolerances (see Figure FS)

I

'N6"'"

Figure F4. Various Shutdown Options in LT1172/
LT1372 Type CCFL Circuits

TO TRANSFORMER OUTPUT

.....- - - - TO FEEDBACK RC

"STANDARD"
POTENTIOMETER
CONTROL
5620
1%

OVDC TO 5VDC
OR 5V CMOS
DRIVEN PWM
(TYPicALLY 1kHz)

STANDARD
CONNECTION

l'T
4""

-----'I-----'w'r ---:-' T
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DRIVEN PWM
(TYPICALLY 1kHz)
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.:t.L
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11lF
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__
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11lF FOR BEST FEEOBACK LOOP
RESPONSE (SEETEXT)

Figure F3. Various Options for Illtensity Control in LT1172 and Similar Switching
Regulator-Based CCFL Circuits
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The potentiometers taper, which may be linear or logarithmic, should be matched to the lamp's current-vs-light
output characteristic to provide easy user settability. A
poorly chosen unit can cause most of the useful dimming
range to occur in a small section of potentiometer travel.
Finally, always evaluate how the circuit will react if any
terminal develops an open condition, which sometimes
happens. It is imperative that the circuit have some
relatively benign failure mode instead of forcing excessive
lamp current or some other regrettable behavior.

feature nonvolatile onboard memory. These units have
voltage rating restrictions which must be adhered to as
with any integrated circuit. Additionally, they have all
the limitations discussed in the section oil mechanical
potentiometers. Their most serious potential difficulty in
backlight dimming applications is extremely high end
resistance. In the "shorted" position the FET switch's
on-resistance is typically 200Q-much higher than a
mechanical unit. Because of this, electronic potentiometers must almost always be set up as 3-terminal voltage
dividers. This can usually be accommodated but may
eliminate these devices in some applications.

Electronic equivalents of potentiometers are monolithic
resistor chains tapped by MOS switches. Some devices
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Figure F5. Relevant Characteristics of Mechanical and Electronic Potentiometers in CCFL Dimming Applications

AN65-97

Application Note 65
Precision PWM Generator

output. The Schottky diodes protect the output from
latchup due to cable-induced ESD or accidental events 1
during testing.

Figure F6 shows a simple circuit which generates precision variable pulse widths. This Capability is useful when
testing PWM-based intensity schemes. The circuit is
basically aclosed~loop pulse width modulator. The crystal
controlled 1kHz input clocks the C1/Q1 ramp generator
via the differentiator /CMOS inverter network and the
LTC201 reset switch. C1 's output drives a CMOS inverter,
the output of which is resistively sampled, averaged and
presented to A1 's negative input. A1 compares this signal
with a variable voltage from the potentiometer. A1's output biases the pulse width modulator, closing a loop
around it. The CMOS inverter's purely ohmic output structure combines with A1 's ratiometric operation (e.g., both
of A1 's input signals derive from the 5V supply) to hold
pulse width constant. Variations in time, temperature and
supply have essentially no effect. The potentiome~er's
setting is the sole determinant of output pulse width.
Additional inverters provide buffering and furnish the

The output width is caHbrated by monitoring it with a
counter while adjusting the 2kn trim pot.
As mentioned, the circuit is insensitive to power supply
variation. However, the CCFL circuit averages the PWM
output. It cannot distinguish between a duty cycle shift
and supply variation. As such, the test box's 5V supply
should be trimmed ±O.01V. This simulates a "design
centered" logic supply under actual operating conditions. Similarly, paralleling additional logic inverters to
get lower output impedance should be avoided. In a~tual
use, the CCFL dimming port will be driven from a smgle
CMOS output, and its impedance characteristics must be
accurately mimicked.
Note 1: "Accidental events" is a nice way of referring to the stupid things
we all do at the bench. Like shorting a CMOS logic output to a-15V
supply (then I installed the diodes).

5V

30k

20k
1kHz PWM OUTPUT. 5V
0% TO 100% DUTY CYCLE

LTC201
(PARALLEL ALL SECTIONS)

9.09k'

1M
100k

TO.

1I'F
10k'

1M

--J>a-- = 74C04
":'
TRIM 5V SUPPLY WITHIN 0.1% (SEE TEXT)

10k
" -.............; TEN TURN TYPE
WITH READOUT DIAL

• = 1% FILM RESISTOR

Figure F6. The Calibrated Pulse Width Test Box. A1 Controls C1-Based Pulse Width Modulator, Stabilizing Its Operating Point
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APPENDIXG
LAYOUT, COMPONENT AND EMISSIONS
CONSIDERATIONS
The CCFL circuits described in the text are remarkably
tolerant of layout and impedance in supply lines. Thisis
due to the Royer's relatively continuous current drain over
time. Some review of current flow is, however, worthwhile. Figure G1 shows the more critical paths in thick
lines for switching regulator-based CCFL circuits. In actuallayout, these traces should be reasonably short and
thick. The most critical consideration is that C1, T1 's
center tap and the diode should be connected directly
together with minimum trace area between them. Similarly, C2 should be near the VIN pin, although this placement is not nearly as critical as C1 'so

Figure G2 indicates similar layout treatment for LT118Xbased circuits. As before, the Royer and VIN bypass
capacitors should be near their respective load points,
with the diode in close proximity to the Royer center tap.
Circuit Segmenting
In cases where space is extremely limited it may be
desirable to physically segment the circuit. Some designs
have placed a section of the circuit near the display with
another portion remotely located. The best place for
segmenting is the junction ofthe Royertransistor emitters
and the inductor (Figure G3).lntroducing along, relatively
lossy connection at this point imposes no penalty because
signal flow into the inductor closely resembles aconstant
current source.
There are no wideband components due to the inductor's
filtering effect. Figure G4 shows emitter voltage (Trace A)
and current (Trace B) waveforms. There is no wideband
component or other significant high speed energy movement. The inductor current waveform trace thickening due
to Royer and switching regulator frequency mixing is not
deleteriQus.

YeAn ......._ _-I---++--oI--f---!

Avery special case of segmentation involves replacing the
transformer with two smaller units. Aside from space
(particularly height) savings, electrical advantages are
also realized. See Appendix I for details.

+
~C2

VSW .............- - -

High Voltage Layout

LT1372ILT1377

VFBI-------1
GND

AN650FGDl

Figure G1. Thick Lines Denote PC Traces Requiring Low
Impedance Layout in LT1172/LT1372 Type CCFL Circuits.
Bypass Capacitors Associated with These Paths Should Be
Mounted Near Load Point

Special attention is required for the board's high voltage
sections. Board leakage, which can increase dramatically
over life due to condensation cycling and particulate
matter trapping, must be minimized. If precautions are not
taken leakage will cause degraded operation, failures or
destructive arcing. The only sure way to eliminate these
possibilities is to completely isolate the high voltage
points from the circuit. Ideally, no high voltage point
should be within 0.25" of any conductor. Additionally,
moisture trapping due to condensation cycling or improper board washing can be eliminated by routing the
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Figure G2. Critical Current Paths for LT118X Type Circuits. Thick Lines Denote PC Traces Requiring
Low Impedance. Bypass Capacitors Associated with These Paths Should Be Near Load Points
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Figure G3. CCFL Circuit May Be Segmented in Limited Space
Applications. Breaking at Emitter/Inductor Junction Imposes
No Penalty
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B = 100mAlOlV
(AC COUPLED)

Figure G4. Royer Emitter/lnductor Junction Is Ideal Point
for Segmenting CCFL Circuit. Voltage (Trace A) and Current
(Trace B) Waveforms Contain Little High Frequency
Content. Trace Thickening of Current Waveform Is Due to
Frequency Mixing in Inductor
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area under the transformer. This treatment, standard
technique in high voltage layout, is strongly recommended.
In general, carefully evaluate all high voltage areas for
possible leakage or arcing problems due to layout, board

manufacturing or environmental factors. Clear thinking is
needed to avoid unpleasant surprises. The following commented photographs, visually summarizing the above
discussion, are examples of high voltage layout.

Figure G5. Transformer Output Terminals, Ballast Capacitor and Connector Are Isolated at End of
Board. Slit Prevents Leakage

Figure G6 . Reverse Side of G5. Note Routed Area under Transformer, Eliminating Possibility of
Moisture or Contaminant Trappings
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Figure G7. A Fully Routed Transformer, with High Voltage Capacitor Mounted Well Away from Transformer Ground
Terminal (Right). Note Connector " low Side" Trace Running Directly Away from High Voltage Points

Figure G8. Routing Detail of Figure G7's Reverse Side. Transformer Header Sits Inside Routed Area , Saving Height Space .
Board Markings Are Allowable Because HV Contacts Do Not Plate Through and Board Dielectric Strength Is Known
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Figure G9. Very Thorough Routing Treatment Breaks Up Leakage . Routing Under Ballast Capacitor and
Around Connector "Low Side" Pin Allows Tight Layout

Figure G1D. Reverse Side of G9 Shows Ollset Transformer Placement Necessitated by Packaging
Restrictions. Transformer Header Sits in Routed Area , Minimizing Overall Board Height
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Figure G11 . Topside of Board Shows Isolation Slit Running to the HV Connector

Figure G12. Bottom of G11 Shows Routed Area. Traces at Board Extreme Left Are Undesirable
but Acceptable . Isolation Slit Between Traces and HV Points Would Be Preferable
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Figure G13. A Disaster. Cross-Hatched Ground Plane Surrounds Output Connector and High Voltage
Transformer Pins (Upper Center) in This Computer "Aided " Layout. Board Failed Spectacularly at Turn-On

Figure G14. Bottom Side of G13. Ground Plane in Region of Paralleled Ballast Capacitors (Upper Center) Caused Massive
Arcing at Turn-On. Board Needs Complete Re-Layout. Computer Layout Software Package Needs E and M Course
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Discrete Component Selection
Discrete component selection is quite critical to CCFL
circuit performance. A poorly chosen dielectric for the
collector resonating capacitor can easily degrade effi~
ciency by 5% to 8%. The WIMA andPanasonic types
specified are quite good and very few other capacitors
perform as well. The Panasonic unit is the only surface
mounting type recommended although abolit 1% more
lossy than the "through-hole" WIMA.
.

The transistors specified are quite special. They feature
. extraordinary current gain and VeE saturation specifications. Th~ ZDT1 048, a dual unit designed specifically for
backlightservice, saves space and is the preferred device.
Figure G15 summarizes relevant characteristics. Substitutionof. standard device~can degrade efficiency by 10%
to 20% and in some cases cause catastrophic failures. 1
Nole 1: Don't ~ay we didn't warn you.
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Figure G15. Short Form Specifications for Zetex ZDT1048 Dual Transistor. Extraordinary Beta and Saturation Characteristics
Are Ideal for Royer Converter Section of Backlight Circuits
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The following section, excerpted with permission from
Zetex Application Note 14 (see Reference 28), reviews

Royer circuit operation with emphasis on transistor operating conditions and requirements.

Excerpted from "Transistor Considerations for LCD Backlighting," Neil Chadderton, Zetex pIc.

Basic Operation Of Converter
The drive requirements dictated by the CCFL tube's
behaviour and preferred operating conditions can be
achieved by the resonant push-pull converter shown
in FigureG16.This is also referred to as the Royer
Converter, after G.H. Royer who proposed the
topology in 1954 as a power converter. (Note: Strictly
speaking the backlighting converter uses a modified
version of the Royer converter - the original used a
saturating transformer to fix the operating frequency,
and therefore produced a squarewave drive
waveform). The circuit looks simple but this is very
deceptive: many components interact, and while the
circuit is capable of operation with widely varying
component values, (useful during development)
optimisation is required for each design to achieve
the highest possible efficiencies.
Transistors Q1 and Q2 are alternatively saturated by
the base drive provided by the feedback winding W4.
The base current is defined by resistors R1 and R2.
Supply inductor L1 and primary capacitance C1 force
the circuit to run sinusoidally thereby minimising
harmonic generation and RFI, and providing the
preferred drive waveform to the load. Voltage step-up
is achieved by the W1 :(W2+W3) turns ratio. C2 is the
secondary winding ballast capacitor, and effectively
sets the tube current.
Prior to the tube striking, or when no tube is
connected, the operating frequency is set by the
resonant parallel circuit comprising the primary
capacitance C1, and the transformer's primary
winding W2+W3. Once the tube has strUCk, the ballast
capacitor C2 plus distributed tube and parasitic
capacitances are reflected back through the
transformer, and the operating frequency is lowered.

C2

~

ovo-----~--~----------~

Rgure G16. Generalised Royer Converter.

The secondary load can become dominant in circuits
with a high transformer turns ratio, Eg. those
designed to operate from very low DC input voltages.
Each transistor's collector is subject to a voltage= 2 x
1t/2 x Vs, (or just 1£ x Vs) where Vs is the DC input
voltage to the converter. (The 1t/2 factor being due to
the relationship between average and peak values for
a sinewave, and the x2 multiplier being due to the 2:1
autotransformer action of the transformer's
centre-tapped primary). This primary voltage is
stepped up by the transformer turns ratio Ns:Np, to a
high enough level to reliably strike the tube under all
conditions:- starting voltage is dependent on display
housing, location of ground planes, tube age, and
ambient temperature.
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The basic converter shown in Figure G16 is a valid and
useful circuit that has been utilised· for many systems
and indeed offered as a sUb-system by several
manufacturers.

Requisite Transistor Characteristics
The relatively low operating frequency as required by
the backlighting Royer Converter (to minimise HV
parasitic capacitance losses), and the ease of
transformer drive, makes this circuit particularly
suitable for bipolar transistor implementation. This
isn't to exclude MOSFET based designs (some IC
vendors have specified MOS as this suits their
technology) but in terms of equivalent on-resistance
and silicon efficiency, the low voltage bipolar device
has no equal. For example, the ZETEX ZTX849 E-LINE
(TO-92 compatible) transistor exhibits a RCE(satJ of
36mn. This can only be matched by a much larger
(and expensive) MOSFET die, only available in
TO-220, D-PAK, and similar larger packages.
The most important transistor characteristics are
voltage rating, VCE(sat), and hFE, and are considered in
some detail below.
The voltage rating required deserves some thought
with respect to the standard transistor breakdown
parameters, as it is possible to over-specify a device
on grounds of voltage rating, and thereby incur a
reduction in efficiency due to unnecessary
on-resistance losses. The primary breakdown voltage
BVCBO, of a planar bipolar transistor depends on the
epitaxial layer - specifically it's thickness and
resistivity. The breakdown voltage of most interest to
the designer is usually that attained across the
Collector-Emitter (C-Elterminals. This value can vary
between the primary breakdown BVCBO and a much
lower voltage dependent on the state of the base
terminal bias.

[The breakdown mechanism is caused by the
avalanche multiplication effect, whereby free
electrons can be imparted with sufficient energy by
the reverse bias electric field such that any
collisions can lead to ionisation of the lattice atoms.
The free electrons thus generated are then accelerated
by the field and produce further ionisation. This
multiplication of free carriers increases the reverse
current dramatically, and so the junction effectively
clamps the applied voltage. The base terminal can
obviously influence the junction current - thereby
modulating the voltage required for a breakdown
condition.]
Figure G17 shows how the breakdown .characteristic is
seen to vary for different circuit conditions. The BVCEO
rating (or when the base is open circuit) allows the
Collector-Base (C-B) leakage current ICBO to be
effectively amplified by the transistor's ~ th us
significantly increasing the leakage component to
ICEO. Shorting the base to the Emitter (BVCES) provides
a parallel path for the C-B leakage, and so the voltage
required for breakdown is higher than the open base
condition. BVCER denotes the case between the open
and shorted base options:- R indicating an external
base-emitter resistance, the value of which is typically
100 to 10kn. BVCEV or BVCEX is a special case where
the base-emitter is reverse biased; this can pro~ide a
better path for the C-B leakage, and so this rating
yields a voltage close to, or coincident with the BVCBO
value. Figure G18 shows a curve tracer view of the
relevant breakdown modes of the ZTX849 transistor,
including a curveshoVliingthe device inthe "on" state.
Curves 1 and 2 are virtually coincident and show
BVCBO and BVCES respectively. Curve 3 shows the
BVCEV case with an applied base bias (VEB) of -1V.
Curve 4 shows BVCEO at approximately 36V. Curve 5
is a BVCE curve, showing how the breakdown
condition is affected by a positive base bias of 0.5V.

veE· Collector Emitter Vo.age

Figure G17. Voltage Breakdown Modes of Bipolar
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The BVCEV rating has particular relevance to the Royer
Converter, as can be surmised from Figure 19.
Examination of this will show that the transistor only
experiences the high C-E voltage when the base
voltage has been taken negative by the feedback
winding, these events of course being in perfect
synchronism. An expanded view of the C-E and B-E
waveforms is shown in Figure G20..

purpose linear and non-critical switching use only.
The high VCE(sat) inherent to these parts, and low
current gain could reduce circuit efficiency to less than
50%. For example, the stated VCE(sat) maximum
measured at 500mA, for the FZT849 SOT223
transistor, and a LF device sometimes auoted as a
suitable Royer Converter transistor are 50mVand 0.5V
respectively. Eg.
VCElsat)

Figure G19. Royer Converter Operating Waveforms:
Vee 10V/div; IE 0.5A1div; Vae 2V/div respectively,
21J.S/div horizontal

Ib

@Ic

FZT849

50mV

O.5A

20mA

BCP56

O.5V

O.5A

50mA

To address the VCE(sat) issue, large power transistors
are occasionally specified. Unfortunately their
capacitance, and characteristic low base transport
factor (a feature of Epitaxial Base devices) can lead to
problems with cross-conduction losses ~ue to long
storage and switching times. The current gain is also
important, as the losses in the base bias can be
significant to the overall figure; judicious selection of
the bias resistor to ensure a minimum VCE(sat) while
preventing base overdrive needs to consider supply
variation, maximum lamp current, and transistor hFE
minimum value and range.
For the above reasons, transistors designed and
optimised for high current switching applications
offer the most cost-effective and efficient solutions.
Figure G21 shows the VCE(sat) exhibited by the
ZTX1048A for a range of forced gain values. This
device is one of the ZTX1050 series of transistors that
employ a scaled up variant of the highly efficient
Matrix geometry, developed for the ZETEX
·Super-SOT" series. This enables a VCE(sat)
performance similar to the ZTX850 series at the low
to moderate currents relevant to this application,
though utilising a smaller die, and therefore providing
a cost and possiblv a space saving advantage.

Figure G20. Royer Converter: VCE and VBE
Waveforms; 5V/div and 2V/div respectively.
300mV

[Note: The voltage applied by the feedback winding
must not exceed the BVEBO of the transistor. This is
specified at 5V usually, against an actual of 7.5 to
8.5Vl.

250mV

The VCE(sat) and hFE parameters have a direct bearing
on the circuit's electrical conversion efficiency. This is
especially true of low voltage battery powered
systems, due to the high current levels involved.
Selection ofstandard LF amplifier transistors provides
far from ideal results; these parts are for general

50mV

200mV
1S0mV
100mV

L.~
lrnA

lOrnA

100mA

lA

lOA

Figure G21. VCE(sat) v Ic for the ZTX1048A
Forced gains of 10,20,50,100.
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Additional Discrete Component Considerations
The magnetics specified have also been carefully selected
and substitution can lead to problems ranging from poor
efficiency to bad line regulation.
Bypass capacitors can be any type specified for switching
regulator service,although tantalum types should be
avoided for Royer bypassing if the supply is capable of
delivering high current. As of this writing no tantalum
supplier can guarantee reliability in the face of high current
turn-on. If tantalums must be used, an X2 voltage derating
factor must be enforced. 2
The 2.21Jf Royer bypass value used in LT118X-based
circuits has been selected to ensure against any possible
long-term damage to the IC's internal current shunt. Turnon current surges can be large and this value limits them
to safe excursions.
The high speed catch diode associated with the Vsw pin
should be capable of handling the fast current spikes

encountered. Schottky types offer lower loss than regular
high speed units.3
Emissions
There are rarely emission problems with the CCFL circuits.
The Royer circuit's resonant operation minimizes radiated
energy at frequencies of interest. There is often more RF
energy associated with the switching regulators Vsw node
and minimizing exposed trace area eliminates problems.
Incidental radiation from magnetics is reasonably low.
Some (relatively rare) cases require consideration of
magnetics placement to prevent interaction with other
circuitry. If shielding is required its effects should be
evaluated early in the design. Shielding in the vicinity of the
Royer transformer can cause effects ranging from changing the inverter resonance to secondary arcing.
Note 2: See Footnote 1. Read it twice.
Note 3: Discussing utilization of 60Hz rectifier diodes (e.g .• 1N4002) in
this application qualifies as obscene literature. See also Footnote 1.

APPENDIX H
LT1172 OPERATION FROM HIGH VOLTAGE INPUTS

Some applications require higher input voltages. The 20V
maximum input specified in the figures is set by the
LT1172 going into its isolated flyback mode (see LT1172
data sheet), not breakdown limits. If the LT1172 VIN pin is
driven from a low voltage source (e.g., 5V) the 20V limit
may be extended by using Figure H1 's network. If the
LT1172 is driven from thesame supply as L1's center tap,
the network is unnecessary, although efficiency will suffer. No other switching regulator discussed in the text is
subject to this issue. Their operating voltage is set solely
by voltage breakdown limits.
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Figure H1. Network Allows LT1172 Operation Beyond 20V Inputs
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APPENDIX I
ADDITIONAL CIRCUITS
display. This "grounded lamp" LT1184-based configuration, similar to previously described versions, requires
little comment. The transformer is ahigh power type, and
scaling of the "ICCFL" current programming resistors
allows 9mA lamp current. In this case programming is via
clamped PWM (see Appendix F), although all other methods described are feasible.

Desktop Computer CCFL Power Supply
Desktop computers, being line operated, can support
higher power displays. High power operation permits high
luminosity, enlarged display area or both. Typically, deskt~p displays absorb 4W to 6W and run from a relatively
high voltage, regulated supply. Figure 11 shows such a
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Dual Transformer CCFL Power Supply

voltage lead length. Additionally, although the lamp receives differential drive, with its attendant low parasitic
losses, the feedback signal is ground referred. Thus, the
stacked secondaries afford floating lamp operation efficiency with grounded mode current certainty and line
regulation.

Space constraints may dictate utilization of two small
transformers instead of asingle, larger unit. Although this
approach is somewhat more expensive, it can solve space
problems and offers other attractive advantages. Figure
12's approach is essentially a "·grounded lamp" LT1184based circuit. The transistors drive two transformer primaries in parallel. The transformer secondaries, stacked in
series, provide the output. The relatively small transformers, each supplying half the load power, may be located
directly at the lamp terminals. Aside from the obvious
space advantage (particularly height), this arrangement
minimizes parasitic wiring losses by eliminating high

L1is directly driven, with winding 4-5 furnishing feedback
in the normal fashion. L3, "slaved" to L1, produces phaseopposed output at its secondary. L1's and L3's interconnects must be laid out for low inductance to maintain
waveform purity. The traces should be as wide as possible
(e.g., 1/8") and overlaid to cancel inductive effects.
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HeNe Laser Power Supply
Helium-neon lasers, used for avariety of tasks, are difficult
loads for apower supply. They typically need almost 10kV
to start conduction, although they require only about
1500V to maintain conduction at their specified operating
currents. Powering a laser usually involves some form of
start-up circuitry to generate the initial breakdown voltage
an,d a. se~arate ~upply for. sustaining conduction. Figure
13 s CIrCUIt considerably simplifies driving the laser. The
start-up and sustaining functions have been combined
into asingle closed-loop current source with over 10kVof
compliance. The circuit is recognizable as a reworked
CCFL power supply with a voltage tripled DC output.

O.Q1ILF
5kV

When power is applied, the laser does not conduct and the
voltage across the 190n resistor is zero. The LT1170
~witch.ing r~gulator FB pin sees no feedback voltage, and
ItS SWitch pm (Vsw) provides full duty cycle pulse width
modulation to L2. Current flows from L1's center tap
through 01 and 02 into L2 and the LT1170. This current
flow causes 01 a.nd 02 to switch, alternately driving L1.
The O.47j.LF capacitor resonates with L1, providing boosted
sine wave drive. L1 provides substantial step-up, causing
about 3500V to appear at its secondary. The capacitors
and diodes associated with L1's secondary form avoltage
tripier, producing over 10kV across the laser. The laser
breaks down and current begins to flow through it. The 47k

1800pF
10kV

47k
5W

LASER

VIN
Vsw
9VTO 35V ......-+------IVIN
FB
LT1170

I--....-...J\A/Iv--_----J.
1900

1%

L1 = COILTRONICS CTX02·11128
L2 = COILTRONICS CTX150·3-52
01, 02 = ZETEX ZTX849
0.47~F = WIMA 3X O.15~FlYPE MKP-20
HV DIODES = SEMTECH-FM-50
LASER = HUGHES 3121 H-P
COILTRONICS (407) 241-7876

!~

1N4002
(ALL)
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Figure 13. laser Power Supply, Based on the CCFl Circuit, Is Essentially a 10,OOOV Compliance Current Source
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resistor limits current and isolates the laser's load characteristic.Thecurrentflow causes avoltage to appear across
the 190n resistor. A filtered versiOn of this voltage appears at the U1170 FB pin, closing a control loop. The
LT1170 adjusts pulse width drive to L2 to maintain the
FB pin at 1.23V, regardless of changes in operating cond.itions. In this fashion, the laser sees constant current
drive, in this case 6.5mA. Other currents are obtainable by

varying the 190n value. The 1N4002 diode string·· clamps
excessive voltages when laser condqction first begins,
protecting the LT1170. The 10flF capacitor at the Vc
pin frequency compensates the loop and the MUR405
maintains L1's currel1tflow when the LT1170 Vsw pin
is not conducting. The circuit will start and run the laser
over a9V to 35V input range with an electrical efficiency of
about.80%.

APPENDlX.J
LCD CONTRAST CIRCUITS
ary. 01 provides rectification, and C1 smooths the output
to DC. The resistively divided output is compared to a
command input, which may be DC or PWM, by the IC's
ILiM pin. The IC, forcing the loop to maintain OVat the ILiM
pin, regulates circuit output in proportion to the command
input.

LCD panels require variable output contrast control circuits. Contrast power supplies of various capabilities are
presented here.
Figure J1 is a contrast supply for LCD panels. It was
designed by Steve Pietkiewicz of LTC. The circuit is
noteworthy because it operates from a 1.8V to 6V input,
significantly lower than most designs. In operation the
LT1300/LT1301 switching regulator drives J1 in flyback
fashion, causing negative biased step-up at T1 's secondVIN
1.8VTO 6V -

...+ - - -......- - - ,

T

Efficiency ranges from 77% to 83% as supply voltage
varies from 1.8V to 3V. At the same supply limits, available
output current increases from 12mA to 25mA.
T1

. r-4-~-P---......-

CONTRAST OUTPUT
VOUT-4VTO-29V

C1

100llF

"E ~~~F

• ;
150k
10 • • 8
2
• 9

VIN

D1
1N5819

SW

NC

SENSE LT1300 SHDN

NC

SELECT

":"
SHUTDOWN

OR
LT1301

"*
+

12k
T1 = DALE LPE-5047-A045

2.21lF

COMMAND INPUT
PWM OR DC
0% TO 100%
OR OVTO 5V

Figure J1. Liquid Crystal Display Contrast Supply Operates from 1.BV to 6V with -4V to -29V Output Range
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Another LCD bias generator, also developed by Steve
Pietkiewicz of LTC, is shown in Figure J2. In this circuit U1
is an LT1173 micropower DC/DC converter. The 3V input
is converted to 24V by U1 's switch, L2, D1 and C1. The
Switch pin SW1 also drives a charge pump composed of
C2, C3, D2 and D3 to generate -24V. Line regulation is
less than 0.2% from 3.3V to 2V inputs. Load regulation,
although suffering somewhat since the -24V output is
not directly regulated, measures 2% from a 1mA to 7mA
load. The circuit will deliver 7mA from a 2V input at 75%
efficiency.
If greater output power is required, Figure J2's circuit can
be driven from a5V source. R1 should be changed to 47n
and C3 to 47~. With a5V input, 40mA is available at 75%
efficiency. Shutdown is accomplished by bringing D4's
anode to a logic high, forcing the feedback pin of U1 to go
above the internal 1.25V reference voltage. Shutdown
current is 11 O~ from the input source and 36~ from the
shutdown signal.
Dual Output LCD Bias Voltage Generator
The many different kinds of LCDs available make programming LCD bias vol~age at the time of manufacture attrac-
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1N5818

Ll'
lOOflH

OUTPUT
12VTO 24V

R4
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GNO
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lOOk

3V
_ MCELL
-x2

OPERATE ISHUTDOWN
, TOKO 262LYF-0092K
ANIl5oFJ02

Figure J2. DC/DC Converter Generates LCD Bias from 3V Supply

tive. Figure J3's circuit, developed by Jon Dutra of LTC, is
an AC-coupled boost topology. The feedback signal is
derived separately from the outputs, so loading does not
affect loop compensation, although load regulation is
somewhat compromised. With 28V out, from 10% to
100% load (4mA to 40mA), the output voltage sags about
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Figure J3. Dual Output LCD Bias Voltage Generator
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0.6SV. From 1rnA to 40mA load the output voltage drops
about 1AV. This is acceptable for most displays.
Output nois~ is reduced by using the auxiliary gain block
withintheLT1 107 (see LT1107 data sheet) in the feedback
path. This added gain effectively reduces comparator
hysteresis and tends to randomize output noise. Output
noise is below 30mV over the output load range. Output
power increases with VBATT,from about 1AWwith SVIN to
about 2W with 8V or more. Efficiency is 80% over abroad
output power range. If only a positive or negative output
voltage is required, the diodes and capacitors associated
with the unused output can be eliminated. The 100k
resistor is required on each output to load a parasitic
voltage doubler created by D2/D4 shunt capacitance.
Without this minimum load, the output voltage can rise to
unacceptable levels.
The voltage atthe Switch pin SW1 swings from OVto VOUT
plus 2 diode drops. This voltage is AC-coupled to the
positive output through C1 and D1, and to the negative
output through C3 and D3. C1 and C3 have the full RMS
output current flowing through them. Most tantalum capacitors are not rated for current flow. Use of a rated
tantalum or electrolytic is recommended for reliability. At
lower output currents monolithic ceramics are also an
option.
The circuit may be shut down in several ways. The easiest
is to pull the Set pin above 1.2SV. This approach consumes 200~ in shutdown. A lower power method is to
turn off VIN to the LT1107bya high side switch or simply
disable the input supply (see option in schematic). This

drops quiescent current from the VBATT input below 1O~.
In both cases Vourdrops to OV. In the event +VOUT does
not need to drop to zero, C1 and D1 can be eliminated. The
output voltage can be adjusted from any voltage above
VBATTtO 46V. Output voltage can be controlled by the user
with DAC, PWM or potentiometer control. Summing 'currents into the feedback node allows downward adjustment
of output voltage.
LT118X Ser~es Contrast Supplies
Some LT118X series parts include acontrast supply based
on a boost regulator. Figure J4 shows a basic positive
output circuit. The Vsw-driven inductorprovides voltage
step-up with OS and C11 rectifying and filtering the output
to DC. The R12/R14 divider chain sets feedback ratio and
hence output voltage. The connection to the LT1182
Feedbackpincloses acontrol loop with R7 and C8 providing frequency compensation.
Figure JS is similar, except that it uses charge pump
techniques to reduce shutdown current. D4 and C12 are
placed in L3's discharge path, AC coupling it to the output.
In shutdown, no DC current can flow through L3, reducing
battery drain over J4's DC-coupled approach.
Figure J6's transformer-fed output provides negative output voltages with the LT1183's "FBN" pin directly accepting the resultant negatively biased feedback signal. No
level shift is required. In this case output voltage is set by
a voltage control input, although potentiometer or PWM
inputs could be accommodated (see Appendix F). D3 and
D2 damp L3flyback amplitude to safe levels and the
,----...--------
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isolated secondary permits low shutdown current compared to a simple inductor-based circuit.

significant advantage in volume production involving different LCD panels. In operation the circuit is similar to
Figure J6, except that L3's secondary winding feeds two
separate feedback paths. Output polarity is selected by
simply grounding the appropriate L3 secondary terminal.

Figure J7 takes advantage of the LT1182's bipolar feedback inputs to provide selectable output polarity. This
scheme permits the same circuit to be used with LCD's
requiring either positive or negative bias. This can be a
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APPENDIX K
WHO WAS ROYER AND WHAT DID HE DESIGN?
In December 1954 the paper "Transistors as On-Off
Switches in Saturable-Core Circuits" appeared in Electrical Manufacturing. George H. Royer, one of the authors,
described a "d-c to a-c converter" as part of this paper.
Using Westinghouse 2N74 transistors, Royer reported
90% efficiency for his circuit. The operation of Royer's
circuit is well-described in this paper. The Royer converter
was widely adopted and used in designs from watts to
kilowatts. It is still the basis for a wide variety of power
conversion.
Royer's circuit is notan LC resonant type. Thetransformer
is the sole energy storage element and the output is a
square wave. Figure K1 is a conceptual schematic of a
typical converter. The input is applied to a self-oscillating
configuration composed oftransistors, atransformer and
a biasing network. The transistors conduct out of phase,
switching (Figure K2, TracesAand Care 01 's collector and
base, while Traces Band Dare 02's collector and base)
each time the transformer saturates. Transformer saturation causes aquickly rising, high current to flow (Trace E).
This current spike, picked up by the base drive winding,
switches the transistors. This phase opposed switching
causes the transistors to exchange states. Current abruptly
drops in the formerly conducting transistor and then
slowly rises in the newly conducting transistor until saturation again forces switching. This alternating operation
sets transistor duty cycle at 50%.
Figure K3 is atime and amplitude expansion of K2's Traces
Band E. It clearly shows the relationship between transformer current (Trace B, Figure K3) and transistor collector voltage (Trace A, Figure K3).1
Nole 1: The bottom traces in both photographs are not germane and are
not referenced in the discussion.
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Figure K1. Conceptual Classic Royer Converter. Transformer
Approaching Saturation Causes Switching
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Figure K2. Waveforms for the Classic Royer Circuit
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Figure K3. Detail of Transistor Switching. Turn-Off (Trace AI
Occurs Just as Transformer Heads into Saturation (Trace BI
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APPENDIX L
A LOT OF CUT OFF EARS AND NO VAN GOGHS
Some Not-So-Great.ldeas

The hunt for a practical, broadly applicable and easily
utilized CCFL power supply covered (and is still covering)
a lot of territory. The wide range of conflicting requirements combined with ill-defined lamp characteristics produces plenty of unpleasant surprises. This section presents a selection of ideas that turned into disappointing
breadboards. Backlight circuits are one of the deadliest
places the author has ever encountered for theoretically
interesting circuits.
Not-So-Great Backlight Circuits
Figure L1 seeks to boost efficiency by eliminating the
LT1172's saturation loss. Comparator C1 controls a free
running loop around the Royer by on-off modulation of
transistor base drive. The cir~uit delivers bursts of high
RELAllVElYLOW
FREQUENCY

voltage sine drive to the lamp to maintain the feedback
node. The scheme worked, but had poor line rejection due
to the varying waveform vs supply seen by the RC averaging pair. Also, the "burst" modulation forceS the loop to
constantly restart the lamp at the burst rate, wasting
energy. Finally, lamp power is delivered by a high crest
factor waveform, causing inefficient current-to-light conversion in the lamp and shortening its life.
Figure L2 attempts to deal with some of these issues. It
converts the previous circuit to an amplifier-controlled
current mode regulator. Also, the Royer base drive is
controlled bya clocked, high frequency pulse width modulator. This arrangement provides a more regular waveform to the averaging RC, improving line rejection.
Unfortunately, the improvement was not adequate. To
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Figure L1. AFirst Attempt at Improving the Basic Circuil.
Irregular Royer Drive Promotes Losses and Poor Regulation
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Figure L2. A More Sophisticated Failure Still Has Losses and
Poor Line Regulation
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avoid annoying flicker, 1% line rejection is required when
the line moves abruptly, such as when a charger is
activated. Another difficulty is that, although reduced by
the higher frequency PWM, crest factor is still nonoptimal
with respect to lamp emissivity and life. Finally, the lamp
is still forced to restart at each PWM cycle, wasting power.
Figure L3 adds a"keep alive" function to preventthe Royer
from turning off. This aspect worked well. When the PWM
goes low the Royer is kept running, maintaining low level
lamp conduction. This eliminates the continuous lamp

RELATIVELY HIGH --'
FREQUENCY

LJ

restarting, saving power. The "supply correction" block
feeds aportion of the supply into the RC averager, improving line rejection to acceptable levels.
This circuit, after considerable fiddling, achieved almost
94% efficiency but produced less output light than a"less
efficient" version of text Figure 35! The villain is lamp
waveform crestfactor. The keep alive circuit helps, butthe
lamp still cannot handle even moderate crest factors and
lamp lifetime is still questionable.

L

SUPPLY
CORRECTION

+V

AN65oFL03

Figure L3. "Keep Alive" Circuit Eliminates Turn-On Losses and Has 94% Efficiency. Light Emission Is
Lower Than "Less Efficient" Circuits
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Figure L4 is a very different approach. This circuit is a
driven square wave converter. The resonating capacitor is
eliminated. The base drive generator shapes the edges,
minimizing harmonics for low noise operation. Thiscircuit
works well, but relatively .Iow operating frequencies are
required to get good efficiency. This is so because the
sloped drive must be asmall percentage of the fundamental to maintain low losses. This mandates relatively large
magnetics-a crucial disadvantage. Also, square waves
have a different crest factor and rise time than sines,
forcing inefficient lamp transduction.

rent. The RMS voltage across the shunt (e.g:, the Royer
current) is unaffected by this, but the simple RC averager
produces different outputs for the various waveforms.
This causes this approach to have very poor line rejection,
rendering it impractical. L6 senses inductor flux, which
should correlate with Royer current. This approach promises attractive simplicity. It gives better line regulation but
still h~s some trouble giving reliable feedback as waveshape changes. Also, in keeping with most flux sampling
schemes, it regulates poorly under low current conditions.
CURRENT
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TO LAMP AND
FEEDBACK PATH

~

Vsw

LOW
RESISTANCE
SHUNT

INTENSITY
CONTROL
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Figure L4. A Nonresonant Approach. Slew Retarded Edges
Minimize Harmonics, but Transformer Size Goes Up. Output
Waveform Is also Nonoptimal, Causing Lamp Losses

Figure L5. "Bottom Side" Current Sensing Has Poor Line
Regulation Due to RC Averaging Characteristics

CURRENT
FROM ROYER

II

Not-So-Great Primary Side Sensing Ideas

FLUX SENSE
WINDING

Various text figures use primary side current sensing to
control lamp intensity. This permits the lamp to fully float,
extending its dynamic operating range. A number of
primary side sensing approaches were tried before the
"top side sense" won the contest.
LS's ground-referred current sensing is the most obvious
way to detect Royer current. It offers the advantage of
simple signal conditioning-there is no common mode
voltage. The assumption that essentially all Royer current
derives from the LT1172 emitter pin path is true. Also true,
however, is that the waveshape of this path's current
varies widely with input voltage and lamp operating cur-

AN65-122

GND
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T
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Figure L6. Inductor Flux Sensing Has Irregular Outputs,
Particularly at Low Currents
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Figure L7 senses flux in the transformer. This takes
advantage of the transformer's more regular waveform.
Line regulation is reasonably good because of this, but low
current regulation is still poor. Figure L8 samples Royer
collector voltage capacitively, butthe feedback signal does
not accurately represent start-up, transient and low current conditions.
Figure L9 is atrue, photometrically sensed feedback loop.
In theory, it gets around all of the above difficulties by
TO LAMP
AND FEEDBACK

~

n
.".

FLUX SENSE
. . WINDING

~INTENSITY

~CONTROL

+V

TO

TO

LT1172

LT1172
FB PIN

AN8SofL07

Figure L7. Transformer Flux Sensing Gives More Regular
Feedback, but Not at Low Currents

directly sensing lamp emission and feeding back a representative electrical signal. In practice, it introduces severe
drawbacks.
The loop servo controls current to whatever value is
required to force lamp emission to the photodiode determined point. This eliminates the gradually increasing lamp
output (see text Figure 4) at turn-on. Unfortunately, it also
forces huge turn-on currents through the lamp for 1ato 20
seconds, greatly shortening lamp life. Typically, the display immediately settles to the final emission pOint, but
turn-on current peaks atfourto six times lamp rating. It is
possible to clamp or limit this behavior, but a more
insidious problem remains.
As the lamp ages its emissivity drops. Typically, aproperly
driven lamp will drop to 70% of its original emission level
after 10,000 hours. In a photometrically sensed loop, the
inverter will continually raise lamp current to counteract
decreasing emissivity. Although lamp emission remains
constant, life is greatly shortened by the continually increasing overdrive required to maintain output. This positive feedback enforced degenerative spiral assures rapid,
systematic lamp destruction. A five to eight times lamp
lifetime reduction in this type of loop has been observed.
As before, some form of limiting or 2-loop control scheme
can mitigate the undesired characteristics, but advantages
would be obviated. Finally, an economical photosensor
with well-specified response is elusive.
FROM

VOL~~~~ "'""-:::J....

TO
LT1172 _+-",>NIr-+4I--INTENSITY
FB PIN
CONTROL

.,-"
TO
LT1172
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Figure LB. AC-Coupled Drive Waveform Feedback Is Not
Reliable at Low Currents

Figure L9. True Optical Sensing Eliminates Feedback
Irregularities, but Introduces Systematic Lamp Degradation
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INTRODUCTION
Application Note 66 is a compendium of "power circuits"
from the firstfive years of Linear Technology. The objective
is to collect the useful circuits from the magazine into
several applications notes (another, AN67, will collect
signal processing circuits into one Application Note) so
that valuable "gems" will not be lost. This Application Note
contains circuits that can power most any system you can
imagine, from desktop computer systems to micropower
systems for portable and handheld equipment. Also

included here are circuits that provide 300W or more of
power factor corrected DC from a universal input. Battery
chargers are included, some that charge several battery
types, some that are optimized to charge a single type.
MOSFET drivers, high side switches and H-bridge driver
circuits are also included; as is an article on simple thermal
analysis. With these introductory remarks, I'll stand aside
and let the authors describe their circuits.
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Regulators-Switching (Buck)
High Powe'{(;:>4A)
BIG POWER ~OR BIG PROCESSORS:
THE LTC1430SYNCHRONOUS REGULATOR
by Dave Dwelley
The LTC1430 is a new switching regulator controller
designed to be configured as a synchronous buck converter with aminimum of external components. It runs at
afixed switching frequency (nominally 200kHz) and provides all timing and control functions, adjustable current
limit and soft start, and level shifted output drivers deSigned to drive an all N-channel synchronous buck converter architecture. The switch driver outputs are_capable
of driving multiple paralleled power MOSFETs with
submicrosecond slew rates, providing high efficiency at
very high current levels while eliminating the need for a
heat sink in most designs. The LTC1430 is usable in
converter designs providing from afew amps to over SOA
of output current, allowing it to supply 3.3V power to the
most current-hungry arrays of microprocessors.

similar class processor and the input is taken from the
system SV ±S% supply. The LTCt430 provides the precisely regulated outplltvoltage required by the processor
.without the need for an external preCision reference or
trimming. Figure 1 shows a typical application with a
3.30V ±1 % output voltage and a12A outpulcurrenflimit.
The power MOSFETs are ,sized so as n'ot to require a heat
sink under ambient temperature conditions up to SO°C.
Typical efficiency is above 91 % from 1A to 10A output
current and peaks at 9S% at SA (Figure 2).
Pentium is a registered trademark of Intel Corporation_
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A Typical 5V to 3.3V Application
The typical application for the LTC1430 is a SV to 3.xV
converter on a PC motherboard. The output is used to
power a Pentium®processor, Pentium® Pro processor or

VC~=5~

90 I- TA= 25°C
VOUT= 3_3V

1
LOAD CURRENT (A) .
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Figure 2. EfficiencyPlot lor Figure 1's Circuit. Note That
Efficiency Peaks at a Respectable 95%
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Figure 1. Typlcal5V to 3.3V, 10A LTC1430 Application
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The 12A current limit is set by the 16k resistor R1from
PVcc to IMAX and the 0.03S0 ON resistance of the
MTD20N03HL MOSFETs (M1 A, M1 B).
The 0.1 ~ capacitor in parallel with R1 improves power
supply rejection at IMAX, providing consistent current limit
performance when voltage spikes are present at PVcc.
Soft start time is set by Css; the 0.01 ~value shown reacts
with an internal 1O~ pull-up to provide a 3ms start-up
time. The 2.S¢i, 1SA inductor is sized to allow the peak
current to rise to the full current limit value without
saturating. This allows the circuit to withstand extended
output short circuits without saturating the inductor core.
The inductor value is chosen as a compromise between
peak ripple current and output current slew rate, which
affects large-signal transient response. If the output load
is expected to generate large output current transients (as
large microprocessors tend to do), the inductor value will
need to be quite low, in the 1¢i to 10¢i range.
Loop compensation is critical for obtaining optimum
transient response with a voltage feedback system like
the LTC1430; the compensation components shown
here give good response when used with the output
capacitor values and brands shown (Figure 3). The ESR
of the output capacitor has a significant effect on the
transient response of the system. For best results use the

APPLICATIONS FOR
THE LTC1266 SWITCHING REGULATOR
by Greg Dittmer
Figures 4, Sand 6 show the three basic circuit configurations for the LTC1266. The all N-channel circuit shown in
Figure 4 is a 3.3v/SA surface mount converter with the
internal MOSFET drivers powered from aseparate supply,
PWR VIN. The VGS(ON) of the Si941 0 N-channel MOSFETs
is 4.SV; thus the minimum allowable voltage for PWR VIN
is VIN(MAX) + 4.SV. At the other end, PWR VIN should be
kept under the maximum safe level of 18V, limiting VIN to
18V - 4.SV = 13.SV. The current sense resistor value is
chosen to set the maximum current to SA according to the
formula lOUT = 100mv/RsENSE. With VIN = SV, the S¢i
inductor and 130pF timing capacitor provide an operating
frequency of 17SkHz and a ripple current of 1.2SA.

20mVlOIV

5A1D1V

Figure 3. Transient Response: OA to 5A Load Step
Imposed on Figure 1's Output

largest value, lowest ESR capacitors that will fit the
design budget and space requirements. Several smaller
capacitors wired in parallel can help reduce total output
capacitor ESR to acceptable levels. Input bypass capacitor ESR is also important to keep input supply variations
to a minimum with 10Ap_p square wave current pulses
flowing into M1. AVXTPS series surface mounttantalum
capacitors and Sanyo OS-CON organic electrolytic capacitors are recommended for both input and output
bypass duty. Low cost "computer grade" aluminum
electrolytics typically have much higher series resistance
and will significantly degrade performance. Don't count
on that parallel 0.1 ~ ceramic cap to lower the ESR of a
cheap electrolytic cap to acceptable levels.

Figure Sshows an LTC1266 in the charge pump configuration designed to provide a3.3V/1 OA outputfrom asingle
supply. The Si441Os are new logic level, surface mount,
N-channel MOSFETs from Siliconix that provide a mere
0.020 of on-resistance at VGS = 4.SV and thus provide a
10A solution with minimal components. The efficiency
plot shows that the converter is still close to 90% efficient
at 10A. Because the charge pump configuration is used,
the maximum allowable VIN is 18V/2 =9V. Due to the high
AC currents in this circuit we recommend low ESR
OS-CON or AVX inpuVoutput capacitors to maintain efficiency and stability.
Figure 6shows the conventional P-channel topside switch
circuit configuration for implementing a 3.3V/3A regulator. The P-channel configuration allows the widest possible supply range ofthethree basic circuit configurations,
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Thethree application circuits demonstrate the fixed3.3V
version of the LTC1266. The LTC1266 is also available in
fixed 5V and adjustable versions. All three versions are
availa.ble in i6-pin SO packages.

3.5Vto 18V, and provides extremely low dropout, exceeding that of mosUinear regulators. The low dropout results
from the LTC1266'sability to achieve.a:,~ 00% duty cycle
when in P-channel mode. In N-channel mode the duty
cycle is limited to less than 100% to ensure proper startup and thus. th~. drqpout voltage for the all N-channel
converters is.slightly higher.
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Figure 6a. Low Dropout 3.3V/3A Complementary MOSFET Regulator

High efficiency is mandatory in these applications, since
converting 5V to 3,3V at5A using a linear regulator would
require dissipating over 8W, This wastes power and board
space for heat sinking,

A HIGH EFFICIENCY 5V TO 3.3V/5A CONVERTER
by Randy G. Flatness
The next generation of notebook and desktop computers
is incorporating more 3,3V ICs alongside 5V devices, As
the number of devices increases, the current requirements also increase, Typically, a high current 5V supply is
already available, Thus, the problem is reduced to deriving
3.3V from 5V efficiently in asmall amount of board space.

The LTC1148 synchronous switching regulator controller
accomplishes the 5V to 3.3V conversion with high efficiencies over awide load current range. The circuit shown
in Figure 7 provides 3,3V at efficiencies greater than 90%

C1 = TANTALUM
C3 = SANYO (OS-CON) 20SA100M ESR = 0.0370 IRMS = 2.25A
C6 = AVX (TA) TPSE227K01 R0080 ESR = 0.0800 IRMS = 1.285A
0.1....
IlF_--,,_--.
01,02 = SILICON IX PMOS BVOSS = 20V DCRON = 0.1000 Og = 50nC
ov = NORMAL':" 10
VIN
03
= SILICONIX NMOS BVOSS = 30V DCRON = 0.0500 Og = 30nC
L1
>2V = SHUTDOWN
SHDN
PDRIVE I-!--~
27~H
o.oro VOUT 01 = MOTOROLA SCHOTIKY VBR = 30V
LTC1148-3.3
.....- .....JYYV''-+.It/V\r+- 3.3V R2 = KRL NP-2A-C1-0R02OJ Pd = 3W
SENSE + I-'-......--=~+-_-+
....J
5A
L1 = KOOL MIL'" CORE,16 GAUGE
COILTRONICS (408)241-7876
KRL BANTRY (603) 668-3210
C6
SILICONIX (800) 554-5565
220~F
KOOL MILlS A REGISTERED TRADEMARK OF MAGNETICS, INC.
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MBRS140T3
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12
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T

Figure 7. LTC1148-3.3 High Efficiency 5V to 3,3V/5A Step-Down Converter
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maximize the operating efficiency at low output currents,
Burst Mode™ operation is used to reduce switching losses.
Synchronous switching, combined with Burst Mode operation, yields very efficient energy conversion overa wide
range of load cu rrents.
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Figure 8. Efficiency for 5V to 3.3V Synchronous Switcher

from SmA to SA (over three decades of load current). The
efficiency of the circuit in Figure 7 is plotted in Figure 8.
At an output current of SA the efficiency is 90%; this
means only 1.8W are lost. This lost power is distributed
among RSENSE, L1 and the power MOSFETs; thus heat
sinking is not required.
The LTC1148 series of controllers use constant off-time
current mode architecture to provide clean start-up, accurate current limit.and excellent line and load regulation. To

HIGH CURRENT,SYNCHRONOUS
STEP-DOWN SWITCHING REGULATOR
by Brian Huffman

The LTC1149 is a half-bridge driver designed for synchronous buck regulator applications. Normally aP- and
N-channel output stage is employed, but the P-channel
device ON resistance becomes alimiting factor at output
currents above 2A. N-channel MOSFETs are better suited
for use in high current applications, since they have a
substantially lower ON resistance than comparably priced
P-channels. The circuit shoWn in Figure 9 adapts the
LTC1149 to drive a half-bridge consisting of two
N-channel MOSFETs, providing efficiency in excess of
90% atan output current of SA.

AN66-8

The top P-channel MOSFETs in Figure 7 will be on 2/3 of
the time with an input of SV. Hence, these devices should
be carefully examined to obtain the best performance. Two
MOSFETs are needed to handle the peak currents safely
and enhance high current efficiency. The LTC1148 can
drive both MOSFETs adequately without a problem. A
single N-channel MOSFET is used as the bottom synchronous switch, which shunts the Schottky diode. Finally,
adaptive anti-shoot-though circuitry automatically prevents cross. conduction between the complementary
MOSFETs which can kill efficiency.
The circuit in Figure 7 has a no-load current of only 160~.
In shutdown mode, with Pin 10 held high (above 2V), the
quiescent current decreases to less than 20~ with all
MOSFETs held off DC. Although the circuit in Figure 7 is
specified at aSV input voltage, the circuit will function from
4V to 1SV without requiring any component substitutions.
Burst Mode is a trademark of Linear Technology Corporation.

The circuit's operation is as follows: the LTC1149 provides
a P-drive output (Pin 4) that swings between ground and
10V, turning 03 on and off. While 03 is on, the N-channel
MOSFET (04) is off because its gate is pulled low by 03
through D2. During this interval, the Ngate output (Pin 13)
turns the synchronous switch (OS) on creating a low
resistance path for the inductor current.
04 turns on when its gate is driven above the input voltage.
This is accomplished by bootstrapping capacitor C2 off
the drain of 04. The LTC1149 Vee output (Pin 3) supplies
a regulated 10V output that is used to charge C2 through
D1 while 04 is off. With 04 off, C2 charges to SV during the
first cycle in Burst Mode operation and to 1OV thereafter.
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Figure 9_ LTC1149-5 (12V-36V to 5V/5A) Using N-Channel MOSFETs

When 03 turns off, the N-channel MOSFET is turned on by
the SCR-connected NPN/PNP network (01 and 02). Resistor R2 supplies 02 with enough base drive to trigger the
SCR. 02 then forces 01 to turn on, supplying more base
drive to 02. This regenerative process continues until both
transistors are fully saturated. During this period, the
source of 04 is pulled to the input voltage. While 04 is on,
its gate source voltage is approximately 1OV, fully enhancing the N-channel MOSFET.
Efficiency performance for this circuit is quite impressive.
Figure 10 shows that for a 12V input the efficiency never
drops below 90% over the 0.6A to 5A range. At higher
input voltages efficiency is reduced due to transition
losses in the power MOSFETs. For low output currents
efficiency rolls off because of quiescent current losses.
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Figure 10_ LTC1149-5 (12V-36V to 5V/5A) High Current Buck
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Regulators-Switching (Buck)

ciency buck topology switching regulator. The switch is
internally grounded, calling for the floating supply arrangementshown (01 and C1). The circuit converts inputs
of 8V through 30V to a 5v/1A output.

Medium Power (1 A to 4A)

1MHz STEP-DOWN CONVERTER·
ENDS 455kHz IF WOES
by Mitchell Lee
There can be no doubt that switching power supplies and
radio IFs don't mix. One-chip converters typically operate
in the range of 20kHz to 100kHz, placing troublesome
harmonics right in the middle of the 455kHz band. This
contributes to adverse effects such as "desensing" and
outright blocking of the intended signals. A new class of
switching converter makes it possible to mix high efficiency power supply techniques and 455kHz radio IFs
without fear of interference.

The chip's internal oscillator operates at 1MHz for load
currents of gr~ater than 50mA with aguaranteed tolerance
of 12% over temperature. Even wideband 455kHz IFs are
unaffected, as the converter's operating frequency is well
over one octave distant.
Figure 12 shows the efficiency of Figure 11 's circuit. You
can expect 80% to 90% efficiency over an 8V to 16V input
range with loads of 200mA or more. This makes the circuit
suitable for 12Vbattery inputs (that's how I'm using it), but
no special considerations are necessary with adapter
inputs of up to 30V.

The circuit shown in Figure 11 uses an LT1377 boost
converter operating at 1MHz to implement a high effi8V~~~~~ - - - -.......----1~---,+
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Figure 11_ SchematiC DIagram: 1MHz LT1377-Based Boost Converter
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HIGH OUTPUT VOLTAGE BUCK REGULATOR
by Dimitry Goder
High efficiency step-down conversion is easy to implement using the LTC1149 as a buck switching regulator
controller. The LTC1149 features constant off-time, current mode architecture and fully synchronous rectification. Current mode operation was selected for its
well-known advantages of clean start-up, accurate current
limit and excellent transient response.
Inductor current sensing is usually implemented by placing aresistor in series with the coil, butthe common mode
voltage at the LTC1149's Sense pins is limited to 13V. If a
higher output voltage is required, the current sense resistor can be placed in the circuit's ground return to avoid

common mode problems. The circuit in Figure 13 can be
used in applications that do not lend themselves to this
approach.
Figure 13 shows aspecial level shifting circuit (01 and U2)
added to a typical LTC1149 application. The LT1211, a
high speed, precision amplifier, forces the voltage across
R5 to equal the voltage across current sense resistor R8.
01 's drain current flows to the source, creating a voltage
across R6 proportional to the inductor current, which is
now referenced to groun~. This voltage can be directly
applied to the current sense inputs of U1, the LTC1149.
C12 and C4 are added to improve high frequency noise
immunity. Maximum input voltage is now limited by the
LT1211; it can be increased if a Zener diode is placed in
parallel with C12.

v'N-1:-r~~=====:;==f=======1---1
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26V TO 35V

l
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O.068j!F

c13

R9
100n

.------l~.!..I P·GATE
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5 Vee
6 CT
i----=:--_ _..!:..I
C5
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7
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~
-=-

3300pF 8 SENSER4
L...-_--=-::-_----'
510n
C2
1000pF
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Figure 13. High Output Voltage Buck Regulator Schematic Using LTC1149
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THE LTC1267 DUALSWITCHING REGULATOR
CONTROLLER OPERATES FROM
HIGH INPUT VOLTAGES
by Randy G. Flatness

Adjustable Output3:6V and 5V Converter
The adjustable output LTC1267-ADJ shown in Figure 16 is
configured as a3.6V12.5Aand 5V12A converter. The resistor divider composed of R1and R2 sets the output voltage
according to the formula VOUT = 1.25V (1 + R2/R1). The
input voltage range for this application is 5.5V to 28V.

Fixed Output 3.3V and 5V Converter
Afixed LTC1267 application circuit creating 3.3V12A and
5V12A is shown in Figure.15. The operating efficiency
shown in Figure 14 exceeds.90% for both the 3.3Vand 5V
sections. The 3.3V section of the. circuit in Figure 15
comprises the main switch. 01, synchronous switch 02,
inductor L1 and current shunt RSENSE3.
The 5V section is similar and comprises 03, 04, L2 and
RSENSE5. Each current sense resistor (RSENSE) monitors
the inductor current and is used to set the output current
according to the form ula lOUT = 100mVlRsENSE. Advantages of current control include excellent line and load
transient rejection, inherent short-circuit protection and
controlled start-up currents. Peak inductor currents for L1
and L2 are limited to 150mVlRsENSE or3.0A. The EXTVcc
pin is connected to the 5Voutput increasing efficiency at
high input voltages. The. maximum input voltage is limited
by the MOSFETs and should not exceed 28V;
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Figure 14. LTC1267 Efficiency vs Output Current
of Figure 15 Circuit
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Figure 15. LTC1267 Dual Output 3.3V and 5V High Efficiency Regulator
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Figure 16_ LTC1267 Dual Adjustable High Efficiency Regulator Circuit Output Voltages Set at3-6V and 5V

HIGH EFFICIENCY 5V TO 3.3V/1.25A CONVERTER
IN 0.6 SQUARE INCHES
by Randy G. Flatness

5V supply is already available. Thus, the problem is
reduced to deriving 3.3V from 5Vat high efficiency in a
small amount of board space.

The next generation of notebook and desktop computers
will incorporate a growing number of 3.3V les along with
5V devices. As the number of 3.3V devices increases, the
current requirements increase. Typically, a high current

High efficiency is mandatory in these applications since
converting 5V to 3.3V at 1.25A using a linear regulator
would require dissipating over 2W. This is an unnecessary
waste of power and board space for heat sinking.

VIN
PDRIVE
OV= NORMAL
>1.5V = SHUTDOWN

SHDN
...._---J'YVV'\".....
LTC1147-3.3
SENSE+ ~--+---.---

....

KRUBANTRY (603) 668-3210
SUMIDA (708) 956-0666

_
-

VOUT
w......._ 3.3V
1.5A

RS: KRL SP-1!2-A1-0R068J
L:SUMIDA
CDR74
(ALT: CD54)

Figure 17. High Efficiency Controller Converts 5V to 3.3V In Minimum Board Area
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The LTC1147 SO-8 switching regulator controller accomplishes the SV to 3.3V conversion with high efficiencies
over awide load current range. The circuit shown in Figure
17 provides 3.3V at efficiencies 'greater than 90% from
SOmA to 1.2SA. Using all surface mount components and
a low value of inductance (10J,JH) for L1, the circuit of
Figure 17 occupies only 0.6 square inches of PC board
area. The efficiency of the circuit in Figure 17 is plotted in
Figure 18.

efficiency; for lower cost an Si9340DY can be used at a
slight reduction in performance.
The circuit in Figure 17 has a no load current of only
160~: In shutdown, with Pin 6 held high (above 2V), the
quiescent current is reduced to less than 20~ with the
MOSFET held off. Although the circuit in Figure 17 is
specified at a SV input voltage the circuit will function
from 4V to 10V.

At an output current of 1.2SA the efficiency is 90.4%; this
means only O.4W are lost. This lost power is distributed
among RSENSEi L1 and the power MOSFETs; thus heat
sinking is not required.
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The P-channel MOSFET in the circuit of Figure 17 will be
on 2/3 of the time with an input voltage of SV. Hence, this
device should be carefully selected to obtain the best
performance. This design uses an Si9433DY for optimum

Linear regulator ICs are commonly used in variable power
supplies. Common types such as the 317 can be adjusted
as low as 1.2SV in single-supply applications. At low

~

8.5

The LTC1147 series of controllers use constant off-time
current mode architecture to provide clean start-up, accu"
rate current limit and excellent line and load regulation. To .
maximize the operating efficiency at low output currents,
Burst Mode operation is used to reduce switching losses.

LT1 o74/LT1 076 ADJUSTABLE OV TO 5V
POWER SUPPLY
by Kevin Vasconcelos

I I .L6Wlll1
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~66f18

Figure 18. 5V 10 3.3V Conversion Efficiency

output voltages power losses in these regulators can be a
problem. For example, if an output current of 1.SA is
required at 1.2SV from an input of 8V, the regulator
dissipates more than 10W. Figure 19 shows a DC/DC
converter that functionally replaces a linear regulator in
this application. The converter not only eliminates power
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_ _"""'_ _ _ _ _ _ _ _ _ _ _ _ _ _
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Figure 19 .. Adjuslable LT1 o74/LT1 076 OV 10 5V Power Supply
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loss as aconcern, but can be adjusted for output voltages
as low as 2SmV while still delivering an output current of
1.SA.
The circuit of Figure 19 employs a basic positive buck
topology with one exception: a control voltage is applied
through R4 to the feedback summing node at Pin 1 of the
LT1076 switching regulator IC, allowing the output to be
adjusted from OV to approximately 6V. This encompasses
the 3.3V and SV logic supply ranges as well as battery pack
combinations of one to four D cells.

substituted for the LT1 076. This change accommodates
outputs up to SA but at the expense of a heftier diode and
coil (D1, L1). An MBR73S and Coiltronics CTXSO-2-S2 are
recommended for SA service.

TRIPLE OUTPUT 3.3V, 5V AND 12V
HIGH EFFICIENCY NOTEBOOK POWER SUPPLY
by Randy G. Flatness
LTC1142 Circuit Operation
The application circuit in Figure 22 is configured to provide
output voltages of 3.3V, SVand 12V. The currentcapability
of both the 3.3V and SV outputs is 2A (2.SA peak). The
logic-controlled 12V output can provide 1S0mA (200mA
peak), which is ideal for flash memory applications. The
operating efficiency shown in Figure 21 exceeds 90% for
both the 3.3V and SV sections.
The 3.3V section of the circuit in Figure 22 comprises the
main switch 04, synchronous switch OS, inductor L1 and
current shunt RSENSE3. The current sense resistor RSENSE
monitors the inductor current and is used to setthe output
current according to the formula lOUT = 100mVlRsENSE.
Advantages of current control include excellent line and
load transient rejection, inherent short-circuit protection
and controlled start-up currents. Peak inductor currents
for L1 and T1 of the circuit in Figure 22 are limited to
1S0mVlRSENSE or 3.0A and 3.7SA respectively.

;
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As R4 is driven from OV to SV by the buffer (U1) more or
less current is required from R2 to satisfy the loop's desire
to hold the feedback summing point at 2.21V. This forces
the converter's output to swing overthe range of OVto 6V.
Figure 20 shows acomparison of power losses for alinear
regulator and the circuit of Figure 19. The load current is
1.SA in both cases although the LT1076 is capable of
1. 7SA guaranteed output current in this application and 2A
typical. If more current is required the LT1 074 can be
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Figure 20. Power Loss Comparison: Linear Regulator
vs Figure 19's Power Supply

When the output current for either regulator section drops
below approximately 1SmVlRsENSE, that section automatically enters Burst Mode operation to reduce switching
losses. In this mode the LTC1142 holds both MOSFETs off
and "sleeps" at 160j.tA supply current while the output
capacitor supports the load. When the output capacitor
falls SOmV below its specified voltage (3.3V or SV) the
LTC1142 briefly turns this section back on, or "bursts," to
recharge the output capacitor. The timing capacitor pins,
100
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Figure 21. LTC1142 Efficiency
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Figure 22_ LTC1142 High Efficiency Power Supply Schematic Diagram

which go to OV during the sleep interval, can be monitored
with an oscilloscopeto'observe burst action. As the lo~d
current is decreased the circuit will burst less and less
frequently.
The timing capacitors CT3 and CT5 set the off-time according to the formula tOFF = 1.3 (1 04)(CT)' The constant
off-time architecture maintains a constant ripple current
while the operating frequency varies only with input
voltage. The 3.3V section has an off-time of. approximately 5J..lS, resulting in aoperating frequency of 120kHz
with an BV input. The 5V section has an off-time of 2.6J..lS
and a switching frequency of·140kHz with an BV input.

Auxiliary 12V Output
The operation of the 5V section is identical to the 3.3V
section with inductor L1 replaced by transformer T1. The
12V output is derived from an auxiliary winding on the 5V

AN66-16

inductor. The output from this additional winding is rectified by diode 0.3 and applied to the input of an LT1121
regulator. The output voltage is set by resistors R3 and R4.
Atu~ns ratio of 1:1.B is used for T1 to ensure that the input
voltage to the LT1121 is high enough to keep the regulator
out of dropout mode while maximizing efficiency.
The LTC1142 synchronous switch removes the normal
limitation that power must be drawn from the primary 5V
inductor winding in order to extract power from the
auxiliary winding. With synchronous switching, the auxiliary 12V output may be loaded without regard to the 5V
primary output load, provided that the loop remains in
continuous mode operation.
.
When the 12V output is activated by a TTL high (6V
maximum) on the 12V enable line; the 5V section of the
LTC1142 is forced into continuous mode. A resistor

Application Note 66
divider composed of R1, R5 and switch 01 forces an
offset, subtracting from the internal offset at Pin 14. When
this external offset cancels the built-in 25mV offset, Burst
Mode operation is inhibited.

5V output. The 100% duty cycle inherent in the LTC1142
provides low dropout operation limited only by the load
current multiplied by the sum of the resistances of the 5V
inductor, 02 ROS(ON) and current sense resistor RSENSE5.

Auxiliary 12V Output Options

Extending the Maximum Input Voltage

The circuit of Figure 22 can be modified for operation in
low-battery count (6-cell) applications. For applications
where heavy 12V load currents exist in conjunction with
low input voltages «6.5V), the auxiliary winding should
be derived from the 3.3V instead of the 5V section. As the
input voltage falls, the 5V duty cycle increases to the point
when there is simply not enough time to transfer energy
from the 5V primary winding to the 12V secondary winding. For operation from the 3.3V section, a transformer
with aturns ratio of 1:3.25 should be used in place of the
33W1 inductor L1. Likewise, a 30Wl inductor would replace T1 in the 5V section. With these component changes,
the duty cycle ofthe 3.3V section is more than adequate for
full12V load currents. The minimum input voltage in this
case will be determined only by the dropout voltage of the

The circuit in Figure 22 is designed for a 14V maximum
input voltage. The operation of the circuit can be extended
to over 18V if a few key components are changed. The
parts that determine the maximum input voltage of the
circuit are the power MOSFETs, the LTC1142 and the input
capacitors. With the LTC1142 replaced by an LTC1142HV,
an 18V typical (20V maximum) input voltage is allowable.
Since the gate drive voltages supplied by the LTC1142 and
LTC1142HV are from ground to VIN, the input voltage
must not exceed the maximum VGS of the MOSFETs. The
MOSFETs specified in Figure 22 have an absolute maximum of 20V, matching that of the LTC1142HV.1 Finally,
the input capacitor's voltage rating will also have to be
increased above 12V.

THE NEW SO-8 LTC1147 SWITCHING REGULATOR
CONTROLLER OFFERS HIGH EFFICIENCY
IN A SMALL FOOTPRINT
by Randy Flatness

500mW. The efficiency plotted as a function of output
current is shown in Figure 24.

1For improved efficiency, CT5 should be charged to 270pF.

Introduction
The LTC1147 switching regulator controller is a high
efficiency step-down DC/DC converter. It uses the same
current mode architecture and Burst Mode operation as
the LTC1148/LTC1149 but without the synchronous
switch. Ideal for applications requiring up to 1A, the
LTC1147 shows 90% efficiencies over two decades of
output current.

OV = NORMAL 6
V1N
>1.5V = SHUTDOWN
SHDN
PDRIVE
VOUT

LTCl147·3.3
r----"-IITH

vY'YV'.......Mr-<I_ 3.3V
1A

SENSE +1-"--1--....-'

High Efficiency 5V to 3.3V in a Small Area
The LTC1147 5V to 3.3V converter shown in Figure 23
has 85% efficiency at 1A output with efficiencies greater
than 90% for load currents up to 500mA. Using the
LTC1147 reduces the power dissipation to less than

RS = KRL Sp·1/2·A1-OR100
L = COILTRONICS CTX100·4
COILTRONICS (407) 241·7876
KRUBANTRY (603) 668·3210

Figure 23. This LTC1147 5V to 3.3V Converter Achieves
92% Efficiency at 300mA Load Current
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is the ideal application for the LTC1147. As the output
current increases the diode loss increases. At high inputto-output voltage' ratios, the Schottky diode conducts
most of the time. In this situation; any loss in the diode will
have amore significant effect on efficiency and an LTC1148
might therefore be chosen.
Figure 26 compares the efficiencies of UC1147-5 and
LTC1148-5 circuits with the same inductor, timing capacitor and P-channel MOSFET. At low input voltages and 1A
output current the efficiency of the LTC1147 differs from
that of the LTC1148 by less than two percent. At lower

Figure 24. The LTC1147 5V to 3.3V Converter Provides Better
. Than.90% Efficiency from 20mA to 500mA of Output Current

Giving Up the Synchronous Switch?
The decision whether to use a nonsynchronous LTC1147
design or afully synchronous LTC1148 design requires a
careful analysiS of where losses occur. The LTC1147
switching regulator controller uses the same loss reducing techniques as the other members of the LTC11481
LTC1149 family. The nonsynchronous design saves the
N-channel MOSFET gate drive current at the expense of
increased loss due to the Schottky diode.
Figure 25 shows how the losses in a typical LTC1147
application are apportioned. The gate-charge loss
(P-channel MOSFET) is responsible for the majority of the
efficiency lost in the midcurrent region. If Burst Mode
operation was not employed, the gate charge loss alone
would cause the efficiency to drop to unacceptable levels
at low output currents. With Burst Mode operation, the DC
supply current represents the only loss component that
increases almost linearly as output current is reduced. As
expected, the 12R loss and Schottky diode loss dominate
at high load currents.
In addition to board space, output current and input
voltage are the two primary variables to consider when
deciding whether to use the LTC1147. At low input-tooutput voltage ratios, the top P-channel switch is on most
of the time, leaving the Schottky diode conducting only a
small percentage of the total period. Hence, the power lost
in the Schottky diode is small at low output currents. This
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Figure 25. Low Current Efficiency is Enhanced by Burst Mode
Operation. Schottky Diode Loss Dominates at High Output
Currents
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output currents and high input voltages the LTC1147's
efficiency can actually exceed that of the LTC1148.
Low Dropout 5V Output Applications
Because the LTC1147 is so well-suited for low input-tooutput voltage ratio applications it is an ideal choice for
low dropout designs. All members of the LTC1148/LTC1149
family (including the LTC1147) have outstandingly low
dropout performance. As the input voltage onthe LTC1147
drops, the feedback loop extends the on-time for the

OV=NORMAL 6
>1.5V = SHUTDOWN
SHDN

Rc
1k

With the switch turned on at a 100% duty cycle, the
dropout is limited by the load current multiplied by the
sum of the resistances of the MOSFET, the current shunt
and the inductor. For example, the low dropout 5V regulatorshown in Figure 27 has atotal resistance of less than
0.2Q. This gives it a dropout voltage of 200mV at 1A
output current. At input voltages below dropout the output
voltage follows the input. This is the circuit whose efficiency is plotted in Figure 28.
100

RSENSE
0.050

LTC1147-5

.---....::.j ITH

P-channel switch (off-time is constant) thereby keeping
the inductor ripple current constant. Eventually the ontime extends so farthatthe P-channel MOSFET is on at DC
or at a 100% duty cycle.
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Figure 27. The LTC1147 Architecture Provides Inherent Low
Dropout Operation. This LTC1147-5 Circuit Supports a 1A Load
with the Input Voltage Only 200mV Above the Output

Figure 28. Greater Than 90% Efficiency is Obtained for Load
Currents of 20mA to 2A (VIN =10V)
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THE LT1432:5V REGULATOR
ACHIEVES 90% EFFICIENCY
by Carl Nelson

,

critical. Ordinary 5V switchers draw Quiescent currents of
5mA to 15mA for these light loads. The efficiency of a12V
to 5V converter with 1OmA supply current and 1mA load
is only 4%. Clearly, some method must be'provided to
eliminate the, Quiescent current of the switching regulator
control section.

,Power supply efficiency has become ahighly visible issue
in many portable battery-powered applications. Higher
efficiency translateS directly to longer useful operating
time-'-a potent selling point for products such as' notebook computers, cellular phOnes,data acquisition units,
sales terminals and word'processoTs.The "holygrail" of
efficiency for 5Voutputs is 90%.
'

An additional reQuirementfor SOinesystems is full shutdown of the regulator. It would be ideal if a simple logic
signal coUld cause the converter to turn off and drawonly
a few microamperes of current.
'
The combination of battery form factors, their discrete
voltage steps and the use of higher vQltage wall adapters
requires a switching regulator that operates with inputs
from 6V to 30V. Both of these voltages present problems
for aMOS design because of minimum and maximum gate
voltage requirements of power MOS switches.

For' a number of reasons, older designs were limited to
efficiencies of 80 to 85%. High ,Quiescent current in the
control circuitry limited efficiency at lower output currents. Losses in the power switch, inductor and catch
diode all added up to limitefficiency at moderate-to-high
output currents. Each ofthese areas must be addressed in
adesign that is to have high efficiency over awide output
current range.
"

The LT1432 was designed to address all the requirements
described above ..It is a bipolar control chip that interfaces
directly to the LT1070 family of switching regulators and
is capable of operating with 6V to 30V inputs. TheselCs
have a very efficient, quasisaturating NPN switch that
mimics the resistive nature of MOS transistors with much
smaller die areas. The NPN is ahigh frequency device with

Some portable equipment has the additional requirement
of high efficiency at extremely light loads (1mA to 5mA).
These applications ,have a sleep mode in which RAM is
kept alive to retain Information. The instrument may spend
days or even weeks in this mode, so battery drain is
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an equivalent voltage and current overlap time of only
10ns. Drive to the switch is automatically scaled with
switch current, so drive losses are also low. Switch and
driver losses using an LT1271 with a 12V input and a 5V,
500mA load are only about 2%.
To reduce quiescent current losses, the LT1271 is powered from the 5Voutput ratherthan from the input voltage.
This is done by pumping the supply capacitor C3 from the
output via 02. Quick minded designers will observe that
this arrangement does not self-start; accordingly, a parallel path was included inside the LT1432 to provide power
to the IC switcher directly from the input during start-up.
Equivalent quiescent supply current is reduced to about
3.5mA with this technique.
Catch diode losses cannot be reduced with IC "tricks"
unless the diode is replaced with a synchronously driven
MOS switch. This is more expensive and still requires the
diode to avoid voltage spikes during switch nonoverlap
times. The question is, is it worth it?
The following formula was developed to calculate the
improvement in efficiency when adding a synchronous
switch.
..
(VIN - VOUT)(Vt - RFET eIOUT)(E)2
EffiCiency change =
(VIN)(VOUT)
With VIN = 10V, VOUT = 5V, Vt (diode forward voltage) =
0.45V, RFET = 0.1Q and lOUT = 1A the improvement in
efficiency is only 2.8%. This does not take into account
the losses associated with MOS gate drive, so real
improvement would probably be closer to 2%. The
availability of low forward voltage Schottky diodes such
as the MBR330P makes synchronous switches less
attractive than they used to be.
To achieve higher efficiency during sleep, the LT1432 has
Burst Mode operation. In this mode the LT1271 is either
driven full on, or completely shut down to its micropower
state. The LT1432 acts as a comparator with hysteresis
instead of alinear amplifier. This mode reduces equivalent
input supply current to 1.3mA with a 12V battery. Battery
life with NiCd AA cells is over 300 hours with a 1mA 5V
load. Burst Mode operation increases output ripple, especiallywith higher output currents, so maximum load in this
mode is 100mA.

The LT1271 normally draws about 50!JA t0100!JA i.n its
shutdown state. A shutdown command to the LT1432
opens all connections to the LT1271 VIN pin so its current
drain is eliminated. This leaves only the shutdown current
ofthe LT1432 and the switch leakage ofthe LT1271 , which
typically add up to less than 20!JA-less than the selfdischarge rate of NiCd batteries. For many applications the
on/off function is under keystroke control. Digital chips
which draw only a few microamps are available for keystroke recognition and power control.
There is no way to design around inductor losses. These
losses are minimized by using low loss cores such as
molypermalloy or ferrite, and by sizing the core to use wire
with sufficient diameter to keep resistive losses low. The
50~ inductor shown has acore loss of 200mW with type52 powdered iron material and 28mWwith molypermalloy.
For a 1A load this represents efficiency losses of 4% and
0.56% respectively-a major difference. Ferrite cores
would have even lower losses than molypermalloy, butthe
"moly" has such low losses that ferrites should be chosen
for other reasons, such as height, cost, mounting and the
like. DC resistance of the inductor shown is 0.02Q. This
represents an efficiency loss of 0.4% at 1A load and 0.8%
at2A. Significant reduction in these resistance losses
would require a sornewhat larger inductor. The choice is
yours.
The LT1432 has ahigh efficiency current limit with asense
voltage of only 60mV. This has aside benefit in that printed
circuit board trace material can be used for the sense
resistor. A 3A limit requires a 0.02Q sense resistor and
this is easily made from asmall section of serpentine trace.
The 60mV sense voltage has a positive temperature coefficient that tracks that of copper so that the current limit is
flat with temperature. Foldback current limiting can be
easily implemented.
The LT1432 represents a significant improvement in high
efficiency 5V supplies that must operate over awide range
of load currents and input voltages. Its efficiency has a
very broad peak that exceeds 90%, requiring a new
definition of the "holy graiL" Logic controlled shutdown,
millipower Burst Mode operation and efficient, accurate,
current limiting make this regulator extremely attractive
for battery-powered applications.
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a frequency of tOOkHz. Figure 33 is the efficiency plot of
the circuit. Ala load .current of 100mA the efficiency is at
92%; the efficiency falls to 82% at a 1A output.

Regulotors-" Switching (Buck)
Low Power

« 1A)

APPLICATIONS FOR THE LTC1265
HIGH EFFICIENCY MONOLITHIC BUCK CONVERTER
by San-Hwa Chee

2~5nim Typical-Height 5V to 3.3V Regulator

Efficiency
Figure 30 shows a typical LTC1265-5 application circuit.
The efficiency curves for two different input voltages are
shown in Figure 31. Note that the efficiency for a6V input
exceeds 90% over a load range from less than 10mA to
850mA. This makes the LTC1265 attractive for all battery
operated products and efficiency sensitive applications.
5V to 3.3V Converter
Figure 32 shows the LTC1265 configured for 3.3V output
with 1A output current capability. This circuit operates at

Figure 34 shows the schematic for a very thin 5V to 3.3V
converter. For the LTC1265 to be able to source 500mA
output current and yet meet the height requirement, a
small value inductor must be used.The circuit operates at
a high frequency (500kHz typically) increasing the gate
charge losses. Figure 35 is the efficiency curve for this
application.
Positive-to-Negatlve Converter
Besides converting from a positive input to positive output, the LTC1265 can be configured to perform apositiveto-negative convE!rsion. Figure 36 shows the schematic
for this application.

VIN
5.4VTO 12V
13 .

Lf
331'H

VOUT
5V
1A
RSENSE"
0.10

100
95

-

.....

JIJ~JJ

VOUT= 5V

~9~1

r..

~~

~~ ,

SGND

-

.

NC
":" 3900pF

75

1k

• COILTRONICS CTX33-4
•• KRL SL-C1-0R100J
t AVXTPSE22lK010
tt AVX TPSE686k020

1000pF
L--_ _ _ _ _ _ _ _......._ - - - I .." ..

COILTRONICS 407-241-7876
KRUBANTRY 603-668-3210 '

Figure 30. High Elliciency Step-Down Converter

AN66-22

70
0.01

L= 331'H
VOUT= 5V
RSENSE = 0.10
Cr= 130pF
0.10
LOAD CURRENT (A)

1.00

Figure 31. Efficiency vs Load Current

Application Note 66
VIN

5V

L1'
4711H

VOUT
3.3V
1A

+ COUTtt
-r-22011F
-L- 10V

LTC1265-3.3
12
PGND
LBIN

B~,,,

11

LBOUT

SGND

CT

SHDN 10 SHUTDOWN

e:.

90

tl'i

85

It

80

~

"....

//

/

U

NC

IrHR
SENSE-

95

0.10"

VIN

270pF

100

L1 = 4711H
Vour= 3.3V
RSENSpO.1n
CT = 270pF

75

SENSE+

70

1000pF
, COILCRAFT D03316-473
" KRL SL-C1-0R100J
t AVX TAJD100K010
tt AVX TAJD226K010

10
100
LOAD CURRENT (rnA)

1

' - -_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _---'AN66F32

1000

COILCRAFT 708-639-6400
KRUBANTRY 603-668-3210

Figure 32, High Efficiency 5V 10 3.3V Converter

Figure 33. Efficiency vs Load Currenl
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HIGH OUTPUT CURRENT BOOST REGULATOR
by Dimitry Goder

switch currents of up to 10A are available, providing a
convenient means for power conversion over wide input
and output voltage ranges. If higher switch currents are
required, acontroller with an external power MOSFET is a
better choice.

Low voltage switching regulators are often implemented
with self-contained power integrated circuits featuring a
PWM controller and an onboard power switch. Maximum

Figure 37 shows an LTC1147-based 5V to 12V converter
with 3.5A peak output current capability. The LTC1147 is
a micropower controller that uses a constant off-time
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Figure 37. LTC1147-Based 5V to 12V Converter
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architecture, eliminating the need for external slope compensation. Current mode control allows fast transient
response and cycle-by-cycle current limiting. Amaximum
voltage of only lS0mVacross the current-sense resistor
R7 optimizes performance for low input voltages.
When 02 turns on, current starts building up in inductor
L1. This provides a ramping voltage across R7. When
this voltage reaches athreshold value set internally in the
LTCl147, 02 turns off and the energy stored in L1 is

Regulators-Switching (Boost)
Low Power

« 1A)

transferred to the output capacitor CS. Timing capacitor
C2 sets the operating frequency. The controller is powered from the output through RS providing 10V of gate
drive for 02. This reduces the MOSFET's ON resistance
and allows efficiency to exceed 90% even at full load. The
feedback network comprising R2 and R8 sets the output
voltage. Current sense resistor R7 sets the maximum
output current; it can be changed to meet different circuit
requirements.

space. Figure 39 shows the circuit's efficiency, which can
reach 89% on a SV input.

APPLICATIONS FOR THE LT1372 500kHz
SWITCHING REGULATOR
by Bob Essaff

The reference voltage on the FB pin is trimmed to 1.2SV
and the output voltage is set by the R1/R2 resistor divider
ratio (VOUT =VREF • (R1/R2 + 1). R3 and C2 frequency
compensate the circuit.

Boost Converter

Positive-to-Negative Flyback with Direct Feedback

The boost converter in Figure 38 shows a typical LT1372
application. This circuit converts an input voltage, which
can vary from 2.7V to 11V, into a regulated 12V output.
Using all surface mount components, the entire boost
converter consumes only O.S square inches of board

A unique feature of the LT1372 is its ability to directly
regulate negative output voltages. As shown in the positive-to-negative flyback converter in Figure 40, only two
resistors are required to set the output voltage. The
reference voltage on the NFB pin is -2VREF, making
VOUT =-2VREF • (R2/R3 + 1). Efficiency for this circuit
reaches 72% on a SV input.
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Dual Output Flyback with Overvoltage Protection
Multiple-output flybac~ converters offer an econornical
means of produci[\Q multiple output voltages, but the
power supply designer must be aware of cross regulation
issues, which can cause electrical overstress on the supply and loads. Figure 41 is adLial-outputflyback converter
with overvoltage protection. Typically, in multiple-output
flyback designs only one output is voltage sensed and
regulated. The remaining outputs are "Quasi-regulated" by
the turns ratios of the transformer secondary. Cross
regulation is a function of the transformer used an~ is.a
measure of how well the Quasi-regulated outputs maintain
VIN
2.7VTO 16V

regulation undervarying load conditions. For evenly loaded
outputs, as shown in Figure 42, cross regulatiOn can be
Quite good, but when the loads differ greatly, as in. the case
of a load disconnect, there may be trouble. Figure 43
shows that when only the 15V output is voltage sensed,
the -15V Quasi-regulated output exceeds -25V when
unloaded. This can cause electrical overstress on the
output capacitor, output diode and thEl.,load when reconnected. Adding output voltage clamps is one way to fix the
problem butthe circuit in Figure 41 eliminates this requirement. This circuit senses both the 15V and -15V outputs
and prevents either from going beyond its regulat~ng
value. Figure 44 shows the unloaded -15V output being
held constant. The circuit's efficiency, which can reach
79% on a 5V input, is shown in Figure 45.
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Figure 43. Cross Regulation of Figure 41 's Circuil.
-VOUT Unloaded; Only VOUT Voltage Sensed
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Regulators-Switching
(Buck/Boost)
±5V CONVERTER USES OFF-THE-SHELF
SURFACE MOUNT COIL
By Mitchell Lee and Kevin Vasconcelos
Single-output switching regulator circuits can often be
adapted to multiple output configurations with aminimum
of changes, but these transformations usually call for
custom wound inductors. Anew series of standard inductors,1 featuring quadrifilar windings, allows power supply
designers to take advantage of these modified circuits but
without the risks of a custom magnetics development
program.
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Figure 45. Efficiency of Dual Output Flyback Converter
in Figure 41
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Figure 46. 5V Buck Converter with -5V Overwinding
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1:1:1:1 sections. In the application of Figure 46, three
The circuit shown in Figure 46 fulfills a recent customer sections are paralleled for the main 5V winding and the
requirement for a 9V to 12V input, 5V/800mA and remaining section is used forthe -5Voutput. This concen-5V/1 OOmA output converter. It employs a1:1 overwind- trates the copper where it is needed most-on the high
ing on what is ostensibly a buck converter to provide a current output.
-5V output. The optimum solution would be a bifilar Efficiency with the outputs loaded at 500mA and -50mA
wound coil with heavy gauge wire for the main 5Voutput is over 80%. Minimum recommended load on the -5V
and smaller wire for the overwinding. To avoid a custom . output is 1mA to 2mA, and the -5V load current must
coil design, an off-the-shelf JUMBO-PAC™ quadrifilar always be less than the 5V load current.
wound coil is used. This familyof coils is wound with 1JUMBO-PAC·is a1rademark of Coittronics Inc. (407) 241-7876.
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SWITCHING REGULATOR PROVIDES
CONSTANT 5V OUTPUT FROM 3.5V TO 40V
INPUT WITHOUT A TRANSFORMER
by Brian Huffman
Acommon switching regulator requirement is to produce
aconstant output voltage from an input voltage that varies
above or below the output voltage. This is particularly
important for extending battery life in battery-powered
applications. Figure 47 shows how an LT1171 switching
regulator IC, two inductors and a "flying" capaCitor can
generate a constant output voltage that is independent of
input voltage variations. This is accomplished without the
use of a transformer. Inductors are preferred over transformers because they are readily available and more
economical.,
The circuit in Figure 47 uses the LT1171 to control the
output voltage. Afully self-contained switching regulator
IC, the LT1171 contains a power switch as,well as the
control circuitry (pulse-width modulator, oscillator, reference voltage, error amplifier and protection circuitry). The
power switch is an NPNtransistor in a common-emitter
configuration; when the switch turns on, the LT1171 's
Vsw pin is connected to ground. This power switch can
handle peak switch currents of up to 2.5A.
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Figure 48 shows the operating waveforms for the circuit.
In this architecture the capaCitor C2 serves as the single
energy transfer device between the input voltage and
output voltage of the circuit While the LT1171 power
switch is off, diode D1 is forward biased, providing apath
for the currents from inductorsL1 and L2. Trace Ashows
inductor L1's clirrentwaveform and trace Bis L2'scurrent
waveform. Observe that the inductor current waveforms
occur on top of a DC level. The waveforms are virtually
identical because the inductors have identical inductance
values and the same voltages are applied across them. The
current flowing through inductor L1 is not only delivered
to the load but is also us~~ to charge C2. C2 is charged to
a potential equal to the input voltage.
When the LT1171 power switch turns on, the Vsw pin is
pulled to ground and the inputiJoltage is applied across the
inductor L1. At the same til)1e, capaCitor C2 is connected
across inductor L2. Current flows from the input voltage
source through inductor L1 and into the LT1171. Trace C
shows the voltage atthe VsWpin and Trace Dis the current
flowing through the power switch. The catch diode (D1) is
reverse biased and capacitor C2's current also flows
through the switch, through ground and into inductor L2.
During this interval C2 tr~nsfers its stored energy into
inductor L2. Afterthe switch turns off the cycle is repeated.
Another advantage of this circuit is that it draws its input
current ina triangular waveshape (see Trace A in Figure
48). The current waveshape of the input capacitor is
identical to the current waveshape of inductor L1 except
that the capacitor's current has no DC component. This
type of ripple injects only a modest amount of noise into
the input lines because the ripple does not contain any
sharp edges.

1
R1
1k
C4
11'F

R3
1.00k
1%

C1 = NICHICON (AL) UPL1H560MEH, ESR = 0.2500, IRMS ' 360mA
C2 = NICHICON (AL) UPL1H151MPH, ESR = 0.100n.IRMS = 820mA
C3 = NICHICON (AL) UPL1C471MPH, ESR = 0.090n.IRMS = nOmA
L1, L2 = COILTRONICS CTXSO-4. OCR = 0.090n.
COILTRONICS (407) 241-7876

A= 1AIDIV
1L1,IC1
B= 1AIDIV
IL2
C= 10VlOIV

Vsw
O=1NOIV
Isw

EQUATION 1: VOUT = 1.25V (1 + R2IR3)

Figura 47. LT1171 Provides Constant 5V Output from
3.5V 10 40V Input. No Transformer Is Required
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5JlB1OIV

Figure 48. LT1171 Switching Waveforms
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Figure 4Q shows the efficiency of this circuit for a0.5A load
and maximum output current for various input voltages.
The two main loss elements are the output diode (D1) and
the LT1171 power switch. ASchottky diode is chosen for
its low forward voltage drop; it introduces a 10% loss,
which is relatively constant with input voltage variations.
At low input voltages the efficiency drops because the
LT1171 power switch's saturation voltage becomes a
higher percentage of the available input supply.

equal. (The duty cycle is determined by multiplying the
switch ON time by the switching frequency.) The RC
network (R1 and C4 in Figure 47) connected to the Vc pin
provides sufficient compensation to stabilize this control
loop. Equation 1(see Figure 47) can be used to determine
the output voltage.
1.2
1.0

This circuit can deliver an output current of 0.5A at a3.5V
input voltage. This rises to 1A as input voltage is increased. Above 20V, higher output currents can be achieved
by increasing the values of inductors L1 and L2. Larger
inductances store more energy, providing additional currentto the load. If 0.5A of output current is insufficient, use
a higher current part, such as the LT1170.

0.8

g
~ 0.6
§'

.!?

Many systems derive ±15V supplies for analog Circuitry
from an input voltage that may be above or below the 15V
output. The split supply requirement is usually fulfilled by
a switcher with a multiple-secondary transformer or by
multiple switchers. An alternative approach, shown in
Figure 50, uses an LT1074 switching regulator IC, two
inductors and a "flying" capacitor to generate a dualoutput supply that accepts awide range of input voltages.
This solution is particularly noteworthy because it uses
only one switching regulator IC and does not require a
transformer. Inductors are preferred over transformers
because they are readily available and more economical.
The operating waveforms for the circuit are shown in
Figure 51. During the switching cycle, the LT1 074's Vsw
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The output voltage is controlled by the LT1171 internal
error amplifier. This error amplifier compares a fraction
of the output voltage, via the R1 to R2 divider network
shown in Figure 47, with an internal 1.25V reference
voltage, and varies the duty cycle until the two values are

SWITCHING REGULATOR PROVIDES
±15V OUTPUT FROM AN BV TO 40V INPUT
WITHOUT ATRANSFORMER
by Brian Huffman

r

o

5

10

15 20 25 30
INPUT VOLTAGE (V)

35

W

40

Figure 49. Efficiency and load Characteristics
for Various Input Voltages

pin swings between the input voltage (VIN) and the negative output voltage (-Vour). (The ability of the LT1074's
Vsw pin to swing below ground is unusual-most other
5-pin buck switching regulator ICs cannot do this.) Trace
Ashows the waveform of the Vsw pin voltage and Trace B
is the current flowing through the power switch.
While the LT1 074 power switch is on, current flows from
the input voltage source through the switch, through
capacitor C2 and inductor L1 (Trace C), and into the load.
Aportion of the switch current also flows into inductor L2
(Trace D). This current is used to recharge C2 and C4
during the switch OFF time to a potential equal to the
positive output voltage (Vour). The current waveforms for
both inductors occur on top of a DC level.
The waveforms are virtually identical because the inductors have identical values and because the same voltage
potentials are applied across them during the switching
cycl~s.

AN66-29

Application Note 66
\fOUT
15V

C2
470l'F
25V

GNO

VIN
-=- T040V
8V
Cl

0.5A

':"

C7
0.01 ~F -:;;!;'.

R2
7.50k
1%

R5
20k

+

C3
470~F

+

25V

R3
1.30k
1%

l000~F

50V

EQUATION 1: VOUT = 2.21V· (1 + R2IR3)
VOUP-VOUT
Cl NICHICON UPL1Hl02MRH
C2. C3. C4 NICHICON UPL1E471 MPH
01.02 MOTOROLA MUR410
Ll. L2 COILTRONICS CTX50-2-52 (407) 241-7876

C4

02
MUR410

+

4701ll'
25V
-VOUT
-15V
0.5A '""'"

Figure 50. Schematic Diagram for ±15V Version

interval the voltage on the Vsw pin is equal to adiode drop
below the negative output voltage (-Vour). L2's current
then circulates between both 01 and 02, charging C2 and
C4. The energy stored in L1 is used to replace the energy
lost by C2 and C4 during the switch ON time. Trace Gis
capacitor C2's current waveform. Capacitor C4's current
waveform (Trace F) is the same as diode 02's current less
the OC component. Assuming that the forward voltage
drops of diodes 01 arid 02 are equal, the negative output
voltage (-Vour) will be equal to the positive output
voltage (Vour). After the switch turns on again the cycle
is repeated.

A = 20VlDIV

Vsw
B= 2A/DIV

Isw. ICl
C= lA/OIV
IL1.1C3

0= lA/DIV
IL2

E= lAIDIV
101.1C3

Figure 52 shows the excellent regulation of the negative
output voltage for various output Currents. The negative
F= 1AIDIV
102. 104

15.3
15.2

G= lAIDIV

15.1

IC2

,

1\

~OUT=0.5A

Ii'
Figure 51. LT1074 Switching Waveforms

When the switch turns off, the current in L1and L2 begins
to ramp downward, causing the voltages across them to
reverse polarity and forcing the voltage at the Vsw pin
below ground. The Vsw pin voltage falls until diodes 01
(Trace E) and 02 (Trace F) are forward biased. Ouringthis

14.8

I--.

r-

r- lOUT" -lOUT

14.7
14.6

o 0.050.10.15' 0.20.250.30.350.40.450.5
-lOUT (A)

.... '"

Figure 52. -15V Output Regulation Characteristics

Application Note 66
output voltage tracks the positive supply (VOUT) within
200mV for load variations from 50mA to 500mA. Negative
output load current should not exceed the positive output
load by more than afactor of 4; the imbalance causes loop
instabilities. For common load conditions the two output
voltages track each other perfectly.

in Figure 50, with an internal2.21V reference voltage and
then varies the duty cycle until the two values are equal.
The RC network (R1 and C5 in Figure 50) connected to the
Vc pin along with the R4/R5 and C6/C7 network provides
sufficient compensation to stabilize the control loop. Equation 1 can be used to determine the output voltage.

Another advantage ofthis circuit is that inductor L1acts as
both an energy storage element and as a smoothing filter
for the positive output (VOUT). The output ripple voltage
has a triangular waveshape whose amplitude is determined by the inductor ripple current (see trace Cof Figure
51 ) and the ESR (effective series resistance) of the output
capacitor (C3). This type of ripple is usually small so apost
filter is not necessary.

Figure 54 shows the circuit's -5V load regulation characteristics and Figure 55 shows its efficiency.

Figure 53 shows the efficiency for a0.5A common load at
various inputvoltages. The two main loss elements are the
output diodes (01 and 02) and the LT1 074 power switch.
At low input voltages, the efficiency drops because the
switch's saturation voltage becomes a higher percentage
of the available input supply.
The output voltage is controlled by the LT1 074 internal
error amplifier. This error amplifier compares afraction of
the output voltage, via the R2 to R3 diVider network shown

Refer to the schematic diagram in Figure 56 for modified
component values to provide ±5V at 1A.
5.7

5.6
5.5
5.4

~ 5.3
I;;

~ Nlour= 1AI
I
5.0
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5.2
I
5.1

4.9
4.8

I-- I-- r--

IOUT=-lour

o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-lour (A)

Figure 54. -5V Output Regulation Characteristics
75
75
70

r---- l""-

I

-..... r-.....

r

70

/

I

/

55

55
50

o

5

10

15

20

25

30

35

40

INPUT VOLTAGE (V)

50

o

5

10

15

20

25

30

35

40

INPUT VOLTAGE (V)

Figure 53. ±15V Efficiency Characteristics with
O.5A Common Load
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Figure 55. ±5V Efficiency Characteristics with 1A Common Load
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Your

C2
680l'F
16V

-

VIN
8V
T1l40V

SV
1A

GNO

R2
2.80k

'---r::--r"....J

1%
R3
, 2.21k
1%

EQUATION 1: Your =2.21V· (1 + R2IR3)

Vour=-Vour

C4
02
MBR360

680JiF
16V

C1 = NICHICON UPL1H102MRH
C2,C3, C4 = NICHICON UPL1C681MPH L . . - - - - - I 4 - - - - - - - !
01,02 = MOTOROLA MBR360
-Your
L1, L2 = COILTRONICS CTXSO-2-S2 (407) 241-7876

-5V
1A

Figure 56. Schematic Diagram for ±5V Version

Regulators-Switching
(Inverting)
HIGH EFFICIENCY 12V TO -12V CONVERTER
by Milton Wilcox and Christophe Franklin

It i.s d~fficult to obtain high efficiencies from inverting
SWitching regulators because the peak switch and inductor currents must be roughly twice the output current.
Furthermore, the switch node must swing twice the input
voltage (24V for a12V inverting converter). The adjustable
version of the LTC1159 synchronous stepdown controller
is ideally suited forthis application, producing acombination of better than 80% efficiency, low quiescent current
and 20~ shutdown current.
The 1Acircuit shown in Figure 57 exploits the high inputvoltage capability of the nC1159 by connecting the controller ground pins to the -12V output. This allows the
simple feedback divider between ground and the output
(cOl:nprising R1 and R2) to setthe regulated voltage, since
the Internal1.25V reference rides on the negative output.
The inductor connects to ground via the 0.05Q currentsense resistor.
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Aunique EXT Vee pin on the LTC1159 allows the MOSFET
drivers and control circuitry to be, powered from the output
of the regulator. In Figure 57 thi~ is accomplished by
grounding EXT Vec, 'plaCing the entire 12V output voltage
across the driver and control circuits (remember the
ground pins are at -12V). This is permissible with the
LTC1159, which allows a maximum of 13V between the
Sense and Ground pins. During start-up or short-circuit
conditions, operating power is supplied by an internal
4.5V low dropout linear regulator. This start-up regulator
automatically turns off when the outputfalls below-4.5V.
Acycle of operation begins when Q1 turns on, placing the
12V input across the inductor. This causes the inductor
current to ramp to a level set by the error amplifier in the
LTC1159. Q1 then turns off and Q2 turns on, causing the
current stored in the inductor to flow tothe -12V output.
At the end of the 5118 off-time (set by capacitor Cl), Q2
turns off and Q1 resumes conduction. With a12V input the
duty cycle is 50%, resulting in a 100kHz operating frequency.

Application Note 66
INPUT
12V+ 30 %
-10%

1

J
t--------------tl~

"'11> lN4148

I

+1

3301'

~35V

01
.IT'O.lI'F
Si9435 ":'

'TNICHICON
UPL1V331M

0.;5rF

...----1111------,
.J
1 PGATE
CAP ~

L..-_+-_~2 VINSHDN2 ~

T
_ '-

14
EXT Vee ~
c..
LTCl159
I
~
MBRS140
4 PDRIVE
L..-_H
NGATE ~13:"""-_ _--I1
02"'"
lN5818
I j..:: SI9410
5
3.31'F
12
~......
Vee
II PWRGND
O.lI'F

3

-=

~ Vee

I

n

..:r

~:--_ _~6 Cr + I I
-l.... Cr

- r- 390pF

7

I 6800pF

-::='

VFB
SENSE+

lk

10na

O.osn

20k

510k

----<t---+--.....---t-...- ~~J:UT

ITH
SENSE-

Ll
lOOI'H
DALE
TJ4-1 00-1 I'

SGND ~1.;..1

n 1..10

r-200pF

r£..

l~~PF
t - - - - - II 11------+

5V OR 3.3V

.J..J.

03
SHUTDOWN "1 ~ TP0610L

.!

I

Rl
10.5k
R2
90.9k

lA

150l'F
-,-16V
- r:t OS-CON

x2

loon

~~5.1V
'". ~ lN5993

Figure 57. LTC1159 Converts 12V to -12V at.1A

The LTC1159, like other members of the LTC1148 family,
automatically switches to Burst Mode operation at low
output currents. Figure 57's circuit enters Burst Mode
operation below approximately 200mA of load current.
This maintains operating efficiencies exceeding 65% over
two decades of load current range, as shown in Figure 58.
Quiescent current (measured with no load) is 1.8mA.
Complete shutdown is achieved by pulling the gate of Q3
low. Q3, which can be interfaced to either 3.3Vor 5V logic,
creates a 5V shutdown signal referenced to the negative
output voltage to activate the LTC1159 Shutdown 2 pin.
Additionally, Q4 offsets the VFB pin to ensure that Q1 and
Q2 remain off during the entire shutdown sequence. In
shutdown conditions, 40~ flows in Q3 and only 20~ is
taken from the 12V input.
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Figure 58. Efficiency Piol of Figure 57's Circuil
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REGULATED CHARGE PUMP POWER SUPPLY
by TommyWu

The circuit shown in Figure 59 uses an· LTC1 044A charge
pump inverter to convert a5V inputto a...,1.7V potential as
required for a certain LCD panel. Output regulation is
provided bya novel feedback scheme, which uses components 01, R1 and R2. Without feedback the charge pump
would simply develop approximately ... 5V at its output.
With feedback applied, Your charges in the negative
direction until the emitter of 01 is biased by the divider
comprising R1 and R2. Current flowing in the collector
tends to slow the LTC 1044A's internal oscillator, reducing
the available output current. The output is thereby maintained at a constant voltage.

In this application less than SmA output current is required. As a result, charge pump capaCitor C1 is reduced
to 1!-iF from the usual 1O!lf. Curves of output voltage with
and without feedback are shown in Figure 60. The equivalent output impedance 9fthe charge pump is reduced from
approximately 1OOQ to SQ.
Avariety of output voltages within the limits of the curve
in Figure 60 can be set by simply adjusting the VSE
multiplier action of 01, R1 and R2. Tighter regulation or
a higher tolerance could be obtained by adding a reference or additional gain, at the expense of increased
complexity and cost.
I
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VIN=5V-
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5
L -_ _ _-+_-1.7V

'ZETEX (516) 543-7100

"'E 10IlF
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Figure 59. Regulated Charge Pump .
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LTC1174: A HIGH EFFICIENCY BUCK CONVERTER
by San-Hwa Chee and Randy flatness
The LTC1174 is an B-pin SO "user-friendly" step-down
converter. (A PDIP package is also available.) Only four
external components are needed to construct acomplete
high efficiency converter. With no load it requires only
1301lA of quiescent current; this decreases to amere 1IlA
upon shutdown. The LTC1174 is protected against output
shorts by an internal current limit, which is pin selectable
to either 340mA or 600mA. This current limit also sets the
inductor's peak current. This allows the user to optimize
the converter's efficiency depending upon the output
current requirement.
In dropout conditions, the internal 0.9il (at a supply
voltage of 9V) power P-channel MOSFET switch is turned
on continuously (DC), thereby maximizing the life of the
battery source. (Who says a switcher has to switch?) In
addition to the features already mentioned, the LTC1174
boasts alow-battery detector. All versions function down
to an input voltage of 4V and work up to an absolute
maximum of 13.5V. For extended input voltage, high
voltage parts are also available that can operate up to an
absolute maximum of 1B.SV.

If higher output currents are desired Pin 7 (lpGM) can be
connected to VIN. Under this condition the maximum
load current is increased to 4S0mA. The resulting circuit
and efficiency curves are shown in Figures 63 and 64
respectively.
100
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Figure 62. Efficiency vs Load Current
VIN ...........----<p---..............- - - - ,
9V

5V Output Applications
Figure 61 shows a practical LTC1174-5 circuit with a
minimum of components. Efficiency curves forthis circuit
at two different input voltages are shown in Figure 62. Note
thatthe efficiency is 94% at asupply voltage of 6Vand load
currentof 175mA. This makes the LTC1174attractivetoail
power sensitive applications and shows clearly why switching regulators are gaining dominance over linear regulators in battery-powered devices.
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Figure 63_ Typical Application for Higher Output Currents
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Figure 61. Typical Application for Low Output Currents
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More Applications

A 5V to 3.3V Converter

Positive-to-Negative Converter

The LTC117 4-3.3 is ideal for applications that require 3.3V
at less than 4SGmA. Aminimum board area surface mount
3.3V regulator is shown in Figure 66. Figure 67 shows that
this circuit can achieve efficiency greater than 8S% for
load currents between SmA and 4S0mA.

The LTC117 4 can easily be set up for a negative output
voltage. The LTC1174-S is ideal for -5V outputs as this
configuration requires the fewest components. Figure 6S
shows the schematic for this application with low-battery
detection capability. The LED will tum on at input voltages
below 4.9V. The efficiency ofthis circuit is 81 %at an input
voltage of SV and output current of 1SOmA.

..-.........~p--~.........>------.......-

7 IpGM
INPUT VOLTAGE
4VT07.5V

3

.SHDN 8

lTC1174-3.3
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SWf5..........rTr.............- - 3.3V
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2 lBOUT
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270k

lOWBATTERY
INDICATOR
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VOUT~--"""
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t-------"I
SW",,5.....-'-yyY"'-+_--.

+
39k

3311f' ":'
16V
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_ • (3) AVX TPSD156K025
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Figure 66. 5V to 3.3V Output Application
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Figure 65. Positive to-5V Converter
with Low-Battery Detection
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Figure 67. Efficiency vs Load Current
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90

Regulators-Switching
(Power Factor Corrected)

~ f-

85

THE NEW LT15D8/LT15D9 COMBINES POWER FACTOR
CORRECTION AND A PWM IN A SINGLE PACKAGE
by Kurk Mathews

Typical Application

75

Figure 68 shows a24VDC, 300W, power-factor corrected,
universal input supply. The continuous, current mode
boost PFC preregulator minimizes the differential mode
input filter size required to meet European low frequency
conducted emission standards while providing a high
power factor. The 2-transistor forward converter offers
many benefits, including low peak currents, a
nondissipative snubber, 500VDC switches and automatic
core reset guaranteed by the LT1509's 50% maximum
duty-cycle limitation. An LT1431 and inexpensive
optoisolation are used to close the loop conservatively at
3kHz with excess phase margin (see Figure 69). Figure 70
shows the output voltage's response to a2A to almost 1OA
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Figure 69. Bode Plot at the Circuit Shown in Figure 68
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Figure 71. Elliciency Curves for Figure 68's Circuit

current step. Regulation is maintained to within 0.5V.
Efficiency curves for output powers of 30W, 150W and
300W are shown in Figure 71. The PFC preregulator alone
has efficiency numbers of between about 87% and 97%
over line and load.
Start-up of the circuit begins with the LT1509's Vcc
bypass capacitors trickle charging through 91 kO to
16VDC, overcoming the chip's 0.25mA typical start-up
current (Vcc ::;; lockout voltage). PFC soft start is then
released, bringing up the 382VDC bus with minimal
overshoot. As the bus voltage reaches its final value, the
forward converter comes up powering the LT1431 and
closing the feedback loop. A 3-turn secondary added to
the 70-turn primary of T1 bootstraps Vce to about
15VDC, supplying the chip's 13mA requirement as well
as about 39mA to cover the gate current ofthe three FETs
and high side transformer losses. A 0.150 sense resistor senses input current and compares it to a reference
current (1M) created by the outer voltage loop and multiplier. Thus, the input currentfollows the input line voltage
and changes, as necessary, in order to maintain a constant bank voltage. The forward converter sees avoltage
input of 382VDC unless the line voltage drops out, in
which case the 470J,lf main capacitor discharges to
250VDC before the PWM stage is shut down. Compared
to a typical off-line converter, the effective input voltage .
range of the forward converter is smaller, simplifying the
design. Additionally, the higher bus voltage provides
greater hold-up times for agiven capacitor size. The high
side transformer effectively delays the turn-on spike t,fJ
the end of the built-in blanking time, necessitating the
external blanking transistor.
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Regulators-Switching
(Discussion)
ADDING FEATURES TO THE BOOST TOPOLOGY
by Dimitry Goder

A boost-topology switching regulator is the simplest solution for converting a 2- or 3-cell input to a 5V output.
Unfortunately, boost regulators have some inherent disadvantages, including no short-circuit protection and no
shutdown capability. In some battery-operated products,
external chargers or adapters can raise the battery voltage
to a potential higher than the 5V output. Under this
condition a boost converter cannot maintain regulationthe high input voltage feeds through the diode to the
output.
The circuit shown in Figure 72 overcomes these problems.
An LT1301 is used as a conventional boost converter,
preserving simplicity and high efficiency in the boost
mode. Transistor 01 adds short-circuit limiting, true shutdown and regulation when there is a high input voltage.
When the input voltage is lower than 4V and the regulator
is enabled, 01 's emitter is driven above its base, saturating
the transistor. As a result, the voltages on C1 and C2 are
roughly the same and the circuit operates as a conventional boost regulator.

If the input voltage increases above 4V, the internal error
amplifier, acting to keep the output at 5V, boosts the
voltage on C1 to a level greater than 1V above the input.
This voltage controls 01 to provide the desired output with
the transistor operating as a linear pass element. The
output does not change abruptly during the switch-over
between step-up and step-down modes because it is
monitored in both modes by the same error amplifier.
Figure 73 shows efficiency versus input voltage for
5V11 OOmA output. The break point at 4.25V is evidence of
01 beginning to operate in alinear mode with an attendant
roll-off of efficiency. Below 4.25V the circuit operates as a
boost regulator and maintains high efficiency across a
broad range of input voltages.
The circuit can be shut down by pulling the LT1301 's
Shutdown pin high. The LT1301 ceases switching and 01
automatically turns off, fully disconnecting the output.
This stays true over the entire input voltage range.
01 also provides overload protection. When the output is
shorted the LT1301 operates in a cycle-by-cycle current
limit. The short-circuit current depends on the maximum
switch current of the LT1301 and on the 01 's gain,
typically reaching 200mA. The transistor can withstand
overload for several seconds before heating up. For sustained faults the thermal effects on 01 should be carefully
considered.
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Figure 72. Q1 Adds Short-Circuit Limiting, True Shutdown and Regulation
When There Is a High Input Voltage to the LT1301 in Boost Mode

Figure 73. Efficiency vs Input Voltage
for 5V/100mA Output
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SENSING NEGATIVE OUTPUTS
by Dimitry Goder.

Various switching regulator circuits exist to provide positive-to-negative conversion. Unfortunately, most controllers cannot sense the negative output directly; they require
a positive feedback signal derived from the negative output. This creates aproblem. The circuit presented in Figure
74 provides an easy solution.
The L1'1172 is aversatile switching regulatorthat contains
an onboard 100kHz PWM controller and a power switching transistor. Figure 74 shows the LTC1172 configured to
provide a negative output using a popular charge pump
technique. When the switch turns on, Current builds up in
the inductor. At the same time the charge on C3 is
transferred to output capacitor C4. During the switch offtime, energy stored in the inductor charges capacitor C3.
A special DC level-shifting feedback circuit consisting of
01, 02, and R1 to R4 senses'the negative output.
Under normal conditions 01 's base is biased at a.level
about O.6V above ground and the currentthrough resistor
R3 is set by the output voltage. If we assume that the base
current is negligible, then R3's current also flows through
R2, biasing 02's collector at a positive voltage proportional to the negative output.
V,N
(10V
TO 20V)
VOUT

Vsw 4

R1
51k

U1
LT1172

1
Vc

3 GND

VFB 2

C1

':'

.100pF

L1 • 50IlH. SUMIDA CD54-470

Figure 74. 10V/20V to -24 Converter
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-24V
100mA

02 is connected as adiode and is used to compensate fo~
01 's base-emitter voltage change with temperature and.
collector current. Both transistors see the same collector
current and their base-emitter voltages track quite well.
Because the base-emitter voltages cancel, the voltage
across R2also appears on the LT1172's Feedback pin.
The resulting output voltage is given by the following
formula:
VOUT = VFB

:~ ...: VBE

where VFB is the LT1172 internal1.244V reference and VBE
is 01 's base/emitter voltage (= O.6V). The VBE term in the
equation denotes a minor output voltage dependency on
input voltage and temperature. However, the variation due
to this factor is usually well below 1%.
Essentially, 01 holds its collector voltage constant by
changing its collector current and will function properly as
long as some collector current exists. This puts the
following limitation on R1: at minimum input voltage the
current through R1 must exceed the current through R2.
This is reflected by the following inequality:
R1 < R2 VIN(MIN) - VFB - VBE
VFB
If the input voltage drops below the specified limit (e.g.,
under a slow start-up condition) and 01 turns off, R4
provides the LT1172 Feedback pin with apositive bias and
the output voltage decreases. Without R4 the Feedback
pin would not get an adequate positive signal, forcing the
LT1172 to provide excessive output voltage and resulting
in possible circuit damage..
The feedback configuration described above is simple yet
very versatile. Only resistor value changes are required for
the circuit to accommodate a variety of input and output
voltages. Exactly the same feedback technique can be
used with fly back, "Cuk" or inverting topologies, or whenever it is necessary to sense a negative output.

Application Note 66
feedback network R3 to R5 biases the low-battery comparator input (LBI) 20mV below the reference. In this
mode the circuit operates as a conventional boost converter, sensing output voltage at the FB pin.

Regulators-Switching
(Micropower)
3-CELL TO 3.3V BUCK/BOOST CONVERTER
by Dimitry Goder
Obtaining 3.3V from three 1.2V (nominal) cells is not a
straightforward task. Since battery voltage can be either
below or above the output, common step-up or step-down
converters are inadequate. Alternatives include using more
complex switching topologies, such as SEPIC, or aswitching boost regulator plus a series linear pass element.
Figure 75 presents an elegant implementation of the latter
approach.
The LT1303 is a Burst Mode switching regulator that
contains control circuitry, an on board power transistor
and a gain block. When the input voltage is below the
output, U1 starts switching and boosts the voltage across
C2 and C3 to 3.3V. The gain block turns on 01 because the
~

2.5V TO BV

When the input voltage increases, it eventually reaches a
point w~lere the regulator ceases switching and the input
voltage is passed unchanged to capaCitor C2. The output
voltage rises until the LBI input reaches the reference
voltage of 1.25V, at which point 01 starts operating as a
series pass element. In these conditions the circuit functions as alinear regulator with the attending efficiency rolloff at higher input voltages.
For input voltages derived from three NiCd or NiMH cells,
the circuit described provides excellent efficiency and the
longest battery life. At 3.6V, where the battery spends
most of its life, efficiency exceeds 91 %, leaving all alternative topologies far behind.

01
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Cl, C2: 33~F/20V AVX TPS
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Figure 75. 3-Cell to 3.3V Buck/Boost Converter

LT1111 ISOLATED 5V SWITCHING POWER SUPPLY
by Kevin R. Hoskins
Circuit Description
Many applications require isolated power supplies. Examples include remote sensing, measurement of signals
riding on high voltages, remote battery-powered equipment, elimination of ground loops and data acquisition
systems where noise elimination is vital. In each situation
the isolated cirCUitry needs a floating power source. In

some cases batteries or an AC line transformer can be
used for power. Alternately, the DC/DC converter shown
here creates an accurately regulated, isolated output from
a 5V source. Moreover, it eliminates the optoisolator
feedback arrangements normally associated with fully
isolated converters.
Figure 76 shows aswitching power supply that generates
an isolated and accurately regulated 5V at 1OOmA output.
The circuit consists of an LT1111, configured as aflyback
converter, followed by an LT1121 low dropout, micropower
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linear regulator. An LTC1145 (winner of EON's IC Innovation of the Year Award) provides micropower isolated
feedback.
The LT1111 is a micropower device that operates on only
400jJA (max). This micropower operation is important for
energy-conscious applications. It works well with surface
mount inductors such as the Coiltronics aCTA-PAC shown
in the schematic. Although the LT1111 's internal power
switch handles up to 1A, a 100n resistor (R1) limits the
peak switch current to approximately 650mA. This maximizes converter efficiency. One side benefit of limiting the
peak switch current is that the circuit becomes insensitive
to inductance. The circuit operates satisfactorily with an
inductance in the range of 20~ to 50~.
It is important that capacitor C2 have low effective series
resistance (ESR) and inductance (ESL) to minimize output
ripple voltage. Although aluminum capacitors are abundant and inexpensive, they will perform poorly in this
switcher application because of their relatively high ESR
and ESL. Two good choices that meet C2's.low ESR and
ESL requirements are the AVX TPS and Sanyo OS-CONTM
capacitor series.

Circuit Operation

The LT1111 is configured to operate as a flyback converter. The voltage on the transformer'ssecondary is
rectified by 02, filtered by C2 and applied to the LT1121 's
input. As the LT1121 's input voltage continues to rise, its
output will regulate at 5V. The LT1121 's input voltage
continues increasing until the differential between input
and output equals approximately 600mV. At this pOint 01
begins conducting, turning on the LTC1145 isolator. The
output of the LTC1145 goes high, turning off the converter. Thefeedbackfromthe LTC1145gatesthe LT1111 's
oscillator, controlling the energy transmitted to the
transformer's secondary and the LT1121 's input voltage.
The oscillator is gated onfor longer periods asthe LT1121 's
load curr~nt increases. 01 's gain and the feedbackthrough
the LTC1145 force the converter loop to maintain the
LT1121 just above dropout, resulting in the best efficiency. The LT1121 provides current limiting as well as a
tightly regulated low noise output.
OS·CON Is a trademark of SANYO Electric Co., LTD.
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Figure 76. Circuit Generates Isolated, Regulated 5V at100mA
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LOW NOISE PORTABLE COMMUNICATIONS
DC/DC CONVERTER
by Mitchell Lee
Portable communications products pack plenty of parts
into close proximity. Digital clock noise must be eliminated not only from the audio sections but also from the
antenna, which, by the very nature of the product, is
located only inches from active circuitry. If a switching
regulator is used in the powersupply, it becomes another
potential source of noise. The LTC1174 stepdown converter is designed specifically to eliminate noise at audio
frequencies while maintaining high efficiency at low
output currents.
Figure 77 shows an all surface mount solution for a 5V,
120mA output derived from five to seven NiCd or NiMH
cells. Small input and output capacitors are used to
conserve space without sacrificing reliability. In applications where it is desired, a shutdown feature is available;
otherwise, short this pin to VIN.

ON

l

5V

l-e,.J"\rvv~_......_~P-- 120mA

SHDN

+ C3

OFF

C2
6.BnF

OUTPUT
33"F

T20V

To conserve power and maintain high efficiency at light
loads the LTC1174 uses Burst Mode operation. Unfortunately, this control scheme can also generate audio frequency noise at both light and heavy loads. In addition to
electrical noise, acoustical noise can emanate from capacitors and coils under these conditions. Afeedforward .
capacitor (C2) shifts the noise spectrum up out of the
audio band, eliminating these problems. C2 also reduces
peak-to-peak output ripple, which measures approximately
30mV over the entire load range.
The interactions of load current, efficiency and operating
frequency are shown in Figure 78. High efficiency Is
maintained at even low current levels, dropping below
70% at around 800~. No,load supply current is·less than
200~, dropping to approximately 1~ in shutdown mode.
The operating frequency rises above the telephony bandwidth of 3kHz at aload of 1.2mA. Most products draw such
low load currents only in standby mode with the audio
circuits squelched, when noise is not an issue.
The frequency curve depicted in Figure 78 was measured
with aspectrum analyzer, not acounter. This ensures that
the lowest frequency noise peak is observed, rather than
afaster switching frequency component. Any tendency to
generate subharmonic noise is quickly exposed using this
measurement method.
100
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C3 = AVX TPS SERIES (803-946-0690)
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Figure 71_ Low NOise, High Efficiency Step-Down Regulator for
Personal Communications Devices
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The LTC1174's internal switch, which is connected between VIN and Vsw, is current controlled at a peak threshold of approximately 340mA. This low peak threshold is
one of the key features that allows the LTC1174 to minimize system noise compared to other chips that carry
significantly higher peak currents, easing shielding and
filtering requirements and decreasing component stress.

111111

0.1
0.1

1
10
OUTPUT CURRENT (rnA)

50
100

Figure 78. Parameter Interaction Chart for Figure 77's Circuit
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APPLICATIONS FOR THE LT1302
MICROPOWER DC/DC CONVERTER
by Steve Pietkiewiqz

put voltage rises above the comparator threshoto.Undershoot at load step is less than 5%. The circuit's efficiency
at various input voltages is shown in Figure 81.

2· or 3·Cellto 5V Converter

Although efficiency graphs present useful information, a
more "real world" measure of converter performance
comes from battery lifetime chart recordings. Many systems require high power for a short time, for example to
spin up ahard disk ortransmita packet of data. Figures 83,
84 and 85 present battery life data with aload profile of
50mA for 9 seconds and 550mA for 1 second, as detailed
in Figure 82. At the chart speeds used, individual. 10
second events are not discernable .and the battery voltage
appears as avery thick line. Figure 83 shows operating life
using a 2-ceU alkaline (Eveready E91) battery. Battery
voltage (pen B) drops 400mV as the output load changes

Figure 79 shoWs a 2- or 3-cell to 5V DC/DC converter that
can deliver up to 600mA from a2-cell input (2V minimum)
or up to 900mA from a 3-cell input (2.7V minimum). R1
and R2 set the output voltage at 5V. The 200pF capacitor
from FB to ground aids stability; without it the FB pin can
act as an antenna and pick up dV/dtfrom the switch node,
causing some instability in switch current levels at heavy
loads, L1's inductance value is not critical; a minimum of
10J,IH is suggested in 2-cell applications (although this
guideline is ignored in the 2-cell to 12V circuit shown
later). Lower values typically have less DC resistance and
can handle higher current. Transient response is. better
with low inductance but more output current can be had
with higher values. Peak current in Burst Mode operation
increases as inductance decreases, due to the finite r~
sponse· time of the current sensing comparator in the
LT1302 . The Coilcraft 003316 series inductors have been
found to be excellent in terms of performance, size and
cost but their open construction results in some magnetic
flux spray; try Coiltronics' aCTA-PAC series if EMI is a
problem. Transient response with a load step of 25mA to
525mA is detailed in Figure 80. There is no overshoot upon
load removal because switching stops entirely when out-

Vour

100mVIDIV
AC COUPLED

200msJDlV

Figure 80. Transient Response of DC/DC Converter
with 2.5V Input. Load Slep is 25mA to 525mA
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Profile of Figure 82 Gives 63 Minutes Operating Life. Battery Life
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Figure 84. 3~Cell Alkaline Battery to 5V Converter with Pulsed
Load Has 7,.3 Hours Operating Life

from 50mA to 550mA. Battery impedance (330mn when
fresh) can be derived from this data. After 63 minutes the
battery voltage drops substantially below 2V when the
outPlJt load is 550mA, causing the output voltage (pen A)
to drop. The output returns to 5V when the load drops to
50mA. The LT1302's undervoltage lockout prevents the
battery voltage from falling below 1.5V until the battery is
completely discharged (not shown on the chart).
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Figure 85. 2-Cell NiCd Battery to 5V Converter Shows
Dramatically Lower ESR of NiCds Compared to Alkalines. Battery
Impedance Is 80mil. Although the 600mA Hour NiCd Has 1/4 the
Energy of 2.4A/Hr Alkalines with 50mA/550mA Loads NiCds
Outlast Alkalines by a Factor of 2.8. Low Cell Impedance is
Maintained Until the Battery Is Completely Discharged

A 3-cell alkaline battery has a significantly longer life, as
shown in Figure 84. Note that the time scale here is one
hour per inch. Usable life is about 7.3 hours, a sevenfold
improvement over the 2-cell battery. Again, battery impedance causes the battery voltage (pen B) to drop as the
load changes from 50mA to 550mA. The increasing change
between the loaded and unloaded battery voltage over
time is due to both increased current demand on the
battery as its voltage decreases and increasing battery
impedance as it is discharged.
Replacing the 2-cell alkaline with a 2-cell NiCd (AA Gates
Millennium) battery results in a surprise shown in Figure
85. Although these AA NiCd cells have one-fourth the
energy of AA alkaline cells, operating life is 2.8 times
greater with the 50mAl550mA load profile. Dramatically
lower battery impedance (80mn for the NiCd versus
330mn for the alkaline) is the cause. Battery voltage (pen
B) drops just 100mV as the output load changes from
50mA to 550mA, compared to 400mV for alkalines. Additionally, impedance stays relatively constant over the life
of the battery. This comparison clearly illustrates the
limitations of alkaline cells in high power applications.
2-Cell to 12V Converter
Portable systems with PCMCIA interfaces often require
12V at currents of up to 120mA. Figure 86's circuit can
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Figure 86. 2-Cell to 12V DC/DC Converter Delivers 120mA. Changing L1's Value Allows Operation from 3.3VJ5V Supply
85

80

90

-v11lJ

.:, 75

~

~w

1.

VIN = 3V

tl
or
-L

~v
70

[1.1,

VIN = 2V

....

1'\
I"

~

It

65
60

/
1

,/

~250
225

~

200

,,/"

.....V

:::0

U.

~ 175

9

150

78

76

,,/"

l/

......

125
100
2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40
INPUT VOLTAGE (V)

''''''.
Figure 88. Maximum Load Current of2-Cell to 12V Converter
vs Input

AN66-46

_I

l.h

V

V"

11111

80

70

10
100
LOAD CURRENT (rnA)

275

-

11111
IIIII

11

fI"H't'" _I,

VIN = 3,3V

'J

72

300

1E

86

74

Figure 87. Hell to 12V Converter Efficiency
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Figure 89. 3.3VJ5V to 12V Converter Efficiency

generate 12V at over 120mA from a 2-cell battery. Operating the converter in continuous mode requires a higher
duty cycle than the LT1302 provides, so a very low
inductance (3.3¢i) must be used in order to provide
enough output current in discontinuous mode. Efficiency
for this circuit is in the 70% to 80% range, as Figure 87's
graph shows. Battery life at this power level would be short
with acontinuous load but the most common application
forthis voltage/current level, flash memory programming,
has a rather low duty factor. Maximum output current
versus input voltage is shown in Figure 88. To operate this
circuit from a 3-cell battery change L1's value to 6.8¢i.
This will result in lower peak currents, improving efficiency substantially.
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Figure 91. Single Cell 10 5V Converter Efficiency

Changing L1's value to 22J,JH allows the circuit to operate
from a3.3V or 5V supply. Up to 350mA can be generated
from 3.3V; 600mA can be delivered from a 5V input.
Efficiency, pictured in Figure 89, exceeds 80% over much
of the load range and peaks at 89% with a 5V input.
Single Cell to 5V/150mA Converter
Stand alone single -cell cOQverters can typically provide no
more than 40mA to 50mA at 5V from a single cell. When
more power is required, the LT1302 can be used in

conjunction with a single-cell device. 1 Figure 90's circuit
operates from a single cell and delivers 5V at 150mA
output. Although the LT1302 requires a minimum VIN of
2V, single-cell operation can be achieved by powering the
LT1302 from the 5Voutput. At start-up VOUT is equal tothe
cell voltage minus adiode drop. The LT1073 initially puts
the LT1302 in its shutdown state. The LT1 073 switches
L1, causing L1's current to alternately build up and dump
into C2. When VOUT reachesapproximately2Vthe LT1 073's
Set pin goes above 212mV causing Aoto go low. This pulls
the LT1302's SHDN pin low, enabling it. The output, now
booted by the much higher power LT1302, quickly reaches
2.4V. When the LT1 073's FB pin reaches 212mV its
switching action stops. The brief period when the LT1 073
and LT1302 are switching simultaneously has no detrimental effect. When the output reache.s 5Vthe LT1 073 has
ceased switching. Circuit efficiency is in the 60 to 70%
range as shown in Figure 91.
3-Cell to 3.3V/12V Buck/Boost Converter
Obtaining 3.3V from three cells is not a straightforward
task; a fresh battery measures over 4.5V and a fully
depleted one 2.7V. Since battery voltage can be both
1 Williams, Jim. "200mA Output, 1.5 to 5V Converter." Linear Technology 111:1

(February, 1993) p. 17.
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Figure 93. 3.3V auckJlloost Converter Efficiency

above and below the output, common step-up (boost) or
step-down (buck) converters are inadequate. Figure 92's
circuit provides an efficient solution to the problem using
just one magnetics component and also provides an
auxiliary 12V output. When the LT1302's switch is on its
SW pin goes low, causing current buildup in T1 Dand T1 E
(windings are paralleled to achieve lower DC resistance).
D1's anode goes to - VIN because of the phasing of T1 C/
T1A relative to T1 DIT1 E. C1 is charged to VIN. When the
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switch opens, SW flies high to aVoltage of VIN + VOUT +
VOIOOE. Energy is transferred to the output by magnetic
coupling from T1 DIT1 Eto T1 CIT1 Aand by current flowing
through C1. During this flyback phase, T1 A/T1 Chas 3.3V
plus a diode drop across the windings. T1 B, which has a
3:1 turns ratio, has approximately 10V to 11 V impressed
upon it. T1 B "stands" on the 3.3V output, resulting in
about 13V to14V at the input of the LT1121 linear regulator, which then precisely regulates the 12Voutput. Since
this output is not directly regulated by the LT1302, it
cannot be loaded without having at least a small load on
the directly regulated 3.3V output. The LT1121 can be
turned off by pulling its SHDN pin low, isolating the load
from the output. Figure 93 shows the circuit's efficiency
for various input voltages.
Construction Hints
The high speed, high current switching associated with
the LT1302 mandates careful attention to layout. Follow
the suggested component placement in Figure 94 for
proper operation. High current functions are separated by
the package from sensitive control functions. Feedback

Application Note 66

Figure 94. Suggested Component Placement for LT1302

-.'"

resistors R1 and R2 should be close to the Feedback pin
(Pin 4). Noise can easily be coupled into this pin if care
is not taken. If the LT1302 is operated off a 3-cell or
higher input, R3 (2Q) in series with VIN is recommended.
This isolates the device from noise spikes on the input
voltage. Do not install R3 ifthe device must operate from
a 2V input, as input current will cause the LT1302's input
voltage to go below 2V. The O.1JJfceramic bypass

capacitor C3 (use X7R not Z5U) should be mounted as
close as possible to the package. Grounding should be
segregated as illustrated. C3's ground trace should not
carry switch current. Run a separate ground trace up
underthe package as shown. The battery and load return
should go to the power side of the ground copper.
Adherence to these rules will result in working converters
with optimum performance.

CLOCK-SYNCHRONIZED SWITCHING REGULATOR
HAS COHERENT NOISE
by Jim Williams, Sean Gold and Steve Pietkiewicz

attendant switching noise, although variable, are made
coherent with system operation.

Gated oscillator type switching regulators permit high
efficiency over extended ranges of output current. These
regulators achieve this desirable characteristic by using a
gated oscillator architecture instead of a clocked pulsewidth modulator. This eliminates the "housekeeping" currents associated with the continuous operation of
fixed-frequency designs. Gated oscillator regulators simply self-clock at whatever frequency is required to maintain the output voltage. Typically, loop oscillationfrequency
ranges from afew Hertz into the kiloHertz region depending upon the load.
This asynchronous variable frequency operation seldom
creates problems; some systems, however, are sensitive
to this characteristic. The circuit in Figure 95 Slightly
modifies a gated-oscillator-type switching regulator by
synchronizing its loop oscillation frequency to the system's
clock. In this fashion the oscillation frequency and its

Circuit operation is best understood by temporarily ignoring the flip-flop and assuming that the LT11 07 regulator's
AOUT and FB pins are connected. When the output voltage
decays, the Set pin drops belowVREF, causing AOUTtO fall.
This causes the internal comparator to switch high, biasing the oscillator and outputtransistor into conduction. L1
receives pulsed drive and its flyback events are deposited
into the 100JJf capacitor via the diode, restoring output
voltage. This overdrives the Set pin, causing the IC to
switch OFF until another cycle is required.
The frequency of this oscillatory cycle is load dependent
and variable. If a flip-flop is interposed in the AOUT/FB pin
path as shown, the frequency is synchronized to the
system clock. When the output decays far enough (trace
A, Figure 96) the AOUT pin (trace B) goes low. At the next
clock pulse (trace C) the flip-flop Q2 output (trace D) sets
low, biasing the comparator-oscillator. This turns on the
power switch (Vsw pin is trace E), which pulses L1. L1
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Figure 95_ A Synchronizing Flip-Flop Forces Switching Regulator Noise To Be Coherent with the Clock

respands in fly back fashian, depasiting its energy inta the
.output capacitar ta maintain .output valtage. This aperatian is similar ta the previausly described case except that
the sequence is farced ta synchronize with the system
clack by the flip-flap's actian. Althaugh the resulting
laap's ascillatian frequency is variable, it and all its attendant switching naise are synchronaus and caherent with
the system clack.
Because .of its sampled nature, this clacked laop may nat
start. Ta ensure start-up, the flip-flap's remaining sectian.
is cannected as a buffer. The CLR1/CLK1 line manitars
.output valtage via the resistar string. If the circuit daes nat
start, Q1 gaes high, CLR2 sets and laap aperatian cammences. Althaugh the circuit shawn is astep-up type, any
switching regulatar canfiguratian can use this technique.
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Figure 96. Waveforms for the Clock Synchronized Switching
Regulator. The Regulator Switches (Trace E) Only on Clock
Transitions (Trace C) Resulting in Clock Coherent Output
Noise (Trace A)
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BATTERY-POWERED CIRCUITS USING THE
LT1300 AND LT1301
by Steve Pietkiewicz

A= 20mVlDlV
AC COUPLED

B = 5V/DIV

5V from 2 Cells
Figure 97's circuit provides 5V from a 2-cell input. Shutdown is effected by taking the Shutdown pin high. VIN
current drops to 10fJA in this condition. This simple boost
topology does not provide output isolation, and in shutdown the load is still connected to the battery via L1 and
D1. Figure 98 shows the efficiency of the circuit with a
range of input voltages, including afresh battery (3V) and
an "almost-dead" battery (2V). At load currents below a
few milliamperes, the 120fJA quiescent current of the
device becomes significant, causing the fall off in efficiency detailed in the figure. At load currents in the 20mA
to 200mA range, efficiency flattens out in the 80% to 88%
range, depending on the input. Figure 99 details circuit
operation. VOUT is shown in trace A. The burst repetition

•
SHUTDOWN

SELECT
SHDN

VIN
SW
~

-2M
::::::: CELLS

lNS817

SV

i---+--- 200mA

Cl
OUTPUT
lOOflF

Figure 97. 2-Cell to 5V DC/DC Converter Delivers
>200mA with a 2V Input
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Figure 98. Efficiency of Figure 112's Circuit

C= 1AIDIV

20IJS/DIV

Figure 99. Burst Mode Operation In Action

pattern is clearly shown as VOUT decays, then steps back
up due to switching action. Trace B shows the voltage at
the switch node. The damped high frequency waveform at
the end of each burst is due to the inductor "ringing off,"
forming an LC tank with the switch and diode capacitance.
It is not harmful and contains far less energy than the high
speed edge that occurs when the switch turns off. Switch
current is shown in trace C. The current comparator inside
the LT1300 controls peak switch current, turning off the
switch when the current reaches approximately 1A.
Although efficiency curves present useful information, a
more important measure of battery-powered DC/DC converter performance is operating life. Figures 100 and 101
detail battery life tests with Figure 97's circuit at load
currents of 100mA and 200mA, respectively. Operatinglife curves are shown using both Eveready E91 alkaline
cells and new L91 "Hi-Energy" lithium cells. These lithium
cells, new to the market, are specifically designed for high
drain applications. The performance advantage of lithium
is about 2:1 at 1OOmA load current (Figure 100), increasing to 2.5:1 at 200mA load (Figure 101). Alkaline cells
perform poorly at high drain rates because their internal
impedance ranges from 0.2Q to 0.5Q, causing a large
voltage drop within the cell. The alkaline cells feel quite
warm at 200mA load current, the result of 12R losses
inside the cells.
The reduced power circuit shown in Figure 102 can
generate 5V at currents up to SOmA. Here the ILiM pin is
grounded, reducing peak switch currentto 400mA. Lower
profile components can be used in this circuit. The capacitors are C-case size solid tantalum and inductor L1 is the
tallest component at 3.2mm. The reduced peak current
also extends battery life, since the 12R loss due to internal
battery impedance is reduced. Figure 103 details efficiency versus load current for several input voltages and
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Figure 104 shows battery life ata 50mA load. Notethatthe
L91 lithium battery lasts only about 40% longer than the
alkaline. The higher cost of the lithium cells makes the
alkaline cells more cost effective in this application. Apair
of Eveready AAA alkaline cells (type E92) lasts 96.6 hours
with 5mA load, very close to the rated capacity of the
battery .

A4-Cell Application
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Figure 102. Lower Power Applications Can Use Smaller
Components. L11sTaliest Component at 3.1mm
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Figure 104_ 50mA Load and Reduced Switch Current
Are Kind to E91 AA Alkaline Ballery; the Advantages
01 L91 Lithium Are Not as Evident
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A4-cell pack is aconvenient, popular battery size. Alkaline
cells are sold in 4-packs at retail stores and 4 cells usually
provide sufficient energy to keep battery replacement
frequency reasonable. Generating 5V from 4 cells, however, is a bit triCky. A fresh 4-cell pack has a terminal
voltage of 6.4V, but at the end of its life the pack's terminal
voltage is around 3.2V; hence, the DC/DCconverter must
~"··""llnFI\D
....IIa.,
'rElCH~
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step the voltage either up or down depending on the state
of the batteries. Aflyback topology with a costly custom
designed transformer could be employed but Figure 105's
circuit gets around these problems by using a flying
capacitor scheme along with a second inductor. The
circuit also isolates the input from the output, allowing the
output to go to OV during shutdown. The circuit can be
divided conceptually into boost and buck sections. L1and
the LT1300 switch comprise the boost or step-up section
and L2, 01 and C3 comprise the buck or step-down
section. C2 is charged to VIN and acts as a level shift
between the two sections. The switch node toggles between ground and VIN + VOUT, and the L2/C2 diode node
toggles between -VIN and VOUT + Vo. Figure 106 shows
efficiency versus load current for the circuit. All four
energy storage elements must handle power, which accounts for the lower efficiency of this circuit compared to
the simpler boost circuit in Figure 97. Efficiency is directly
C2**
100"F

+

-=-=- 4AA

L2.

ILiM

5V/3.3V

CELLS

lN5817

27"H

SELECT
LT1300
SHDN

SENSE

I---+---+C3·· +

5VOR
3.3V
220mA

related to the ESR and OCR ofthe capacitors and inductors
used. Better capacitors cost more money. Better inductors
do not necessarily cost more but they do take up more·
space. Worst-case RMS current through C2 occurs at
minimum input voltage and measures O.4A atfuilioad with
a3V input. C2's specified maximum RMS current must be
greater than this worst-case current. The Sanyo capacitors noted specify a maximum ESR of 0.045n with a
maximum ripple current rating of 2.1A. The Gowanda
inductors specify a maximum OCR of 0.058n.
LT1301 Outputs: 5Vor 12V

The LT1301 is identical to the LT1300 in every way except
output voltage. The LT1301 can be set to a 5V or 12V
output via its Select pin. Figure 107 shows a Simple 3.3V
or 5V to 12V step-up converter. It can generate 120mA at
12V from either 3.3V or 5V inputs, enabling the circuit to
provide VPP on a PCMCIA card socket. Figure 108 shows
the circuit's efficiency. Switch voltage drop is a smaller
percentage of input voltage at 5Vthan at 3.3V, resulting in
the higher efficiency at 5V input.
3.3V
OR5V
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Figure 105. 4-Cell to 3.3V or 5V Converter Output Goes to Zero
When in Shutdown. Inductors May Have, but Do Not Require
Coupling; a Transformer or Two Separate Units Can Be Used
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BATTERY-POWERED CIRCUITS USING THE
LT1304 MICROPOWER DC/DC CONVERTER
WITH LOW-BATTERY DETECTOR
by Steve Pietkiewicz

A 2-Cell to 5V Converter
Acompact 2-cell to SV converter can be constructed using
the circuitin Figure 109. Using the LT1304-S fixed output
deviCe eliminates the need for external voltage setting
resistors, lowering component count. As the battery voltage drops, the circuit continues to function until the
LT1304's undervoltage lockout disables the part at approximately VIN = 1.SV. 200mA is available at a battery
voltage of 2.0V. As the battery voltage decreases below
2V, cell impedance starts to quickly increase. End-of-life is
usually assumed to be around 1.8V, or 0.9V per ceiL
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Figure 111. Boost Converter Load Transient Response
with VIN =2.2V
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Figure 109. 2-Cellto 5V/200mA Boost Converter Takes Four
External Parts. Components with Dashed Lines Are for Soft Start
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Efficiency, is detailed in Figure 110. Micropower Burst
Mode.operation keeps efficiency above 70%, even .for load
current below·1 mAo Efficiency reaches 8S% for a 3.3V
input. Load transient response is illustrated in Figure 111.
Since the LT1304 uses ahysteretic comparator in place of
the traditional linear feedback loop, the circuit responds
immediately to changes in load current Figure 112 details
start-up behavior without soft start circuitry (R1 and G1 in
Figure 109). Input current rises to lAas the device is
turned on, which can cause the input supply voltage to
sag, possibly tripping the low-battery detector. Output
voltage reaches SV in approximately 1ms. The addition of
R1 and Gl to Figure 109's circuit limits inrush current at
start-up, providing for asmoother turn-on as indicated in
Figure 113.
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Figure 110. 2-Cellto 5V Converter Efficiency
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Figure 113. Start-Up Response with 11Jf/1MQ Components in
Figure 109 added. Input Current Is More Controlled. Your
Reaches 5V in 6ms. Output Drives 20mA Load
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A 4-Cell to 5V Converter
A 4-cell to 5V converter is more complex than a simple
boost converter because the input voltage can be either
above or below the output voltage. The single-ended
primary inductance converter (SEPIC) shown in Figure
114 accomplishes this task with the additional benefit of
output isolation. In shutdown conditions, the converter's
output will go to zero, unlike the simple boost converter,
where aDC path from input to outputthrough the inductor
and diode remains. In this circuit, peak current is limited
to approximately 500mA by the addition of 22k resistor
R1. This allows very small low profile components to be
used. The 100J,tf capacitors are D-case size with a height
of 2.9mm and the inductors are 3.2mm high. The circuit
can deliver 5V at up to 100mA. Efficiency is relatively flat
across the 1mA to 100mA load range.

Super Burst™ Mode Operation: 5V/100mA DC/DC
with 15~ Quiescent Current
The LT1304's low-battery detector can be used to control
the DC/DC converter. The result is a reduction in Quiescent
current by almost an order of magnitude. Figure 116
details this Super Burst circuit. VOUT is monitored by the
LT1304's LBI pin via resistor divider R1/R2. When LBI is
above 1.2V LBO is high, forcing the LT1304 into shutdown
mode and reducing current drain from the battery to 1O~.
When VOUT decreases enough to overcome the lowbattery detector's hysteresis (about 35mV) LBO goes low.
Q1 turns on, pulling SHDN high and turning on the rest of
the IC. R3limits peak current to 500mA; it can be removed
for higher output power. Efficiency is illustrated in Figure
Super Burst is a trademark of Linear Technology Corporation.
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117. The CDnvertet is apprDximately 70% efficientat a (5ns) will confirm the need fDr good PC board laYDut. The
1001lAIDad, 20 pDints higherthan thecircuitDfFigure 109. 200MHz ringing ,of the switch voltage is attributable to lead
Even at a1O~ IDad,effi~iency is in the 40% tD 50% range, . inductance, switch and diode capacitance, and diode turnequivalent to 1OOIiW tD 120/lW total power drain from the on time. Switch turn-on is shown in Figure'122. Transition
battery. In cDntrq"M, Figure 109's circuit CDnsumes ap- time is similar tD that of Figure 121. Adherence to the
proximately 300/lW tQ 400/lW u:nIDaded.
..
layout suggestions will result in working DCfDC converters
with a minimum of trouble.
An ,output capa9itDr charging cycle Dr "burst" is shDwn in
Figur~

118, Vlith the circuit driving a ~OmA IDad. TheslDw
respDnse ,of the IDw-battery detectDr results in the high
number ,of individual switch cycles Dr "hits" within the
burst.
."

1Instrumentation for osciilographs of Figures 121 and 122 include Tektronix P6032 active probe,
Type 151 sampling unn and type 547 mainframe.

Figure 119 depicts ,output vDltage at the modestlDad ,of
1001lA. The burst repetitiDri rate is arDund 4Hz. With the
IDad remDved, the repetitiDn rate drops tD approximately
0.2Hz Dr ,one burst every 5 secDnds. Systems that spend
a high percentage ,of ,operating time in sleep mDde can
benefit from the greatly reduced quiescent pDwer drain ,of
Figure 116's c'ircuit.
Your 100mVIDIV
AC COUPLED
Vsw
SViDIV
IL
1A1DIV
VIN = 2.SV
IL= SOmA

SO~DIV

Figure 120. Suggested LlIyout for Best Performance. Input
Capacitor Placement as Shown Is Highly Recommended.
Switch Trace (Pin 4) Copper Area is Minimized

Figure 118. Super Burst Mode Operation in Action
Your 100mVlDIV
ACCDUPLED

Your 100mVIDIV
AC COUPLED

50msJDIV
SOmsIDlV

Figure 119. Super Burst Mode Operation Circuit with 100pA
Load, Burst Occurs Approximately Once Every 240ms

Figure 121. LT1304 Switch Rise Time Is in the5ns Range. These
Types of Edges Emphasize the Need lor Proper PC Board Layout

Layout
The LT1304 switch turns ,on and ,off very quickly. FDr best
perfDrmance we suggest the cDmpDnent placement in
Figure 120. Improper laYDuts will result in pDDr IDad
regulatiDn, especially at heavy IDads. Parasitic lead inductance must be kept IDW fDr prDper DperatiDn. Switch turn,off is detailed in Figure 1211. A close look at the rise time
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Vsw 1V1DIV

50msIDIV

Figure 122. Switch Fall Time. Lower Slope in Second and Third
Graticules Shows Effect 01 Lead and Bond Wire Inductance
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Application Note 66
AUTOMATIC LOAD SENSING SAVES POWER
IN HIGH VOLTAGE CONVERTER
by Mitchell Lee

LT11 07's 320~ quiescent current the battery current is
3.SmA under no load. In standby applications this is
unacceptably high, even for two Dcells.

There are a surprising number of high output voltage
applications for LTC's micropower DC/DC converter family. These applications include electroluminescent panels,
specialized sensing tubes and xenon strobes. One of the
key features of the micropower converters is low quiescent current. Since the quiescent current is far less than
the self-discharge rate of common alkaline celis, the
traditional ON/OFF switch can be eliminated in cases
where the load is intermittent or where the load is shut
down under digital control.

Acircuit consisting of transistors Q1 and Q2 was added to
reduce the standby current to an acceptable level. When a
load of more than SO~ is present, Q1 turns on, Q2 turns
off and the 9.1 M resistor (R4) serves as a feedback path.
R2, R3 and R4 regulate the output at 128V.

The maximum switch voltage for many micropower devices is SOV. For higher outputs the circuit shown in Figure
123 is often recommended. It combines aboost regulator
and acharge pump triplerto produce an output voltage of
up to 1S0V. The output is sensed through a divider
network, which consumes a constant current of about
12~. This doesn't seem like much, but reflected back to
the 3V battery it amounts to over 3mk Together with the

63V
100nF

Y,N

4~~

This automatic feedback switching scheme improves the
battery current by afactor of ten and eliminates the need
for a mechanical ON/OFF switch in applications where the
load is under digital control.

63V
100nF

3mA
128V

SW1

250V'

'J'1~F

LT1107CS8

+r--6-.
3V-+-w.1r"'I ILiM
~100~F

If the load current drops below SO~, Q1 turns off and Q2
turns on, shorting out R4. With R4 out of the way, R2 and
R3 regulate the output to approximately 1SV. The measured input current under this condition is only 3S0~,
just slightly higher than the chip's no-load quiescent
current. When the load returns, Q1 senses the excess
current and the output automatically rises to its nominal
value of 128V.

390pF

FB

6:D.S:2
R2
1M
3V

-=- 2 ALKALINE

'*'

DCELLS

R3
100k

R4
9.1M

, . . = 1N4148 FOR ALL UNMARKEQ DIODES

• PANASONIC ECQ-E2105KF

AN66F123

Figure 123_ Automatic Shutdown Reduces Battery Current to 350!IA
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Backlight

HIGH EFFICIENCY EL DRIVER CIRCUIT
by Dave Bell
Electroluminescent (EL) lamps are gaining popularity as
sources of LCD backlight illumination, especially in small,
handheld products. Compared with. other backlighting
technologies, EL is attractive because the lamp is thin,
lightweight, rugged ,and can be illuminated with little
power.
EL lamps are capacitive in nature, typically exhibiting
around 3000pF/in 2, and require a low frequency (SOHz to
1kHz) 120VRMS AC drive voltage. Heretofore, this has
usually been generated by alow frequency blocking oscillator using a large transformer.
Figure 124 depicts a high efficiency EL driver that can
. drive arelatively large (12 in2) Ella.mp using asmall high
frequency transformer. The circuit 'is self-oscillating and
delivers a regulated triangle wave to the attached lamp.
Very high conversion efficiency may be obtained using
this circuit, even matching state-of-the-art CCFL backlights at modest brightness levels (10 to 20 foot-Iamberts).
Since an EL lamp is basically a lossy capacitor, the
majority of the energy delivered to the lamp during the
charge half-cycle is stored as electrostatic energy
(1/2CV 2). Overall conversion efficiency can be improved
by almost 2:1 if this stored energy is returned to the battery
during the discharge half-cycle. The circuit of Figure 124
operates as a flyback converter dur.ing the charge halfcycle, taking energy from the battery and charging the EL
capacitance. During the discharge half-cycle the fly back
converter operates in the reverse direction, taking energy
back out of the EL lamp and returning it to the battery.
Nearly SO% of the energy taken during the charge halfcycle is returned during the discharge half-cycle; hence
the 2:1 efficiency improvement.
.
During the charge half-cycle,the LT1303 operates as a
flyback converter at approximately 1SO kHz, ramping the
current in T1 's 1O~ primary inductance to approximately
1A on each switching pulse. When the LT1303's internal
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power switch turns off, the flyback energy stored in T1 is
delivered to the EL lamp through D3 and CS. Successive
high frequencyflyback cycles progressively charge the EL
capacitance until300V is reached on the "+" side of CS. At
th is poi ntthe feed back voltage present at the LT1303's LBI
input reaches 1.2SV, causing the internal comparator to
change state.
'
When the LT1303's internal comparator changes state,
the open-collector driver at the LBO output is released.
This places the circuit into discharge mode and reverses
the operation of the flyback energy transfer. 03 turns on
and removes the gate drive from 02A, thereby disabling
switching action on the primary of T1. Flip-flop U2A is also
clocked, resulting in a high level on the IT output; this
positive feedback action keeps LBI above 1.2SV. Even
though 02A is turned off the LT1303's SW pin still
switches into pull-up resistor R4. The resulting pulses at
the SW pin are used to clock U2B and to drive a "poor
man's" current mode flyback converter on the secondary
of T1 .
Every clock pulse to flip-flop U2B turns on 02B and draws
current from the EL lamp through CS, T1, D2 and 04. (04
must be a600V rated MOSFET to withstand the high peak
voltages present on its drain during normal operation.)
Current ramps up through T1 's 2.2SmH secondary inductance until the voltage across current sense resistor R12
reaches approximately 0.6V. At this point OS turns on,
providing adirect clear to U2B and thereby terminating the
pulse. Energy taken from the EL lamp and stored in T1 's
inductance is then transferred back to the battery through
D1 and T1 's primary winding. This cycle repeats at approximately 1S0kHz until the voltage on CS ratchets down
to approximately OV. Once CS is fully discharged, the
preset input on U2A will be pulled low, forcing the voltage
on the LTl303's LBI inputto ground and initiating another
charge half-cycle.
This circuit produces a triangle voltage waveform with a
constant peak-to-peak voltage of 300V, but the frequency
of the triangle wave depends on the capacitance of the
attached EL lamp. A 12 in 2lamp has approximately 36nF
of capacitance, which results in atriangle wave frequency
of approximately 400Hz. This produces approximately
17FL of light output from a state-of-the-art EL lamp.
Because of the "constant power" nature of the charging
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flyback converter, light output remains relatively constant
with changes in the battery voltage. In addition, since EL
lamp capacitance decreases with age, the circuit tends to
minimize brightness reduction with lamp aging. CS, R9,
and R10 maintain a zero average voltage across the EL
lamp terminals-an essential factor for reliable lamp
operation.

thereby delivering four times as much energy (energy
stored in T1 is defined by 1/2U 2). The value of R12 must
also be reduced to 7.SQto increase the discharge flyback
current by the same ratio. For smaller lamps or for
brightness adjustment, the circuit may be "throttled" by
connecting the LT1303/LT130S's FB pin to a small
current-sense resistor in the lower leg of the EL lamp.

Two options exist for EL lamps with different characteristics. Larger lamps can be supported by specifying an
LT130S instead of the LT1303 shown in Figure 124. The
LT130S will terminate switch cycles at 2A instead of 1A,

Not only does the depicted circuit operate very efficiently,
it takes output fault conditions in stride. The circuit, with
CS rated at 300V, tolerates indefinite short-circuit and
open-circuit conditions across its EL lamp output pins.
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Figuril124. High Efficiency EL Driver Circuit
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The Royer converter oscillates at afrequency set primarily
byT1 's characteristics (including its load) and the O,0681Jf
capacitor. L1 sets the magnit!Jde of the Ql-to-Q2 tail
current, and hence, T1 's drive level. The 1N5817 diode
maintains L1's current flow when the LT1301 's switch is
off. The O.068~ capacitorcombines with L1's characteristics to produce sine wave voltage drive at the Q1 and Q2
collectors. T1 furnishes voltage step-up and about 1400Vp_p
appears at its secondary ~ Alternating current flows through
the 22pF capacitor into the lamp. On positive half cycles
the lamp's current is steered to ground via 01. On negative
half cycles the lamp's current flows through Q3's collector
and is filtered by C1. The LT1301 's ILiM pin acts as a zero
summing point with about 25J,JA bias current flowing out
of the pin into C1. The LT1301 regulates L1's current to
maintain equality of Q3's average collector current, representing one-half the lamp current, and R1 's current,
represented by Vp/R1. When VA is set to zero the ILiM pin's
bias current forces about 1OOJ,JAbulb current.

A LOW POWER, LOW VOLTAGE CCFLPOWER SUPPLY
by Steve Pjetkjewjc~
Most recentlYP!Jblished CCFLdriver circuits require an
input supply of 7V t020V and are optimized for bUlb
currents of 5mA or more. This precludes "Iower power
operation from 2- or 3-cell batteries often used in PDAs,
palmtop computers and the like. ACCFL power supply that
operates from 2V to 6V is shown in Figure 125. This circuit
can drive asmall (75mm) CCFL over a1OOJ,JAto 2mA range.
The circuit uses an LT1301 micropower DC/DC converter
IC in conjunction with a current driven Royer class converter comprising T1, Q1 and Q2. When power is applied
along with intensity adjust voltage VA, the LT1301 's ILiM
pin is driven slightly positive, causing maximum switching current to flow through the IC's internal Switch pin
(SW). L1 conducts current, which flows from T1 's center
tap, through the transistors, into L1. L1's current is
deposited in switched fashion to ground by the regulator's
action.

T1

VIN
2VT06V
1!l
1N5817
CCFL

NC

SELECT

VIN
SENSE

L1
47)!H

SW
LT1301

0.1)!f
SHDN
GND

ILiM
PGND

R1
7.5k

1%

SHUTDOWN
T1 = COILTRONICS CTX110654-1
L1 = COILCRAFT D03316-473

"::"

VA
OVDC TO 5VDC IN
INTENSITY ADJUST
1OO)!A TO 2mA BULB CURRENT

Figure 125. CCFL Power Supply
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ALL SURFACE MOUNT EL PANEL DRIVER
OPERATES FROM 1.BV TO BV INPUT
by Steve Pietkiewicz

disconnected or open. R3 provides intensity control by
varying output voltage. Intensity can also be modulated by
varying the drive signal's frequency.

Electroluminescent (EL) panels offer aviable alternative to
LED, incandescent or CCFL backlighting systems in many
portable devices. EL panels are thin, rugged, lightweight
and consume little power. They require no diffuser and
emit an aesthetically pleasing blue-green light. EL panels,
being capacitive in nature, typically exhibit about 3000pF
per square inch of panel area and require low frequency
(50Hz to 1kHz) 120VRMS AC drive. This has traditionally
been generated using a low frequency blocking oscillator
with a transformer. Although this technique is efficient,
transformer size renders the circuit unusable in many
applications due to space constraints. Moreover, low
frequency transformers are not readily available in surface
mount form, complicating assembly.

FlybacktransformerT1 (Dale LPE5047-A132) hasa 10J.lH
primary inductance and a·1 :15 turns ratio. It measures
12mm by 13.3mm and is 6.3mm high. The 1:15 turns ratio
generates high voltage atthe output without exceeding the
allowable voltage on the LT1303's Switch pin. Schottky
diode 01 is required to prevent ringing at the SW pin from
forward biasing the IC's substrate diode. Because of T1 's
low leakage inductance the flyback spike does not exceed
22V. No snubber network is required since the LT1303 SW
pin can safely tolerate 25V. R1 and C3 provide decoupling
for the IC's VIN pin. Feedback resistor R2 is made from
three 3.3M units in series instead of asingle 10M resistor.
This lessens the possibility of output voltage reduction
due to PC board leakage shunting the resistor. Shutdown
is accomplished by bringing the IC's SHDN pin high. For
minimum current drain in shutdown the 400Hz drive
signal should be low.

Figure 126's circuit solves these problems by using an
LT1303 micropower switching regulator IC along with a
small surface mount transformer in a fly back topology.
The 400Hz drive signal is supplied externally. When the
drive signal is low, T1 charges the panel until the voltage
at point A reaches 240VDC. C1 removes the DC componentfrom the panel drive, resulting in 120VDC atthe panel.
When the input drive signal goes high the LT1303's FB pin
is also pulled high, idling the IC and turning on 01. 01 's
collector pulls point A to ground and the panel to
-120VDC. C2 can be added to limit voltage if the panel is
VIN
1.6V -..------..........,.....,
T08V

Figure 127 details relevant circuit waveforms with a 22nF
load (about 7inches of panel) and a5V input. Trace Ais the
panel voltage. Trace B shows Switch pin action. The
circuit's input current is pictured in trace Cand trace 0 is
the 400Hz input signal. The circuit's efficiency measures
about77%. Witha5Vinputthe circuit can deliver 1OOVRMS
at 400Hz into a 44nF load. More voltage can be obtained
at lower drive frequencies.

MUR160
---lC2
--- 50pF

'*

TRACE A
200VlDIV
TRACE B
20VIDIV
~
EL
PANEL

TRACE C
500mAlDIV
TRACE 0
10VlDIV
500~DlV

A) HIGH VOLTAGE OUTPUT
B) SWITCH PIN
C) INPUT CURRENT
D) 400Hz DRIVE
T1 = DALE LPE5047-A132
(605) 665-9301

400Hz
SQUARE WAVE DRIVE
0 TO VIN

Figure 127. Oscillograph of Relevanl
Circuil Waveforms
ANB6F126

Figure 126. LT1303 CirculI Drives EL Panel
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A'DUAL OUTPUT LCD BIAS VOLTAGE GENERATOR
by Jon A.. Dutra

With the many different kinds of LCD displays available,
systems manufacturers often want the option of deciding
the polarity ofthe LCD bias voltage atthe time of manufac~
turing.
The circuit in Figure 128 uses the LT11 07 micropower
DC/DC converter with a single inductor. The LT1107
features an ILiM pin that enables direct control of maximum inductor current. This allows the use of a smaller
inductor without the risk of saturation. The LT1111 could
also be used with a resulting reduction in output power.
Circuit Operation
The circuit is basically an AC-coupled boost topology. The
feedback signal is derived separately from the outputs, so
loading of the outputs does not affect loop compensation.
Since there is no direct feedback from the outputs, load
regulation performance is reduced. With 28V out, from
10% to 100% load (4mA to 40mA), the output voltage
sags by about 0.65V. From 1rnA to 40mA load, the output
voltage sags by about 1.4V. This is acceptable for most
displays.

Output noise is reduced by using the auxiliary gain block
(AGB) in the feedback path. This added gain effectively
reduces the hysteresis of the comparator and tends to
randomize output noise. With low ESR capacitors for C2
and C4, output noise is below 30mV over the output load
range. Output power increases with VBAnERY, from about
1.4W' out with 5V in to about 2W out with 8V or more.
EffiCiency is 80% over a broad output power range.
If only apositive or negative output voltage is required, the
two diodes and two capacitors associated with the unused
output can be eliminated. The 100kn load is required on
each output to load a parasitic voltage doubler created by
the capacitance of diodes D2 and D4. Without this minimum load, the output voltage can go up to almost 50%
above the nominal value.
Component Selection
The voltag.e atthe Switch pin SW1 swings from OVto VOUT
plus two diode drops. This voltage is AC coupled to ~he
positive output through C1 and D1 and to the negative
output through C3 and D3. The full output current flows
through C1 and C3. Mosttantalum capacitors are not rated
for current flow and their use can result in field failures.

f .(':±t I
1I I
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~ ;J ~
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":'

SW2

03

":'

":'
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1.2SV

24VT032V
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":' "¥ ":'
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oJ('II1II

LT1107CS8
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rC2
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(OmA TO 40mA)
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I
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+.F=
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Figure 128. LT1107 Dual Output LCD Bias Generator Schematic Diagram
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or by simply disabling alogic supply. This drops quiescent
currentfrom the VBATTERY input below 1OJ,1A.ln both cases
VOUT drops to OV. In the event that +VOUT does not need
to drop to zero, C1 and D1 can be eliminated.

Use a rated tantalum or a rated electrolytic for longer
system life. At lower output currents or higher frequencies, using monolithic ceramics is also feasible.
One could replace the 1N5819 Schottky diodes with 1N4148
types for lower cost, with areduction in efficiency and load
regulation characteristics.

Output Voltage Adjustment

The output voltage can be adjusted from any voltage above
VBATTERY up to 46V with proper passive components.
Output voltage can be' controlled by the user with DAC,
PWM or potentiometer control. By summing currents into
the feedback node, the output voltage can be adjusted
downward.

Shutdown

The circuit can be shutdown in several ways. The easiest
is to pull the Set pin above 1.25V; however, this consumes
300J,1A in shutdown conditions. A lower power method is
to turn OffVIN to the LT11 07 by means ofahigh side switch

LCD BIAS SUPPLY

by Steve PietkiewicI
An LCD requires a bias supply for contrast control. The
supply's variable negative output permits adjustment of
display contrast. Relatively little power is involved, easing RF radiation and efficiency requirements. An LCD
bias generator is shown in Figure 129.ln this circuit, U1
is an LT1173 micropower DC/DC converter. The 3V input
L1·
1OOl'H

is converted to 24V by U1 's switch, L2, D1 and C1. The
Switch pin (SW1) also drives a charge pump composed
of C2, C3, D2 and D3 to generate -24V. Line regulation
is less than 0.2% from 3.3Vto 2V inputs. Although load
regulation suffers somewh'at because the-24Voutput is
not directly regulated, it measures 2% for loads from
1mA to 7mA. The circuit will deliver 7mA from a 2V input
at 75% efficiency.
01
1N5818

R4
2.21M
3V

U1
LT1173

-=- 2M

CELLS

GND

I

OPERATE SHUTDOWN
• TOKO 262LYF-0092K

Figure 129. DC/DC Converter Generates LCD Bias
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and the output rises to 12V without any potentially harmful
overshoot (see Figure 131).

vpp Generator

The LTC1262 is available in both a-pin PDIP and narrow
SO packages; With small surface mount capacitors, the
complete 12V supply takes upverylittle space on aprinted
circuit board. In power sensitive applications, such as
PCMCIA flash cards for portable PCs, the LTC1262 shutdown current is low enough to preclude the need for
external switching devices when the system is inactive.

LTC1262 GENERATES 12V FOR PROGRAMMING
FLASH MEMORIES WITHOUT INDUCTORS
by Anthony Ng and Robert Reay

Flash memories require a5V Vee supply and an additional
12V supply for write or erase cycles. The .12V supply can
be a system supply or be generated from the 5V supply
using aDC/DC converter circuit. Single supply flash memories (Le., those with the 12V converter built-in) are available, butthese memories have lower capacities and slower
write/erase performance and therefore are not as popular
as memories without a built-in 12V supply. Flash memories require that the 12V supply be regulated to within 5%
and not exceed the permitted maximum voltage (14V for
Intel ETOX™ memories). The LTC1262 offers asimple and
cost effective 12V programming supply to meet these
requirements.
.
Figure 130 shows a typical application circuit. The only
external components needed are four surface mount capacitors. The LTC1262 uses a triple charge pump technique to convert 5V to 12V. It operates from 4. 75V to 5.5V
and delivers 30mA while regulating the 12V output to
within 5%. The TTL-compatible SHDN pin can be driven
directly by amicroprocessor. When the SHDN pin is taken
high (or floated) the LTC1262 enters shutdown mode. In
this state the supply current of the LTC1262 is reduced to
0.5~ typical and the 12V output drops to Vee. When
SHDN is taken low, the LTC1262 leaves shutdown mode

FLASH MEMORY VPP GENERATOR
SHUTS DOWN WITH OV OUTPUT
by Sean Gold

Nonvolatile "flash" memories require a well controlled
12V bias (VPP) for programming. The tolerance on VPP is
±5% for 12V memories. Excursions in VPP above 14Vor
below -0.3V are destructive. VPP is often generated with
a boost regulator whose output follows the input supply
when shut down. It is sometimes desirable to force VPP to
OV when the memory is not in use or is in read-only mode.
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ETOX is a trademark oj Intel Corporation.
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Figure 130. Typical LTC1262 Application Circuit
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Figure 131. LTC1262 Taken In and Out 01 Shutdown

The circuit in Figure 132 generates asmoothly riSing 12V,
60mA supply that drops to OV under logic control. Figure
133 illustrates the programming cycle. Shortly after driving the SHDN pin high, the LT11 09-12 switching regulator
drives L1, producing high voltage pulses at the device's
Switch pin. The 1N5818 Schottky diode rectifies these
pulses and charges areservoir capaCitor C2. 01 functions
as a low on-resistance pass element. The 1N4148 diode
clamps 01 for reverse voltage protection. The circuit does
not overshoot or display unruly dynamics because the

Application Note 66
regulator gets its DC feedback directly from the output at
Q1 's collector. Minor slew aberrations are due to Q1 's
switching characteristics.
Even with the additional losses introduced by Q1, efficiency is 83% with a 60mA load. Line and load regulation
are both less than 1%. Output ripple is about 1OOmVunder

light loads. Quiescent current drops to 4001lA when shut
down. All components shown in Figure 132 are available
in surface mount packages, making the circuit well suited
for flash memory cards and other applications where
minimizing PC board space is critical.

Sk
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SENSE t - - - - - t - - 1 2 V
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Figure 132. Boost Mode Switching Regulator with Low RON Pass
Transistor for Flash Memory Programming

Regulators- Linear
LOW NOISE WIRELESS COMMUNICATIONS
POWER SUPPLY
by Mitchell Lee and Kevin Vasconcelos

Shown in Figure 134 is aSV power supply we designed for
a synthesizer oscillator. The original design used a
3-terminal regulator but the regulator's voltage noise contributed to excessive phase noise in the oscillator, leading
us to this solution. Of prime importance is noise over the
10Hz to 10kHz band. Careful measurements show a 40dB
improvement over standard 3-terminal regulators.
The regulator is built around aSV buried-Zener reference.
It is the buried Zener's inherently low noise that makes the
finished supply so quiet. Measured over a 10Hz to 10kHz
band the SV output contains just 7).LVRMS noise at full load.
The 10Hz to 10kHz noise can be further reduced to
2.S).LVRMS by adding a 100~, 1000).lF output filter. The
noise characteristics of the reference are tested and guaranteed to a maximum of 11).LV over the band of interest.
An external boost transistor, the ZBD949, provides gain to
meet a 200mA output current requirement. Current limit-
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Figure 133. Input and Output Waveforms for the Flash Memory
Programming Circuit

ing is achieved by ballasting the pass transistor and
clamping base drive. Although our application only requires 200mA, it is possible to extend the output current
to at least 1A by selecting an appropriate ballast resistor
and addressing attendant thermal considerations in the
pass transistor.

10n
LT1021-5
1!2W 5V
OUT t-~~-200mA
OUTPUT
GNO

• ZETEX INC (516) 864-7630
.. GLOWS IN CURRENT LIMIT. DO NOT OMIT
ANI!6F134

Figure 134. Ultralow Noise 5V, 200mA Supply. Output Noise Is
7/lVRMS Over a 10Hz to 10kHz Bandwidth. Reference Noise Is
Guaranteed Less Than 11/lVRMS. Standard 3-rerminal
Regulators Have 100 Times the Noise and No Guarantees
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AN LT1123 ULTRALOW DROPOUT 5V REGULATOR
by Jim Williams.and Dennis O'Neill

Switching regulator post regulation, battery-powered apparatus and othe(applications otten require low VINIVOUT
or low dropout linear regulators. For post regulators this
is needed for high efficiency. In battery circuits lifetime is
significantly affected by regulator dropout. The LT1123, a
new low cost reference/controIIC, is designed specifically
for cost effective duty in such applications. Used in conjunction with a discrete PNP powertransistor, the 3-lead
TO-92 unit al!ows very high performance positive regulator designs. The Ie contains a5V bandgap' reference, error
amplifier, NPN Darlington driver and circuitry for current
and thermal limiting.
A low dropout example is the simple 5V circuit of Figure
135 using the LT1123 and an MJE1123 PNPtransistor.ln
operation, the LT1123 sinks Q1 base current through the
Drive pin to servo control theFB (feedback) pin to 5V. R1
provides pull-up current to turn 01 off and R2 is a drive
limiter. The 10~ output capacitor (COUT) provides frequency compensation. The LT1123is designed to tolerate
awide range of capacitor ESR so that low cost aluminum
electrolytics can be be used for CouT.lf the circuit is
located more than six inche.s from the input source, the
optional 1O~ input capacitor (CIN) should be added.
INPUT-......-

.......- - " ' - ·

r-~.---....--5VOUT

*
+

R2
200

COUT

10
I'F

DRIVE

LT~123
'OPTIONAL (SEE TEXT)
"MOTOROLA MJE1123

ing is practical. Excessive output current causes the
LT1123 to drive 01 hard until the LT1123 current limits.
Maximum circuit output current is then a product of the
LT1123 current and the beta of 01. The foldback characteristic of the LT1123's drive current combined with the
MJE1123 beta and safe area characteristics provide reliable short-circuit limiting. Thermal limiting can also be
accomplished by mounting the active devices with good
thermal coupling.
Performance of the circuit is notable as it has lower
dropout than any monolithic regulator. Line and load
regulation are typically within 5mV and initial accuracy is
typically inside 1%. Additionally, the regulator is fully
short-circuit protected with ano load quiescent current of
1.3mA.
Figure 136 shows typical circuit dropout characteristics in
comparison with other IC regulators. Even at 5A the
LT1123/MJE1123 circuit dropout is less than O.5V, decreasing to only 50mV at 1A. Totally monolithic regulators
cannot approach these figures, primarily because their
power transistors do not offer the MJE1123 combination
of high beta and excellent saturation. For example, dropout is ten times lower than in 138 types and significantly
better than all the other IC types. Because of 01 's high
beta, base drive loss is only 1%to 2% of output current,
even at high output currents. This maintains high efficiency under the low VINIVOUT conditions the circuit will
typically see. As an exercise, the MJE1123 was replaced
with a 2N4276 germanium device. This provided even
lower dropout performance but limiting couldn't be production guaranteed without screening.

FB

GND

2,5 f----+--+--+--~"""---I

Figure 135. The LT1123 5V Regulator Features Ultralow Dropout

Normally, such configurations require external protection
circuitry. Here, the MJE1123 has been cooperatively designed by Motorola and LTC for use with the LT1123. The
device is specified for saturation voltage for currents up to
4A with base drive equal to the minimum LT1123 drive
current specification. In addition, theMJE1123 is specified for min/max beta at high current. Because of this
factor and the defined LT1123 drive, simple current limit-
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Figure 136. L11123 Regulator Dropout Voltage vs Output Current
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Regulators- Linear
(Microprocessor Power)

Circuit Examples

LT1580 LOW DROPOUT REGULATOR
USES NEW APPROACH TO
ACHIEVE HIGH PERFORMANCE
by Craig Varga
Enter the LT1580

The LT1580 NPN regulator is designed to make use ofthe
higher supply voltages already present in most systems.
The higher voltage source is used to provide power for
the control circuitry and supply the drive current to the
NPN output transistor. This allows the NPN to be driven
into saturation, thereby reducing the dropout voltage by
a VBE compared to a conventional design.
The LT1580 is capable of 7A maximum with approximately 0.8V input-to-output differential. The current requirementforthe control voltage source is approximately
1/100 of the output load current or about 70mA for a 7A
load.

Figure 137 shows a circuit designed to deliver 2.5V from
a 3.3V source with 5V available for the control voltage.
Figure 138 shows the response toa load step of 200mA to
4.0A. The circuit is configured with a 0.33J.lF Adjust pin
bypass capacitor. The performance without this capacitor
is shown in Figure 139. This difference in performance is
the reason for providing the Adjust pin on the fixed voltage
devices. Asubstantial savings in expensive output decoupiing capacitance may be realized by adding a small
"1206-case" ceramic capacitor at this pin.
Figure 140 shows an example of a circuit with shutdown
capability. By switching the control voltage rather than the
main supply, the transistor providing the switch function
needs only a small fraction of the current handling ability
that it would need if it was switching the main supply. Also,
in most applications it is not necessary to hold the voltage
drop across the controlling switch to a very low level to
maintain low dropout performance.

5V_-----------.
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-+-...--"-1 VIN
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lT1580
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~_------,

3
VOUT= 2.5V
ADJ VOUT ~---.---...,;,~,;;;;;.;.........

!!.CQ. __ _
C3
221lF

+

+

C2
220llF
10V

25V

Rl
110£1

1%

+
C4
O.331lF

R2
110£1
1%
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I

I

I
I

I
I

:
I
I

100~ +

lOOIlF :
:
10V
1I _ _ _ _ _ _ _ _ -'I

---1-+----4-------...

RTN --4---.....

11lF : MICROPROCESSOR
25V I SOCKET
x 10 I

10V
x2
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Figure 137. LT1580 Delivers 2.5V from 3.3Val up 10 6A
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50mVlDIV

50mVlDIV

2AlDIV

2AlDIV

AN68F138

50llSiDiV

50llSiDiV

Figure 138. Transient Response of Figure 137's Circuit with
Adjust Pin Bypass Capacitor. Load Stap Is from 200mA tl) 4A

.... ""

Figure 139. Transient Response Without Adjust Pin Bypass
Capacitor. Otherwise, Conditions Are the Same as in Figure 13B
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Figure 140. Small FET Adds Shutdown Capability to LT1580 Circuit

LT1585: NEW LINEAR REGULATOR
SOLVES LOAD TRANSIENTS
by Craig Varga
The latest hot new microprocessors have added asignificant complication to the design of the power supplies that
feed them. These devices have the ability to switch from
consuming very little power to requiring several amps in
tens of nanoseconds. To add afurther complication, they
are extremely intolerant of supply voltage variations. Gone
are the days of the popcorn 3-terminal regulator and the
0.1 ~ decoupling capaCitor. The LT1585 is the first low
dropout regulator specifically designed for tight output
voltage tolerance (optimized for the latest generation
processors) and fast transient response.
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Figure 141 shows the kind of response that can and must
be achieved if these microprocessors are to operate reliably. Figure 142 details the first several microseconds of

VOUT
50mVlDlV

lOUT

2A1DIV

Figure 141. Transient Response of 200mA to 4A Load Step'

..L7lJ!J~

Application Note 66
the transient in Figure 141. The load change in this case is
3.8A in about 20ns. Two parasitic elements dominate the
transient performance of the system. Both are controlled
by the type, quantity and location of the decoupling
capaCitors in the system.
Anatomy of a Load Transient
The instantaneous droop at the leading edge of the transient is the result ofthe sum ofthe effects ofthe equivalent
series resistance (ESR) and the equivalent series inductance (ESL) from the output capacitor(s) terminal(s) to the
load connection. Note that these contributions also include
the lead trace parasitics from the capacitor(s) to the load.
The resistive component is simply ~I· ESR. The droop to
point A, 23.6mV, is the ESR contribution. Calculating ESR:
23.6mV/3.8A =0.00620
The effects of inductance are predicted by the formula V=
Ldl/dt. The voltage from point A to the bottom of the
trough is the inductive contribution (13.4mV). ESL is
calculated to be 0.07nH. After the load current stops rising
the inductive effects end, bringing the voltage to point B.
At this point the curve settles into a gentle droop. The

droop rate is dV/dt = I/C. There is about 1300J,tf of useful
capacitance on the board in this case (see Figure 143). As
the regulator output current starts to approach the new
load current, the droop rate lessens until the regulator
supplies the full load current. This is the inflection pOint in
the curve. Since the regulator now m~asures the output
voltage as being too low, it overshoots the load currentand
recharges the output capaCitors to the correct voltage.
Faster Regulator Means Fewer CapaCitors,
Less Board Space
The regulator has one major effect on the system's transient behavior. The faster the regulator, the less bulk
capaCitance is needed to keep the droop from becoming
excessive. It is here that the advantage of the LT1585
shows up. The response time of the LT1585 is about onehalf that of the last generation 3-terminal regulators.
The response in the first several hundred nanoseconds is
controlled by the careful placement of bypass capacitors.
Figure 143 is a schematic diagram of the circuit but the
layout is critical so consult the LTC factory for circuit and
layout information.
5V

cno C2
220l1F
10V
SANYO
OS·CON
x2

+

C3 TO C8
220l1F
10V
AVXTYPETPS

x6

Figure 143. Schematic Diagram:
LT1585 Responding to Fast TranSients
Figure 142. Detailed Sketch of First Few Microseconds of Transients
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Battery Chargers
CHARGING NiMH/NiCdOR Li-Ion WITH THE LT1510
by Chia WeiLiao
Charging NiMH or NiCd Batteries
The circuit in Figure 144 will charge battery cells with
voltages up to 20Vat afull charge current of 1A (when 01
is ON) and atrickle charge current of 1OOmA (when 01 is
OFF). If the third charging level is needed, simply add a
resistor and a switch. The basic formula for charging
current is:
2.465
R111R2 (2000) (when 01 ON)
2.465

~

For NiMH batteries; a pulsed trickle charge can be easily
implemented with aswitch in series with R1; switch 01 at
the desired rate and duty cycle. If amicrocontroller is used
to control the charging, connect the DAC current-sink
output to the PROG pin.
Charging Li-Ion Batteries
The circuit in Figure 145 will charge lithium-ion batteries
at a constant current of 1.5A until battery voltage reaches
8.4V, set by R3 and R4. Itthen goes into constant voltage
charging and the current slowly tapers off to zero. 03 can
be added to disconnect R3 and R4 so they will not drain the
battery when the wall adapter is unplugged. ' "

(2000) (when 01 OFF) ,.

r"'VY"'-..---:----.--l

sw

Vee

BOOST
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.

1"F
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Figure 144. Charging NiCd or NiMH Batteries
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Figure 145. Charging Li-Ion Batteries
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Typical Charging Algorithms
The following algorithms are representative of current
techniques:
Lithium-Ion - charge at constant voltage with current
limiting set to protect components and to avoid overloading the charging source. When the battery voltage reaches
the programmed voltage limit, current will automatically
decay to float levels. The accuracy of the float voltage is
critical for long battery life. Be aware that lithium-ion
batteries in series suffer from "walk away" because of the
required constant float voltage charging technique. "Walk
away" is acondition where the batteries in the series string
wind up in different states of the charge/discharge cycle.
They may need to be b.alanced by redistributing charge
from one battery to another. This phenomenon is minimized by carefully matching the batteries within a pack.

by the manufacturer. Monitor battery charge state using
voltage change with time (dV/dt), second derivative of
voltage (d 2V/dt), battery pressure or some combination of
these parameters. When the battery approaches full charge,
reduce the charging currentto avalue (top-off) that can be
maintained for a long time without harming the battery.
After the top-off period, usually set by a Simple time out,
reduce the current further to a trickle level that can be
maintained indefinitely, typically 1/10 to 1/20 of the battery capacity.
Nickel-Metal-Hydride - same as NiCd except that some
NiMH batteries cannot tolerate a continuous low level
trickle charge. Instead they require a pulsed current of
moderate value with a low duty cycle so that the average
current represents atrickle level. Atypical scenario would
be one second ON and thirty seconds OFF with the current
set to thirty times desired trickle level.

Nickel-Cadmium - charge at a constant current determined by the power available or by a maximum specified

LITHIUM-ION BATTERY CHARGER
by Dimitry Goder
Lithium-ion (Li-Ion) rechargeable batteries are quickly
gaining popularity in a variety of applications. The main
reasons for the success of Li-Ion cells are higher power
density and higher terminal voltage compared to other
currently available battery technologies. The basic charging principle for a Li-Ion battery is quite simple: apply a
constant voltage source with a built-in current limit. A
depleted battery is charged with a constant current until it
reaches a specific voltage (usually 4.2V per cell), then it
floats at this voltage for an indefinite period. The main
difficulty with charging Li-Ion cells is that the floating
voltage accuracy needs to be around 1%, with 5% currentlimit accuracy. These two targets are fairly difficult to
achieve. Figure 146 shows the schematic of afull solution
for a LHon charger.
The battery charger is built around the LTC1147, a high
efficiency step-down regulator controller. The IC's constant off-time architecture and current mode control ensure circuit simplicity and fast transient response. At the
beginning ofthe ON cycle, P-channel MOSFET 01 turns on
and the current ramps up in the inductor. An internal

.L7lJ!J~

current comparator senses the voltage proportional to the
inductor current across sense resistor R13. When this
voltage reaches a preset value, the LTC1147 turns 01 off
for a fixed period of time set by C1. After the off-time the
cycle repeats.
To provide an accurate current limit, U3A and 02 are used
to sense the charging current separately from the LTC1147.
U3A forces the voltage across R11 to match the average
drop across the current sense resistor R13. This voltage
sets 02's drain current, which flows unchanged to the
source. As a result the same voltage appears across R9,
which is now referenced to ground. Since C5 provides
high frequency filtering, U3A shifts the average value of
the output current. N-channel MOSFET 02 ensures correct circuit operation even under short-circuit conditions
by allowing current sensing at potentials close to ground.
U3B monitors voltage across R9 and acts to keep it
constant by comparing it to the reference voltage. Diode
D3 is connected in series with U3B's output, allowing the
circuit to operate as acurrent limiter. The current feedback
circuit is not active if the output current limit has not been.
reached.
.
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Figure 146. li-Ion BaHery Charger Schematic

U3C provides the voltage feedback by comparing the
output voltage to the reference. The feedback resistor ratio
[R16/(R15 + R16)] sets the output at exactly 4.2V. U3C
has adiode (D4) connected in series with its output. This
diode ensures that the voltage and current feedback circuits do not operate at the same time. The reference
voltage is supplied by the LT1 009, with aguaranteed initial
tolerance of 0.2%. Together with the 0.25% feedback
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resistors, the circuit provides less than 1%output voltage
error over temperature.
When the input voltage is not present Q3 is automatically
turned off and the feedback resistors do not discharge the
battery. Diode D2 is connected in series with the output,
preventing the battery from supplying reverse current to
the charger.
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SIMPLE BATTERY CHARGER RUNS AT 1MHz
by Mitchell Lee
Fast switching regulators have reduced coil sizes to the
point that they are no longer the largest components on
the board. Acase in point is the LT1377, which can operate
at 1MHz with inductances under 10"ai.
The circuit shown in Figure 147 was designed for a
customer who wanted to charge a 4-cell NiCd pack from
a 5V logic supply. (This circuit will work equally well with
a 3.3V input.) Clearly the circuit needs an output voltage
greater than 5V, which is handled easily by the LT1377
boost regulator. The output current is limited to approximately 50mA by aVBE current sensor (01/R1) controlling
the Feedback pin (2) of the LT1377. This current is perfect
for slow charging or trickle charging AA NiCd batteries.
Battery chargers are commonly subject to a number of
fault conditions, which must be addressed in the design
phase. First, what happens when the battery is disconnected? In a boost regulator the output'voltage will increase without bound and blow up either the output
capacitor or switch. Some voltage limiting is necessary,
and 02 serves this purpose. If the voltage on C3 rises to
11.25V, 02 takes over the control loop atthe Feedback pin.

voltage is less than about 4V, Under either of these
circumstances, unlimited current flows from the 5V input
supply, through 01 and 01 's base-emitter junction, frying
at least 01.
02 has been added to allow full current control even when
the output voltage is less than the input voltage. In normal
operation, where the output is boosted higher than 5V, 02
is fully on. Its gate is held at 1.25V (Pin 2feedback voltage)
and its source is greater than 5V; hence it has no choice but
to be fully enhanced. 02 becomes more functional when
the output voltage drops to around 4V. First of all, at 4V
input the switching regulator stops switching because
more than 50mA current flows and the feedback pin is
pulled up above 1.25V-01 makes sure of that. But as
01 's collector continues to rise, 02 is gradually cut off, at
least to the extent necessary to starve the drain current
back to about 50mA. This· action works right down to
VOUT =O. In a short circuit 02 dissipates about 200mW,
not too much for a surface mount MOSFET.
This circuit is useful for four to six cells and the output
current can be modified somewhat by changing sense
resistor R1. A reasonable range is from very low currents
(1 mA or less) up to 100mA. The current will diminish as
01 's VBE drops about O.3%/oC with temperature.

Another potential calamity is an output short circuit; a
related fault results from connecting a battery pack containing one or more shorted cells, such that the terminal
L1
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Figure 147. Battery Charger Schematic Diagram
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APERFECTLYTEMPERATURE-COMPENSATED
BATTERY CHARGER
by Mitchel/Lee and Kevin Vasconcelos
Battery charging circuits are usually greeted with a yawn,
but this lead"acid charger offers acombination of features
that sets it apart from all others. It incorporates a low
dropout regulator, temperature c()mpensation, dual-rate
charging, true negative ground and consumes zero standby
current.
The LT1 083 family of linear regulators exhibits dropout
characteristics of less than, 1.5V as compared to 2.5V in
standard regulators. A smaller regulator drop allows for
lower input voltages and .less power dissipation in the
regulator. In this application the regulator is used to control
charging voltage and limit maximum charging current.
The temperature compensation employed in this circuit;
unlike diode-based'straight-line approximations, follows
the true curvature of alead-acid cell. This prevents over or
undercharging of the battery during periods o.fextended
low or high amblenttemperatures. Temperature compensation is conveniently provided by a Tempsistor@ as
shown in Figure 148. The Tempsistor is used to generate
a temperature-dependent current, which, inturn, adjusts

the charger'sbutput voltage to match that of the battery.
The match is within 1OOmV for a 12V battery over a range
of -10°C to 60°C. The best place for th~ Tempsistor is
directly under the battery with the battery resting on apad
of styrofoam.
01 provides a low voltage disconnect function thatreduces the charger standby current to zero. When the input
voltage (from a rectified transfOrmer) is available, .01 is
biased ON and 02 is turned ON. 02 connects the various
currerit paths on the output of the regulator to ground,
activating the charging circuitry. If the input v()ltage is
removed, 01 and 02 turn off, and all current paths from the
battery to ground (except for the load, of course) are
interrupted. This prevents unnecessary battery drain when
the charging source is not available.
A dual-rate charging 'characteristic is ach'ieved by means
of a current'-sense resistor (Rs) and a sense comparator
(LT1 012). If the battery charge current exceeds the floatcurrent threshold of 10mVlRs, the comparator pulls the
gate of 03 low,increasing the output voltage by 600mV.
This sets the charging voltage to 14.4V at 25°C. After the
battery reaches full charge the current will fall below the
10mVlRs threshold and the LT1012 will short out R7,
reducing the output by 600mV to a float level of 13.8V.

Tempsistor is a registered trademark of Thermodisc Inc.
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Figure 14B. Battery Charger Follows Temperature Coefficient of a Lead-Acid Call Vary Accurately
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Both the float and charging voltages can be trimmed by
R6; R7 sets the 600mV difference between them.

If you want to set the trip current to an exact figure, the
current shunt Rs can be calculated as Rs = 10mVlITH. For
a threshold of Cf1 00 this reduces to Rs = 1fC.

With the charging source connected, the sense resistor Rs
measures only battery current. This eliminates the tendency found in some schemes for the charger to trip on
load current.

Table 1. The Regulator Should Be Chosen to Provide at Least Cf4
Charging Current

Table 1simplifies the selection of an appropriate regulator
for batteries of up to 48 Ampere-hours (Ah). The selection
is based on providing aminimum available charge current
of at least Cf4, where Crepresents the battery's Amperehour capacity. The next larger regulator may be required
in applications where sustained load currents of greater
than Cf10 are expected.

BATTERY
CAPACITY
::;3Ah

DEVICE
LT1117

Low current battery charger circuits are required in
handheld products such as palmtop, pen-based and fingertip computers. The charging Circuitry for these applications must use surface mount components and consume
minimal board space. The circuit shown in Figure 149
meets both of these requirements.
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The circuit shown in Figure 149 uses an LTC1174 to
control the charging circuit. Afully self-contained switching regulator IC, the LTC1174 contains both a power
switch and the control Circuitry (constant off-time controller, reference voltage, error amplifier and protection circuitry). The internal power switch is aP-channel MOSFET
transistor in acommon-source configuration; consequently
when the switch turns on, the LTC1174's Vsw pin is

A SIMPLE 300mA NiCd BATTERY CHARGER
by Randy G. Flatness
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C1 = AVX (TA) TPS0226M025R0200 ESR = 0.200 IRMS = 0.775A
C3 = AVX (TA) TPS0107M010R0100 ESR = 0.100 IRMS = 1.095A
01. 02 = MOTOROLA SCHOITKY VBR = 30V
L1 = COilTRONICS CTX50-2P OCR = 0.21210C =0.729A TYPE 52 CORE
COilTRONICS (407) 241-7876
VOUT = 1.25V· (1 + R1/R2) = 7.0V
FAST CHARGE ~ 0.6A

(VBATT ~ ~.~V) • 41'S (EQ.1)

Figure 149. 4-Cell, 300mA LTC1174 Battery Charger Implemented with All Surface Mount Components
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connected to the input voltage. This power switch handles
peak currents of 600mA. The LTC1174's architecture
allows it to achieve 100% duty cycle, forcing the internal
P-channel MOSFET on 100% of the time.
When the batteries are being charged, the resistor divider
network (R1 and R2) forces the LTC1174's Feedback pin
(VFB) below 1.25V, causing the LTC1174 to operat~ at the
maximum output current. An internal 0.1 Q resistor senses

HIGH EFFICIENCY (>90%) NiCd BATTERY CHARGER
CIRCUIT PROGRAMMABLE FOR 1.3A FAST CHARGE
OR 100mA TRICKLE CHARGE
by Brian Huffman

this current and sets it at approximately 300mA, according
to equation 1 (shown on the schematic). When the batteries are disconnected, the error amplifier drives the Feedback pin to 1.25V, limiting the output voltage to 7.0V.
Di()de 02 prevents the batteries from discharging through
the divider network when the charger is shut down. In
shutdown mode less than 1O~ of supply current is drawn
from the input supply.
.

with efficiency exceeding 90%. This circuit can be modified easily to handle up to eight NiCd cells.

Battery charger circuits are of universal interest to laptop,
notebook and palmtop computer manufacturers. High
efficiency is desirable in these applications to minimize the
power dissipated in the surface mount components. The
circuit shown in Figure 150 is designed to charge four
NiCd cells at a1.3A fast charge or a 1OOmA trickle charge

The circuit uses an LTC1148 in a step-down configuration
to control the charge rate. The LTC1148 is a synchronous
switching regulator controller that drives external, complementary power MOSFETs using aconstant off-time current
mode architecture. When the LTC1148's P-drive output
pulls the gate of 01 low, the P-channel MOSFET turns on
an.d connects one side of the inductor to the input voltage.
Ouringthis period, currentflowsfromthe inputthrough 01,
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Application Note 66
through the inductor and into the battery. When the
LTC1148 P-drive pin goes high, 01 is turned off and the
voltage on the drain of 01 drops until the clamp diode is
forward biased. The diode conducts for avery short period
of time, until the LTC1148 internal circuitry senses that the
P-channel is fully off, preventing the simultaneous conduction of 01 and 02. Then the N-drive output goes high,
turning on 02, which shorts out 01. Now the inductor
current flows through the N-channel MOSFET instead of
through the diode, increasing efficiency. This type of switching architecture is known as synchronous rectification.
During the fast-charge interval, the resistor divider network
(R4 and R5) forces the LTC1148's Feedback pin (VFB)
below 1.25V, causing the LTC1148 to operate at the maximum output current. R3, a 0.10 resistor, senses the
current and sets it at approximately 1.3A according to
equation 1 in Figure 150. When the batteries are disconnected, the error amplifier forces the Feedback pin to 1.25V,
limiting the output voltage to 8.1 V. Diode 02 prevents the
batteries from discharging through the divider network
when the charger is shut down. In shutdown mode the
circuit draws less than 20~ from the input supply.
The dual rate charging is controlled by 03, which can be
toggled between fast charge and trickle charge. The trickle
charge rate is set by resistor R1. Figure 151 is a graph
showing the value of R1 for a given trickle charge output
current. The trickle charge current can also be varied by
using an op amp to force the Threshold pin voltage within
its OVto 2Vrange. Figure 152 shows the output current as
afunction of Threshold pin voltage.
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Figure 151. LTC1148 Output Current Voice
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Power Management

9HS = 9JASVSTEM - 9JC FET = 55°C/5W -:- 1;25°CIW
=9.75 9 CIW .

LT1366 RAIL-TO-RAILAMPLIFIER
CONTROLS TOPSIDE CURRENT
by William Jett and Sean Gold

This is easily achievable with asmall heat sink. Wheninput
voltages are greater than 5V the use of a larger heat sink
or derating. of the output current is. necessary.

Topside Current Source
The circuit shown in Figure 153 takes advantage of the
LT1366's rail-to-rail input range to form a )Nide-compliance current source. The LT1366 adjusts Q1's gate voltage to force the voltage across the sense resistor (RSENSE)
to equal the voltage from the supply to the potentiometer's
wiper. A rail-to-rail opamp is needed because the voltage
across the sense resistor must drop to.zero when the
divided reference voltage is set to zero. 02 acts as a
constant current sink to minimize error in the reference
voltage when the supply voltage varies.
Vee
RSENSE

0.2'1

1k
Ln004-1.2

The circuit's supply regulation is about O.03%N. The
output impedance is equal to the MOSFET's output impedancemultiplied by the op amp's open~loop gain. Degradations in currentsource compliance occur when the voltage
across the MOSFET's on-resistance and the.sense resistor
drops below.the voltage required to maiRtain the desired
output current. This condition occurs when Vcc - VOUT
< ILOAD (RSENSE + RON)'
High Side Current Sense Amplifier
In power control it is sometimes necessary to sense load
current at low loss near the input supply. The current
sense amplifiershown in Figure 154 amplifies the voltage
across a small value sense resistor by the ratio of the
current source resistors (R2IR1).The LT1366 forces the
low power MOSFET's gate voltage such that the sense
voltage appears across a current source resistor R1. The
resulting current in01's drain is con'verted to a ground
referred voltage at R2., (Vo = liN Rs [R2/R1])
.
The circuit takes advantage· of the t 11366's ability to
sense signals up to the supply rail, which permits the use
of small value, loW loss sense resistors. The LT1366 and
the gain setting resistors are also biased ~t low current to
reduce losses in the current sense.

5V<Vec<30V
.1A> ILOAD > 160mA

AN66Fl53

Vee R1
2000

Figure 153. Topside Current Source

The circuit can operate over awide supply range (5V <Vcc
< 30V). At low input voltage, circuit operation is limited by
the MOSFET's gate-drive requirements. At high input
voltage, circuit operation is limited by the LT1366's absolute maximum ratings and the output power requirements.
In this example the circuit delivers 1A at 200mV of sense
.voltage. With a 5V input supply the power dissipation is
5W. For operation at 70°C ambient temperature, the
MOSFET's heat sink must have a thermal resistance of:
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Figure 154. High Side Current Sense Amplifier
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AN ISOLATED HIGH SIDE DRIVER
by James Herr
Introduction
The LTC1146 low power digital isolator draws only 70J,IA
of supply current with VIN = 5V. Its low supply current
feature is well suited for battery-powered systems that
require isolation, such as an isolated high side driver. The
LTC1146A is rated at 2500VRMS and is UL approved. The
LTC1146 is intended for less stringent applications and is
rated at 500VOC.
Theory of Operation
Optoisolators available today require supply currents in
the milliampere range even for low speed operation (less
than 20kHz). This high supply current is another drain on
the battery. Figure 155 shows the alternative of using an
LTC1146A to drive an external power MOSFET (IRF840) at
speeds to 20kHz with V+ = 300V.

The Input pin of LTC1146A must be driven with a signal
that swings at least 3V (referred to GN01, which is a
floating ground). The Os pin outputs a square wave
corresponding to the input signal but with a time delay.
The amplitude of the output square wave is equal to the
potential at the Vee pin. The TL4426 is a high speed
MOSFET driver used here to supply gate drive current to
the power MOSFET. The power supply to the LTC1146A
and the TL4426 is bootstrapped from a 13V supply referred to system ground. C1 supplies the current to both
the LTC1146A and the TL4426 when the power MOSFET
is being turned on. Its value should be increased when the
input signal's ON time increases. 03 prevents the output
from swinging negative due to stray inductance. If the
output goes below ground, the gate-to-source voltage of
the IRF840 rises. This high potential could damage the
power MOSFET. The output slew rate should be limited to
1000V/IlS to prevent glitches on the Os output of the
LTC1146A.
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Figure 155. Isolated High Side Driver Schematic Diagram
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LTC1163: 2-tELL POWER MANAGEMENT
by Tim Skovmand

Schottky rectifier to charge the output capaCitor to a
voltage higher than the input voltage. Unfortunately, when
the regulator is shut down, the inductor and diode remain
connected and the load may leak significant current in
standby.

The LTC1163 1.8V to 6V high side MOSFET driver allows
inexpensive N-channel switches to be used to efficiently
manage power in 2::cell systems such as palmtop comput~
ers, portable medical equipment, cellular telephones and
personal organizers. .

One possible solution to this problem is to add a low
ROS(ON) MOSFET switch between the battery pack and the
input of the regulator to completely disconnect it and the
load from the battery pack. MOSFET switches, however,
cannot operate directly from· 2-cell battery supplies because the gate voltage is limited to 3V with fresh cells and
1.8V when the cells are fully discharged.

Any supply voltage above 3V, such as 3.3V, 5Vor 12V, can
be generated by step"up converters powered from a2-cell
supply. Step-up regulators are typically configured as
shown in Figure 156. An inductor is connected directly to
the 2-cell battery pack and switched by alarge (1A) switch.
The inductor current is then passed through a low drop

The LTC1163 solves this problem by generating gate drive
voltages that fully enhance high side N-channel switches
when powered from a 2-cell battery pack, as shown in
Figure 157. The standby current with all three drivers
switched off is typically 0.01J,JA. The quiescent current
rises to 85J,JA per channel with theinputturned on and the
charge pump producing 10V (above ground) from a 3V
supply. The surface mount MOSFET switches shown are
guaranteed to be less than 0.10 with VGS = 5V and less
than 0.120 with VGS = 4V and therefore have extremely
low voltage drops.
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Figure 156. Typical Step-Up Converter Topology
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Awindow comparator and ultralow drop switch on the PC
card, 01 in Figure 158, closes after the supply voltage
drops from 5V to 3.3V, ensuring that the sensitive 3.3V
logic on the card is never powered by more than 3.6V or
less than 2.4V. A second switch, 02, is provided on the
card to interrupt power to 3.3V loads that can be idled
when not in use.

LTC1157 SWITCH FOR 3.3V PC CARD POWER
by Tim Skovmand

Computers designed to accept PC cards-plug-in modules specified by the Personal Computer Memory Card
International Association (PCMCIA}-have special hardware features to accommodate these pocket-sized cards.
PCMCIA-compliantcards require power management electronics that conform to the height restrictions of the three
standard configurations: 3.3mm, 5mm and 10.5mm. These
height limitations dramatically reduce the available options for power management on the card itself. For example, high efficiency switching regulators to convert the
incoming 5V down to 3.3V for the on-card 3.3V logic
require relatively large magnetics and filter capacitors,
which are not always available in packaging thin enough to
meet the tight height requirements;

The built-in charge pumps in the LTC1157 drive the gates
of the low ROS(ON) N-channel MOSFETs to 8.7V when
poweredfroma3.3Vsupply. The LT1017 and the LTC1157
are both micropower and are supplied by a filter (R5 and
C2) that holds the supply pins high long enough to ensure
that the MOSFET gates are fully discharged immediately
after the card is disconnected from the power supply. A
large value bleed resistor, R6, furtherensuresthatthe high
impedance gate of 01 is not inadvertently charged up
when the card is removed or when it is stored.
.

One possible approach to the problem of supplying power
to a3.3V PC card is to switch the input supply voltage from
5V to 3.3V after the card has been inserted and the
attribute ROM has informed the computer of the card's
voltage and current requirements. The switching regulator, housed in the computer, switches the power supplied
to the connector from 5V to 3.3V.

All of the components shown in Figure 158 are available in
thin, surface mount packaging and occupy a very small
amount of surface area. Further, the power dissipation is
extremely low because the LTC1157 and LT1017 are
micropowerand the MOSFETswitches are very low ROS(ON)'
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Figure 158. 3.3V PCMCIA Card Power Switching
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THE LTC1157 DUAL3.3V
MICROPOWER MOSFET DRIVER
by Tim Skovmand
The LTC1157 dual micropowerMOSFET driver makes it
possible to switch eithersupply~ or ground-referenced
loads through a low RDS(ON) N-channel swi.tch. The
LTC1157's internal charge pump boosts the gate drive
voltage 5.4V above the positive rail (8.7V above ground),
fully enhancing a logic level, N-channel MOSFET for 3.3V
high side switching applications.

on the second channel. Slower rise· and fall times are
sometimes required to reduce the start-up current demands of large supply capacitors which might otherwise
glitch the main supply.
3.3V--.-...---..----..---.

LTC1157 Switches Two 3.3V Loads
Figure 159 illustrates how two surface mount MOSFETs
and the LTC1157 (also available in SO-8 packaging) can be
used to switch two 3.3V loads. The gate rise and fall times
are typically in the tens of microseconds, but can be
slowed by adding two resistors and acapacitor as shown

THE LTC1155 DOES LAPTOP COMPUTER POWER BUS
SWITCHING, SCSI TERMINATION POWER OR 5V/3A
EXTREMELY LOW DROPOUT REGULATOR
by Tim Skovmand

Figure 159. LTC1157 Used to Switch Two 3.3V Loads

Vs=4.5VT018V

Figure 160 is a schematic diagram that demonstrates the
use of the LTC1155 for switching the power buses in a
laptop computer system. The disk drive, display, printer
and the microprocessor system itself are selectively engaged via high side switching with minimum loss and are
shut down completely when not in use.
The quiescent. current of the LTC1155 is designed to be
extremely low in both the OFF and ON states, so that
efficiency is preserved even when driving loads that require very little current to operate in standby, but require
much larger peak currents when in operation. This combination of alow RDS(ON) MOSFET and an efficient driver
delivers the maximum energy to the load.
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The LTC1155 is anew micropower MOSFET driver specifically designed for low voltage, high efficiency switching
applications such as those found in laptop or notebook
computers. Three applications for this versatile part are
detailed here.
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Figure 160. Laptop Computer Power Bus Switching

Protected SCSI Termination Power
The circuit shown in Figure 161 demonstrates how the
LTC1155 provides protected power to SCSI terminators.
The LTC1155 is initially triggered by the free-running 1Hz
oscillator (it could also be triggered by a pulse from the
microprocessor) and latches ON via the positive feedback

Application Note 66
provided by RFB. The power MOSFET gate is driven to 12V
and the MOSFET is fully enhanced.
The delay afforded by the two delay components, ROLyand
COLY, ensures thatthe protection circuit is nottriggered by
a high inrush-current load. If, however, the source of the
MOSFET is shorted to ground or if the output of LT1117 is
shorted, the delay will be exceeded and the MOSFETwili be
held OFF until the pulse from the free-running oscillator
resets the input again. The drain sense resistor, RSENSE, is
selected to trip the LTC1155 protection circuitry when the
MOSFET current exceeds 1A. This current limit protects
both the LT1117 and any peripheral system powered by
the SCSI termination power line.

as shown in Figure 162. The LTC1155 charge pump
boosts the gate voltage above the supply rail and continuously charges a 0.11JF reservoir capaCitor. The LT1431
works against this capaCitor and the 1OOk series resistor
to control the MOSFET gate voltage and maintain a constant 5V at the output.
The regulator is switched ON and OFF by the control logic
or the microprocessor to conserve power in the standby
mode. The LTC1155 standby current drops to about 1011A
when the input is switched OFF. The total ON current,
including the LT1431 is less than 1mAo
5.5VTO 18V

The delay time afforded by ROLY and COLY is chosen to be
considerably smaller than the reset time period (>100:1),
so that very little power is dissipated while the shortcircuit condition persists, i.e., the LTC1155 will deliver
small pulses of current during every resettime period until
the short-circuit condition is removed.

0.02.0

LTCl155
lOOk
GATE 1 .......--'VI/Ir-_--I

INl

IRLZ24

GND

101JA
STANDBY
CURRENT

The LTC1155 and the LT1117, as well as the power
MOSFET shown, are available in surface mount packaging
and therefore consume very little board space.

j

5V!3A

Extremely Low Voltage Drop Regulator
An extremely low voltage drop regulator can be built
around the LTC1155 and a low resistance power MOSFET

'N''''''

'CAPACITOR ESR SHOULD BE < 0.50.

Figure 162. 5V/3A Extremely Low Voltage Drop Regulator
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ACIRCUIT THAT SMOOTHLY SWITCHES
BETWEEN 3.3VAND 5V
by Doug La Porte

be unable to react to counter the large positive voltage
step. This jump will cause damage, to many low voltage
devices.

Many subsystems require supply switching between
3.3V and 5V to support both low power and high speed
modes. This back-and-forth voltage switching can cause
havoc to the main 3.3V and 5V supply buses. If done
improperly, switching the subsystem from 5V to 3.3V
can cause amomentary jump on the 3.3V bus, damaging
other 3.3V devices. When switching the subsystem from
3.3V to 5V, the 5V supply bus can be pulled down while
charging the subsystem's capacitors and may inadvertently cause a reset.

The circuit in Figure 163 employs acomparator (IC2) and
utilizes the high impedance state of the LTC1470 to allow
switching with minimal effect on the supply. When the
3.3V output is selected, IC1 's output will go into a high
impedance state until its output falls below the 3.3V bus.
The output capacitors will slowly discharge to 3.3V, with
the rate of discharge depending on the current being
pulled by the subsystem and the size of the holding
capacitor. The example shown in Figure 163 is for a
250mA subsystem. The discharge time constant should
be about 4ms. Once the subsystem supply has dropped
below the 3.3V supply, the comparator will trip, turning on
the 3.3V switch. The comparator has some hysteresis to
avoid instabilities. The subsystem supply will reach alow
point of about 3V before the 3.3V switch is fully enhanced.

The circuit shown in Figure 163 allows smooth voltage
switching between 3.3V and 5V with added protection
features to ensure safe operation. IC1 is an LTC1470
switch-matrix device. This part has on-chip charge pumps
running from the 5V supply to fully enhance the internal
N-channel MOSFETs. The LTC1472 also has guaranteed
break-before-make switching to prevent cross conduction between buses. It also features current limiting and
thermal shutdown.
When switching the subsystem from 5V to 3.3V, the
holding capacitor and the load capacitance are initially
charged up to 5V. Connecting these capacitors directly to
the main 3.3V bus causes a momentary step to 5V. This
transient is so fast that the power supply cannot react in
time. Switching power supplies have aparticularly difficult
time coping with this jump. Switching supplies source
current to raise the supply voltage and require the load to
sink current to lower the voltage. A switching supply will

When switching from 3.3V to 5V, IC1 's current limiting
prevents the main 5V bus from being dragged down while
charging the holding capacitor and the subsystem's capacitance. Without current limiting, the inrush current to
charge these capacitors could cause a droop in the main
5V supply.
If done improperly, supply voltage switching leads to
disastrous system consequences. The voltage switch
should monitor the output voltage and have current limiting to prevent main supply transient problems. Acorrectly
designed supply voltage switch avoids the pitfalls and
results in a safe, reliable system.

5V
500mVIDIV

O=5V _ _ _ _ _---.
1 =3.3V
51k

3.3V
IC1
LTC1470
5V

1k

5v/DIV

VOUT

3.3V.......,,~"-I

ENO

VOUT

~~- ~~BSCRIBER
+

...

L---------~-A""',.".,!""

T
":"

220"F
TANTALUM
HOLDING
CAPACITOR

Figure 163. Schematic Diagram of 3.3V and 5V Switchover Circuit
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AFULLY ISOLATED QUAD 4A HIGH SIDE SWITCH
by Milton Wilcox

resulting in a total switch drop (including sense resistor)
of only 0.15V at 4A output current.

High side switching in hostile environments often requires
isolation to protectthe controlling logic from transients on
the "dirty" power ground. The circuit shown in Figure 165
drives and protects four low RDS(ON) power MOSFET
switches over awide operating supply range. The LT1161
drivers are protected from transients of up to 60V on the
supply pins and 75V on the gate pins. Fault indication is
provided by an inexpensive logic gate.

The LT1161 independently protects and restarts each
MOSFET. It senses drain current via the voltage drop
across acurrent shunt Rs. When the current in one switch
exceeds approximately 6A (62mVlO.010) the switch is
turned off without affecting the other switches. The switch
remains off for 50ms (set by external timing capac~orCT),
after which the LT1161 automatically attempts to restart it.
If the fault is still present this cycle repeats until the fault
is removed, thus protecting the MOSFET. Current shunts
are readily available in both through-hole and surface
mount case styles. AN53 has additional information on
shunts. Connect the LT1161 V+ pins directly to the top of
the current shunts (see LT1161 data sheet).

Each of the four LT1161 switch channels has acompletely
self-contained charge pump, which drives the gate of the
N-channel MOSFET switch 12V above the supply rail when
the corresponding Input pin is taken high. The specified
MOSFET device types have amaximum RDS(ON) of 0.0280,
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The highest MOSFET dissipation occurs with a"soft short"
(one in which the current is above the normal operating
level but still .below the current limit threshold). This can
cause dissipation in Figure 165'scitcuit to rise, in the
worst-case to 2W, requiring modest heatsinking. When an
output is directly shorted tciground the average dissipation is very low because the MOSFET conducts only during
brief restart attempts~
.
Fault indication is provided by a low cost exclusive NOR
gate. In normal operation alowonthe LT1161 inputforces
a low on the output anda high forces a high. If an input is
high and the corresponding output is low (i.e., short
circuited), the output of the exclusive NOR gate activates

the isolated fault output. Similarly, by adding resistorRoL
the low inpuVhigh output state can be used to diagnose an
open .loa(l condition. Adjusting the value of ROL sets the
OL(tput curr.ent .at which the load is considered to be open.
For example, in Figure 165 with VSUPPLY= 24V, a fault
would be indicated if the load could not sink 10mA.
Figure 16.5's circuit is ideal for driving resistive or inductive loads such as solenoids. However, the circuit can be
tailored for capacitive or high inrush loads as well. Consult
the LT1161 data sheet for information on programming
current limit, delay time and automatic restart period to
handle other loads. The LT1161 is available in both PDIP
and surface mount packaging.

THE LTC1153 ELECTRONIC CIRCUIT BREAKER
by Tim Skovmand
The LTC1153 electronic circuit breaker is designed to
work with a low cost, N-channel power MOSFET to interrupt power to a sensitive electronic load in the event of an
overcurrent condition. The breaker is tripped by an overcurrent condition and remains tripped for aperiod of time
programmed by an external timing capacitor, CT. The
switch is then automatically reset and the load . momentarily retried. If the load current is still too high, the switch
is shut down again. This cycle continues until the overcurrent condition is removed, thereby protecting the sensitive load and the power MOSFET.
5V/1A Circuit Breaker with Thermal Shutdown·
The trip current, trip-delay time and auto reset period are.
programmable over a wide range to accommodate a
variety of load impedances. Figure 166 demonstrates how
the LTC1153 is used in atypical circuit breaker application.
The DC trip current is set by a small valued resistor, RSEN,
in series with the drain lead, which drops 1OOmV when the
current limit is reached. In the circuit of Figure 166, the DC
trip current is set at 1A (RSEN = 0.10).
The trip-delay time is set by the two delay components, Ro
. and Co, which establish an RC time constant in series with
. the drain sense resistor, producing a trip delay that is
shorter for increasing breaker current (similar to that of a
mechanical circuit breaker). Figure 167 is a graph of the
trip-delay time versus the circuit breakercurrentfor a1ms

AN66-86

5V

TO"P~_--I

51k

• ALL COMPONENTS SHOWN ARE SURFACE MOUNT.
•• IMS026 INTERNATIONAL MANUFACTURING SERVICE, INC. (401) 683-9700
RL2006-100-70-30-PTl KEYSTONE CARBON COMPANY (814) 781-1591
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Figure 167. Trip Delay Time vs Circuit Breaker Current
(lms RC Time Constant for the Circuit of Figure 166)
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RC time constant. Note that the trip time is 0.63ms at 2A,
but falls to SSJlS at 20A. This characteristic ensures that
the load and the MOSFET switch are protected against a
wide range of overload conditions.
The auto reset time is typically set in the range of 10s of
milliseconds to a few seconds by selecting the timing
capacitor, Cr. The autoreset period forthe circuit in Figure
190 is 200ms, i.e., the circuit breaker is automatically
reset (retried) every 200ms until the overload condition is
removed.
An open-drain fault output is provided to warn the host
microprocessor whenever the circuit breaker has been
tripped. The microprocessor can either wait for the
autoresetfunction to reset the load, or shutthe switch OFF
after a fixed number of retries.
The shutdown input interfaces directly with a PTC thermistor to sense overtemperature conditions and trip the
circuit breaker whenever the load temperature or the
MOSFET switch temperature exceeds a safe level. The
thermistor shown in Figure 166 trips the circuit breaker
when the load temperature exceeds approximately lO°C.
LTC1153: DC Motor Protector

Figure 168. DC Motor Driver with Overcurrent and
Overtemperature Protection

the motor is limited to SA and a rather long trip delay is
used to ensure that the motor starts properly. The motor
temperature is also continuously monitored and the breaker
is tripped ifthe motortemperature exceeds lO°C. The fault
output of the LTC1153 informs the host microprocessor
whenever the breaker is tripped. The microprocessor can
disable the motor if a set number of faults occur or it can
initiate a retry after a much longer period of time has
elapsed. A rectifier diode across the motor returns the
motor current to ground and restricts the output of the
switch to less than 1V below ground.

A SV DC motor can be powered and protected using the
circuit shown in Figure 168. The DC current delivered to

LTC1477: 0.070 PROTECTED HIGH SIDE SWITCH
ELIMINATES "HOT SWAP" GLiTCHING
by Tim Skovmand

inadvertently diverted to sensitive (and expensive) integrated circuits that cannot tolerate either overvoltage or
overcurrent conditions even for short periods of time.

When a printed circuit board is "hot swapped" into a live
SV socket, a number of bad things can happen.

Third, if the card is removed and then reinserted in a few
milliseconds, the glitching of the supply may "confuse"
the microprocessor or peripherallCs on the card, generating erroneous data in memory orforcing the card into an
inappropriate state.

First, the instantaneous connection of a large, discharged
supply bypass capacitor may cause a glitch to appear on
the power bus. The current flowing into the capacitor is.
limited only by the socket resistance, the card trace
resistance, and the equivalent series resistance (ESR) of
the supply bypass capacitor. This supply glitch can create
real havoc if the other boards in the system have poweron RESET circuitry with thresholds set at 4.65V.
Second, the card itself may be damaged due to the large
inrush of current into the card. This current is sometimes

Fourth, a card may be shorted, and insertion may either
grossly glitch the 5V supply or cause severe physical
damage to the card.
Figure 169 is a schematic diagram showing how an
LTC1477 protected high side switch and an LTC699
power-on RESET circuit reduce the chance of glitGhing or
damaging the socket or card during "hot swapping."
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Figure 169. "Hot Swap" Circuit Featuring LTC1477 and LTC699

The LTC1477 protected high side switch provides extremely low ROS(ON} switching (typically 0.07Q) with
built-in 2A current limiting and thermal shutdown, all in an
8-pin SO package.

1OO~) is used, the LTC1477 will limit the inrush current
to 2A and ramp the capacitor at an even slower rate.
Further, the board is protected against short-circuit conditions by limiting the switch current to 2A.
'

As the card is inserted, the LTC699 power-on RESET
circuit holds the Enable pin of the LTC1477 low for
approximately 200ms. When the Enable pin is asserted
high, the output is ramped on in approximately 1ms. Even
if avery large supply bypass capacitor (for example, over

The 5V card supply can be disabled via 01. The only
current flowing is the standby quiescent current of the
LTC1477, which drops below 1/lA, the 600/lA quiescent
current of the LTC699 and the 10/lA consumed by R1.

Miscellaneous

grounding the asc pin (Pin 7). When off the LTC1044
draws only 2/lA.

PROTECTED BIAS FOR GaAs POWER AMPLIFERS
by Mitchell Lee
Portable communications devices such as cellular telephones and answer-back pagers rely on small GaAsFETbased 0.1Wto 1.0W RF amplifiers as the transmitter output
stage. The main power device requires anegative gate bias
supply, which is not readily available in a battery~operated
product. The circuit shown in Figure 170 not only develops
a regulated negative gate bias, it also switches the positive
supply, protects against the loss of gate bias, limits power
dissipation in the amplifier under high standing-wave ratio
(SWR) conditions and protects against amplifier failures
that inight otherwise short circuit the battery pack.
Negative bias is supplied by an LTC1044 charge pump
inverter and the amplifier's positive supply is switched by
an LTC1153 electronic circuit breaker. An open-collector
switch can be used to turn the LTC1044 inverter off by
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The negative output from the LTC1 044 is sensed by a2.5V
reference diode (IC2) and 02. With no negative bias available, 02 is off and 03 turns on, pulling the LTC1153's
control input low. This shuts off the GaAs amplifier. Total
standby power, including the LTC 1044, is approximately
25/lA.
If the LTC1044's asc pin (Pin 7) is released, a negative
output nearly equal in magnitude to the battery input voltage
appears at VOUT (Pin 5). The negative bias is regulated by
R1, IC2 and 02's base-emitter junction. 02 saturates,
shutting 03 off and thereby turning the LTC1153 on.
The LTC1153 charges the N-channel MaSFET (04) gate to
10V above the battery potential, switching 04 fully on.
Power is thus applied to the GaAs amplifier.
The nominal negative bias is -3.2V, comfortably assuring
the -2.5V minimum specified for the amplifier. Total
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Figure 170. Schematic Diagram

quiescent current, exclusive of the GaAs amplifier drain
supply, is approximately 1.5mA in the ON state.
Short circuits or overcurrent conditions in the GaAs amplifier can damage the circuit board, the batteries or both. The
LTC1153 senses the amplifier's supply current and turns
04 off if it is over 2A. After a timeout period set by C6

LT1158 H-BRIDGE USES GROUND REFERENCED
CURRENT SENSING FOR SYSTEM PROTECTION
by Peter Schwartz

The LT1158 half-bridge motor driver incorporates anumber of powerful protection features. Some of these, such
as its adaptive gate drive, are dedicated in function. Others
are open to a variety of uses depending upon application
requirements. The circuit shown in Figure 171 takes
advantage of the wide common mode input range of the
LT1158's fault comparator to perform ground referenced
current sensing in an H-bridge motor driver. By using
ground referenced sensing, protection can easily be provided against overloaded, stalled or shorted motors. For
overloads and stalls the circuit becomes a constant current chopper, regulating the motor's armature current to
a preset maximum value. For shorted loads the circuit
protects itself by operating at avery low duty cycle until the
short is cleared.

(200ms) the LTC1153 tries again, turning 04 on. If the
amplifier's supply current is still too high the LTC1153 trips
off again. This cycle continues until the fault condition is
cleared. Under fault conditions the LTC1153's Status pin
(Pin 3) is low. As soon as the fault is cleared the LTC1153
resets and normal operation is restored.

Setting Up for Ground Referenced Sensing

The circuit of Figure 171 is essentially a straightforward
LT1158 H-bridge of the "sign/magnitude" type. (See the
LT1158 data sheet for a description of component functions.) In many LT1158 applications, a current sense
resistor is placed in each upper MOSFET source lead. This
circuit, however, senses the IR drop across one resistor
(R1) common to the sources of both lower MOSFETs. In
Figure 171, U1 's FAULT output activates the constant
current protection mode (for overloads and stalls) and
U2's FAULT output indicates ashorted load. Hence, given
a maximum continuous motor current of 15A, R1 's value
is easily determined: VSENSE+ of U1 must exceed VSENSEby the LT1158's internal threshold of 11 OmV in order for
FAULlto go low. 15A· R1 =0.11 OV, so R1 =(0.11 OVl15A)
at 0.00750. The FAULT pin of U2 should go low when IR1
is 24A, so a1.6:1 voltage divider is added at U2's Sense+
input. R2, R3, C1 and C2 filter any switching spikes that
appear across R1.
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Figure 171. H-Bridge Motor Driver with Ground Referenced Current Sensing

Closing the Loop on Overloads
Ifthe motor is overloaded or stalled, its back EMF will drop,
causing the armature current to increase at a rate determined primarily by the motor's inductance. Without protection this current could rise to a value limited only by
supply voltage and circuit resistance. The necessary protection is provided via the feedback loop formed by U1 's
FAULT output, U3A, U4B and U4D. When IR1 exceeds 15A,
the FAULT pin of U1 conducts, triggering the 40118
monostable U3A. The Qoutput of U3A in turn forces the
outputs of U4B and U4D to alogic low state, turning off Q1
or Q3, and turning on both Q2 and Q4. For the time during
which U3A's Qoutput is high, the motor current decays
through the path formed by the motor's resistance, plus
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the on-resistance of Q2 and Q4 in series. In this application, turning both lower MOSFETs on is preferable to
forcing all four MOSFETs off, as it provides a low resistance recirculation path for the motor current. This reduces motor arid supply ripple currents, as well as MOSFET
dissipation. At the end of U3A's 40ms timeout the Hbridge turns on again. If the overload still exists, the
current quickly builds up to the U1 FAULT trip point again
and the 40ms timeout repeats. This feedback loop holds
the motor current approximately constant at t5A for any
combination cif supply voltage and duty cy~le that would
otherwise cause an excess current condition. When the
motor's current draw falls below 15A, the circuit resumes
normal operation.
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Opening the Loop on Shorts

A Final Note

In the event of a short across the motor terminals the
current through the H-bridge rises faster than the U1/U3A
loop can regulate it. This could easily exceed the safe
operating area limits of the MOSFETs. The solution is
simple: when the fault comparator of U2 detects that IRl ;:::
24A, monostable U3B is triggered. The output of U3B
will then hold the enable line of the two LT1158s low for
10ms, resulting in a rapid shutdown and a very low duty
cycle. After the 10ms shutdown interval, U3B's output
will return high and the bridge will be reenabled. If the
motor remains shorted, U3B is triggered again, causing
another 1Oms shutdown. When the short is cleared, circuit
operation returns to that described above.

As aclass, sign/magnitude H-bridge systems are susceptible to MOSFET and/or motor damage if the motor velocity is accelerated rapidly, orthe state ofthe DIRECTION line
is switched while the motor is rotating. This is especially
true if the motor/load system has high inertia. The circuit
of Figure 171 is designed to provide protection under
these conditions: the motor may be commanded to accelerate and to change direction with no precautions. For the
case of deceleration, however, it's generally best to use a
controlled velocity profile. If aspecific application requires
the ability to operate with no restrictions upon the rate of
change of duty cycle, there are straightforward modifications to Figure 171 that allow this. Please contact the
factory for more information.

LT1158 ALLOWS EASY 10A
LOCKED ANTIPHASE MOTOR CONTROL
by Milton Wilcox

pitfalls encountered in the design of high efficiency motor
control and switching regulator circuits.

a

a

Allowing synchronous control of two N-channel power
MOSFETs operating from 5V to 30V, the LT1158 halfbridge driver effectively deals with the many problems and

Figures 172a and 172b illustrate alocked antiphase motor
drive in which the motor stops if either side is shorted to
ground (since a 50% input duty cycle is used to stop the
motor in locked antiphase operation, the motor would

IN

PWM

INPUT

---t1U

Figure 172a. 10A Locked Antiphase Full-Bridge Circuit Operates Over Wide Supply Range
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Figure 172b. Protection Logic Stops Motor if Either Side Is
Shorted to Ground

normally accelerate to half speed with one side shorted).
When afault is detected by either LT1158, the Figure 172b
latch is set, disabling both LT1158s. The circuit periodically tries restarting the motor at a time interval determined by Rr and Cr. If the short still exists, the disabled
state is resumed within 201JS, far too short atime to move
the motor.

ALL SURFACE MOUNT PROGRAMMABLE
OV, 3.3V, 5VAND 12V VPP GENERATOR FOR PCMCIA
by Jon A. Dutra
Generating the VPP voltage for a PCMCIA port in laptop
computers has become more complicated with PCMCIA
standard 2.0. The VPP line must come up to 5V initially
until the card "tuple" tells the card its type and VPP
voltage. For example, a 3.3V SRAM card must have VPP
adjusted to 3.3V.lf it is aflash memory card, 12V must be
supplied during programming. During card insertion, OV
is desirable to unconditionally prevent latch-up. Shutdown supply current must be as low as possible and the
supply must not overshoot. This design idea presents a
circuit (Figure 173) that meets these specifications. 'The
same topology could be useful for generating other programmable supplies.
The circuit uses the LT11 07 micropower DC/DC converter
with a single surface mount transformer. The LT11 07
features an ILiM pin that enables direct control of maximum inductor current. This allows use of asmaller transformer without risk of saturation. The LT1111 could also
be used with a reduction in output power.
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The LT1158 can be used with virtually any N-channel
power MOSFET, including 5-lead current sensing
MOSFETs. This configuration offers the benefit of no-loss
current sensing, since acurrent shunt is no longer needed
in the source. In' addition, RSENSE increases by afactor of
1000 or more: from milliohms to ohms. The LT1158 can
also be used with logic level MOSFETsfor operation as low
as 4.5Vif a Schottky boost diode is used and connected
directly to the supply ..
The LT1158 N-channel power MOSFET driver anticipates
all of the major pitfalls associated with the design of high
efficiency bridge circuits. The designed-in ruggedness
and numerous protection features, make the LT1158 the .
best solution for 5V to 30V medium-to-high current synchronous switching applications.
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Figure 173. Schematic Diagram for VPP Generator
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Circuit Operation
The circuit is basically agated-oscillatorflyback topology.
The SET pin of the LT1107 is held at 1.2SV by negative
feedback. Summing currents into the SET pin to zero for
the three different output states yields three equations
with three unknown resistor values. The resistor values
are easily solved for using Mathametica, MathCad or
classical techniques. Table 1 shows the output voltage
truth table.
Table 1

INPUTS

OUTPUTS

A

B

ENABLE

Vo

X

X

0

OV

Off

1

1

1

12V

12V

1

0
1

1

5V
10.3V

5V

Not Used

3.3V

3.3V

0
0

0

1
1

NOTE

Output noise is reduced by using the auxiliary gain block
(AGB) in the feedback path. This added gain effectively
reduces the hysteresis of the comparator and tends to

randomize output noise. With alow ESR capacitor for C1,
output noise is below 30mV over the output load range.
Output power increases with VBATTERY from about 1.4W
out with SV in to about 2W out with 8V or more. Efficiency
is 62% to 76% over a broad output power range. No
minimum load is required.
Component Selection
Substantial current flows through CIN and COUT. Most
tantalum capacitors are not rated for current flow and can
result in field failures. Using a rated tantalum or rated
electrolytic will result in longer system life.
Shutdown
The circuit is shut down by using two sections of the
CD4066 in parallel as a high side switch. Alternatively,
simply disabling the logic supply to the VIN and ILIM nodes
of the LT1107 will shut it down. This drops quiescent
current from the VBATTERY input below 2~. When the
device is shut down VOUT drops to OV.

A TACHLESS MOTOR SPEED REGULATOR
by Mitchell Lee
A common requirement in many motor applications is a
means of maintaining constant speed with variable loading or variable supply voltage. Speed control is easily
implemented using tachometer feedback, but the cost of
a tach may be prohibitive in many situations and adds
mechanical complications to the product. A lower cost
solution with no moving parts is presented here.
Motor speed changes under conditions of varying loads
because of the effects of series loss terms in the motor.
The effects of the predominant contributors to loss, copper and brush/commutator resistance (collectively known
as RM), are best understood by considering the circuit
model for a motor (see Figure 174). A motor's back EMF
(VM) is proportional to speed (n) and the motor current
(1M) is proportional to the load torque (T). The following
equation predicts the speed of the motor for any given
condition of loading:

VTERMINAL

+

-

VREF (R1
+ R2)
Ri"'"

-

SPEED
REGULATOR

-

MOTOR

Figure 174. On the Right is Shown an Equivalent Circuit lor a
Motor. On the Left Is the Model lor a Circuit Which Will Stablize
the Motor's Speed Against Changes in Supply Voltage and
Loading

n = VTERMINAL _ T ( RM )
Kv
(KT)(Kv)

(1 )

where Kv and KT are constants of proportionality for
rotational velocity and torque. For afixed terminal voltage,
the speed of the motor must decrease as increasing load
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torque is applied to the shaft. For afixed load, the speed of
the motor will also change if the supply (terminal) voltage
is changed.

terminal voltage by an amount equal to (lM)(RM). Depending on the value of R3, the speed can be made to increase,
decrease or stay the same under load. If R3is just right, the
motor speed willremain constant until the LT1170 reaches
full power and the circuit runs out of steam.

Avoltage regulator fixes the problem of avarying terminal
voltage, but the only way to eliminate torque from Equation (1) is by reducing RM to zero. Physically this is
impractical, but an electrical solution exists.

Many small motors in the 1W to 10W class are not well
characterized. In order to choose proper component valuesfo( a given motor, figures for RM and VM are necessary. Fortunately, these are easily measured using a DVM
and a motor characterization test stand. If you don't have
a motor characterization test stand, it is also possible to
use a lathe or drill press to do the job.

If amotor is driven from a regulated source whose output
impedance is opposite in sign and equal in magnitude to
RM (see Figure 174), the result is a motor that runs at a
constant speed-regardless of loading and power source
variations. Figure 175 shows acircuit that does it all. The
LT1170 is configured as a buck/boost converter, which
can take a wide ranging 3V to 20V input source and
produce a regulated output of, say, 6V. The circuit shown
can deliver 1A at 6V with a 5V input, adequate for many
small permanent-magnet DC motors.

Chuck up the candidate motor's shaft in a va'riable speed
drill press or lathe, which is set to run at the same speed
you're intending to operate the motor. Clamp down the
motor frame so it won't spin. Turn on the big machine, and
measure the open-circuit motor terminals with a DVM.
This is the motor voltage, VM, as shown in Figure 174.
Switch the meter to measure the motor's short circuit
current,lsc·Motor resistance RM = VM/1sc. With these
figures the other component values can be calculated:

To cancel the effects of the motor resistance, a negative
output impedance is introduced with an op amp and a
current sense resistor (Rs). As the motor current increases, the LT1006 responds by increasing the motor
L1

3VTI~~~~ _ - 1_ _ _.........Y"SO...,I'Hn.~
+ C1

T

1OOOl'F

C2
330l'F

MBRD340CT

~--4--+~~-------~~~~--~
V,N
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GND

R2
64900
1%
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FB 1--~~--'II"IY---1"""'-"'"
R1A
6190
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1%
1k
10k
1%,
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2,21lF
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1k
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_____
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,
,
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-:_~
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L1 = L2 = S0-2-S2 COILTRONICS (407-241-7876), CAN BE COUPLED AS INDICATED BY PHASING DOT$,
LT100S POWER SUPPLY PINS CONNECTED TO INPUT SUPPLY,

Figure 175. Tachless Motor Speed Regulator
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IMAX = motor current at full load
VREF = 1.244V
R1 =series combination of 619n + 619n =1238n
Rs:;:;; 1I1MAX (drops less than 1V at maximum load)
R2 = (VM· R1NREF) - R1

(2)

R3 = (R2 • Rs)/(RM + Rs)

(3)

The component values shown in Figure 175 are for asmall
motor with the following characteristics measured at
360RPM: VM =7.8V, Isc =3.7A, RM =2.1n, IMAX "" 1A.
Rs, a copper resistor, is either located close to or wound
around the motorto assist in tracking changes in armature
resistance with temperature. Copper has a strong,
3930ppm/oC temperature coefficient, matching the TC of
the motor winding.
Setup Procedure
Initial tests should be performed with a potentiometer in
place of, and twice the value of, R3~ R5 and C5 should be

LT1161: ... AND BACK AND STOP AND FORWARD
AND REST -ALL WITH NO WORRIES AT ALL
by Peter Schwartz and Milt Wilcox
Many applications of DC motors require not only the ability
to turn the motor on and off, but also to control its direction
of rotation. When directional control is involved, the need
for rapid deceleration (electronic braking) can also be
assumed. Amicrocontroller interface (logic-level control)
is a necessity in modern systems, as is protection of both
the motor controller and the motor itself. With the advent
of high power, logic-level N-channel MOSFETs, it is a
straightforward matter to build the lower half of an
H-bridge suitable for the versatile control of DC motor
loads. Equivalent performance P-channel MOSFETs, however, are still expensive devices of limited availability, even
without logic-level capability. Therefore, motor control
circuits commonly use N-channel devices for the upper
half of the H-bridge as well. The trick is to do this without
requiring an additional power supply to provide bias for
the upper MOSFET gates, while ensuring the necessary
system protections.

disconnected; remove all loading from the motor. Check
the motor's unloaded speed, and adjust R2 if necessary to
set it precisely.
With the motor driving a nominal load, decrease R3 until
the motor commences "hunting." R3 will be near the
nominal calculated value. This threshold is very close to
optimum motor resistance cancellation. R5 and C5 offer a
convenient means of compensating for frictional and
iflertial effects in the mechanical system, eliminating instabilities. System stability should be evaluated under a
variety of loading conditions. The effect of R5 is to reduce
the negative output impedance of the circuit at high
frequencies. Systems with a net positive impedance are
inherently stable.
When the system stability is satisfactory, a final adjustment of R3 can be made to achieve the desired speed
regulation under conditions of varying loads. These final
values can be used in production. Note that R2 defines the
regulated speed value and may be production trimmed in
precision applications.

A Complete, Six-Part Plan
The circuit shown in Figure 176 is a complete H-bridge
motor driver, with six distinct modes of operation:

o

Motor Forward Rotation-In this mode, 01 and 04 are
on, and 02 and 03 are off.

o

Motor Reverse Rotation-In this mode, 02 and 03 are
on, and 01 and 04 are off.

o

Motor Stop-Here, arapid stop is performed by using
"plugging braking," wherein the motor acts as a generator to dissipate mechanical energy as heat in the
braking circuit's resistance.

o

Motor Idle-All four MOSFETs are turned off. The
motor is, in effect, disconnected from the H-bridge
driver.

o

La_ad Protect-If the motor is overloaded or stalled for
an excessive period, the on-chip fault detection and
protection circuitry of the LT1161 will shut the motor
off for programmed interval, then turn it back on.
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o

Short-Circuit Protect-If asource-to-ground short is
detected oneither 01 or 02, the on-chip fault detection
and protection circuitry of the LT1161 will shut off the
MOSFET at risk for the programmed interval and then
attempt turn the drcuit back on.
'

to

Figure 176 shows a straightforward H-bridge using four
N-channelMOSFETs (01 to,04). The lower MOSFETs (03
and 04) are logic-level devices to allow direct drive from
5V logic. The upper MOSFETs (01 and 02) are driven via
level translation circuitry integral to the LT1161. Input 1of
the LT1161 controls a charge pump in the IC, whose
output is developed on Gate 1. Similarly, Input 2 controls
a charge pump whose output is available on Gate 2. The
Gate outputs have voltage swings from OV to (Vee +12V),
which is more than sufficient to enhance a standard
threshold N-channel MOSFET, such as the IRFZ34. 03 is
added to 01 as agate-source protection diode to prevent
excessive voltage from appearing across the gate-source

terminals of 01. This could otherwise happen under
certain conditions of "motor-idle" operation. 04 serves
the same function for 02.
The Logic Behiild It All
The logic of the circuit is straightforward and could be
replaced by amicrocontroller in many applications. CMOS
inverters U1 and U2 drive the lower MOSFETs directly
from a 5V supply, with the RCO networks 'on their inputs
providing the necessary timing to prevent shoot-through
currents in the MOSFET switches. Inverter U3 and NOR
gate U5 work together to turn Gate 1 and hence 01 on
when point Ais at alogical high. This also ensures that C3
is charged to alogical high to take U2's output low and turn
03 off. Under these conditions, with point Blow (or left
floating), U1 will turn 04 on and U6 will nold Gate 2 and
hence 02 off. If point Ais now immediately taken low (or
leftfloating), and pOintB is taken high, thesymmetryofthe

H~---'--'f-t----'-t-----1-----"'-'-- 24V

R1
0,010

U3
74HC14

R2
0,010

+

470"F

T !

RETURN

35V
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)o-_ _~3 INPUT1

GATE1 ~1.::..8f----~~
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GATE2~1.::..6f - -....
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1N4148

"POINTA"_H-+.......,---IM--_ _-=----_----111'>o---l
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Figure 176. LT1161-Based H-Brldge Motor Driver SchematiC Diagram
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logic will reverse these conditions-but only after C3 has
discharged to the point where the output of U2 can go high
to turn 03 on. This is the shoot-through prevention
mentioned previously.
There are two exceptions to the symmetry of the logic: if
both point Aand point Bare low, both upper MOSFETs are
turned offwhile both lower MOSFETs are turned on. Under
these conditions, the kinetic energy stored in the motor
and its load is used to drive the motor as agenerator. This
produces acurrentthrough the motor winding, 03 and 04.
In this "plugging braking" mode, the motor's energy is
largely dissipated as 12R losses and a rapid stop occurs. If
point Aand point Bare both high, all four MOSFETs will be
turned off and the motor is essentially disconnected from
the electrical circuit. Although primarily included as a
cross-conduction interlock in the event that both inputs
should ever be high atthe same time (things do happen on
the test bench), this can also be useful in situations where
it is desirable that the motor coast down from a higher
velocity to a lower one.
Just a Few Grams ... But Lots of Protection
In addition to its level translation and charge pump features, the LT1161 also provides comprehensive protection features via its Sense 1and Sense 2 pins. Each Sense
pin is the (-) input to an on-chip comparator, with the (+)
input to that driver's comparator fixed at a level 6SmV
(nominal, SOmV minimum) below the LT1161 's V+ input.
If a Sense pin goes more than 6SmV below V+, several
things happen: the corresponding Gate output is rapidly
pulled to ground, the capacitor on the Timer pin is dumped
to ground and the charge pump is shut off. The charge
pump will remain shut off, and the Gate pin will remain
clamped to ground until the Timer capacitor has charged
back up to 3Vfrom an on-chip 14~ current source. When
the capacitor reaches this 3V threshold, the internal charge
pump starts up again and the clamp from the Gate pin to

ground is removed. The net effect of this is that, if one of
the Sense pins is pulled 6SmV below V+, the MOSFET
turns offfor aperiod that is set by the value of the capacitor
connected to the Timer pin. Atthe end ofthis programmed
interval the circuit will automatically restart.lfthefault has
been cleared, the protection circuitry then becomes transparentto the system. This shutdown/retry cycle will repeat
until the fault is cleared.
The fault scenarios for which protection is required are, as
mentioned above, an overloaded or stalled motor or a
source-to-ground short on 01 or 02. In each case such a
fault will cause excessive current to flow through the
affected upper MOSFET; this current is readily transformed into avoltage by acurrent shunt resistor. Allowing
for a SA motor current under load, this yields a resistor
value of[SA/SOmV (min)] = 0.010 for R1 and R2. To allow
for inrush current when the motor starts up or changes
direction, delay networks (R3/CS and R4/C6) have been
added to each half of the H-bridge. At a 20A startup
current, the values shown give a 3ms delay. The value of
the capacitor can be changed to affect longer or shorter
delays as needed (the resistor value should not be raised
above 10k). A short-to-ground fault, however, requires a
shutdown in microseconds, not milliseconds. This is
accomplished by adding two BAT8S signal level Schottky
diodes (D1 and D2) in parallel with the 10k delay resistors.
At a fault current of approximately 4SA, which is easily
attained in the short-circuit case, VSHUNT = O.4SV. At this
voltage the appropriate diode conducts to temporarily
bypass the delay resistor, allowing the LT1161 to turn off
the imperiled MOSFETwithin 20!lS (typical). In each case,
the retry interval is programmed by C1 and C2; the 10~
shown gives a time-out of about 1.8 seconds.
The LT1161 is aquad driver IC, capable of providing drive
and protection for two additional MOSFETs beyond those
shown in Figure 176.
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SIMPLE THERMAL ANALYSIS - A REAL COOL
S(JBJECTFOR LTC REGULATORS
byAlan Rich

. VOlfT

As the temperatures go up... so go the problems with
voltage regalators.
PDlSS = (VIN - VOlfT)'ILOAO (WAITS)

Introduction
LinearTechnology Corporation applications engineers get
lots of calls saying, "that $X%#@& voltage regulator is so
hot I can't touch it!" The purpose of the article is to shbw
you, the design engineer, how to perform simple thermal
calculations to determine regulator temperature and selectthe proper package style and/or heat sink. In addition,
it will show an alternate method of specifying thermal
parameters on LTC voltage regulators.

Definition of Terms
Power dissipation is the parameter that causes ~ regulator
to heat up; the unitfor power is watts. Power is the product
of the voltage across a linear regulator times the load
current (see Figure 177).
Thermal resistance is a measure of the flow of heat from
one surface to another surface; the unit of thermal resistance is °C/watt. Common terms for thermal resistance
that show up.on most LTC data sheets are:
6JC-thermal resistance from the junction of the die to
, the case of the package
6JA-thermal resistance from the junction of the die to
the ambient temperature
Some typical LTC regulators and their thermal characteristics are shown in Table 1.
Table 1. 9JC and 9JA for Three LTC Regulators
DEVICE
9JC (OCJW)

LT1005CT
LT1083MK
LT1129CT

5.0
1.6

5.0

9JA (OC/W)

50

There are several other common thermal resistance terms:
6cs - thermal resistance from the case of the package
to the heat sink
6SA - thermal resistance from a heat sink surface to
the ambient temperature
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Figure 177. Typical Linear Regulator Circuit

The last two terms are determined by how a regulator is
mounted to the heat sink and by the properties of the heat
sink. Heat sinks are used to decrease the thermal resistance
and therefore lower the temperature rise of the regulator.
Temperature .is aterm with which we are all very familiar.
All thermal calculations will use the Centigrade scale or °C.
TJ - temperature of the junction of the regulator die
Tc -'- temperature of the case of the regulator
TA- ambient temperature
The maximum operating junction temperature, TJ MAX.fm
LTC regulators is shown on the device data sheet.

What is Thermal Analysis?
"

The goal of any thermal analysis is to determine the
regulator junction temperature, TJ, to ensure that this
temperature is less than either the regulator rating or a
design specification. In t~e simplest case, temperature
rise is calculated by multiplying. the power times the total
of all thermal resistance:
TR = P(6TOTAlJ
6TOTALinciudes the thermal resistance junction-to-caSe
(8Jc) , thermal resistance case-to-heat sink (8cs), and
thermal resistance heat sink-to-ambient (8SA)'
TR represents the temperature rise above the ambient
temperature; therefore, to determine the actual junction
temperature of the regulator, the ambient temperature
must be added to TR:
Regulator junction temperature =
Ambient Temperature +TR
For example, consider a circuit using an LT1129CT operating in a50°C enclosure with an input voltage of 8VDC, an
output voltage of 5VDC and a load current of 1A1.
1111e LT1129CT Is guaranteed for 700mA, but could be selected to output fA.
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The power dissipated by the LT1129CT is:
P = (VIN - VouT)(llOAD) = (SV - 5V)(1a) = 3W
The first question is, does this circuit need a heat sink?
Since we have assumed no heat sink on the LT1129CT for
the purpose of this calculation, we must use thermal
resistance from junction to ambient, 8JA = 50°C/W.
TJ = P(8JA) + TA =3W(50°C/W) + 50°C
= 150°C + 50°C = 200°C
The junction temperature, TJ, that we just calculated is
greater than the LT1129CT's maximum junction temperature specification of 125°C; therefore this circuit must use
a heat sink.
Now the task at hand is to calculate the correct heat sink
to use. The selected heat sink must hold the junction
temperature at less than 125°C for the LT1129CT.
TJ = P(8rOTALl + TA
125°C = 3W(8TOTALl + 50°C
8TOTAl = 25°C/Wand
8TOTAl = 8JC + 8cs + 8SA
For this configuration:
8JC = 5°C/W (LT1129CT data sheet)
8cs = O.2°C/W (typical for heat sink mounting)
8SA = heat sink specification
Plugging in these numbers:
25°C/W =5°C/W + O.2°C/W + 8SA
8SA = 19.5oC/W
Therefore, the heat sink selected must have a thermal
resistance of less than 19.5oC/W to hold the LT1129CT
junction temperature at less than 125°C. Obviously, the
lower the heat sink thermal resistance, the lower the
LT1129CT junction temperature. A lower junction temperature will increase reliability.
Now, let's consider acircuit using an LT1129CT operating
in a50°C enclosure with an input voltage of only 6VDC, an
output voltage of 5VDC, and a load current of 1A.
The power dissipated by the LT1129CT is:

Does this circuit need aheat sink? Again, for the purposes
of the calculation, we must use thermal resistance from
junction to ambient, 8JA= 50°C/W for the LT1129CT.
TJ =P(8JA) + TA = 1W(50°C/W) + 50°C
= 50°C + 50°C = 100°C

The junction temperature TJ that we just calculated is now
less than the LT1129CT's maximum junction temperature
specification of 125°C. Therefore this circuit does not
need a heat sink. This illustrates the advantage of a low
dropout regulator like the LT1129CT.
An Alternative Method for
Specifying Thermal Parameters
Linear Technology Corp. has introduced an alternative
method to specify and calculate thermal parameters of
voltage regulators. Previous regulators, with a single
thermal resistance junction-to-case (8Jc), used an average of temperature rise of the control and power sections.
This could easily allow excessive junction temperature
under certain conditions of ambient temperature and heat
sink thermal resistance.
Several LTC voltage regulators include thermal resistance
and maximum junction temperature specifications for
both the control and power sections, as shown in Table 2.
Table 2. Two Examples Showing Thermal Resistance of Control and
Power Sections of l TC Regulators
CONTROL
DEVICE

lT1083MK
lT1085CT

POWER

8JC

TJMAX

8JC

TJMAX

O.6'CIW
O.7"CIW

150'C
125'C

1.6'CIW
3.0'C/W

200'C
150'C

As an example, let's calculate the junction temperature for
the same application shown before, using an LT1 085CT
instead of the LT1129CT. Once again, we are operating in
a 50°C enclosure; the input voltage is 8VDC, the output
voltage is 5VDC and the load current is 1A.
The power dissipated by the LT1 085CT is the same as
before, 3W. We will assume we have selected a heat sink
with a thermal resistance, 8SA of 10°C/W. First calculate
the control section of the LT1085CT:

P = (VIN - VOUT)(IlOAD) = (6V - 5V)1A = 1W
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9JC = O.7°C/W (LT1 085CTdata sheet)
9CA = O.2°C/W (typical)
9SA = 1O°CIW .
9TOTAl =9JC + 9CA + 9SA =O.7°CIW + O.2°C/W +
1Q°C/W = 10.9°C/W
To determine the control section junction temperature:
TJ =P(9rOTAd + TA =3W(1 O.9°C/W) + 50°C
=82.7°C (TJ MAX =125°C)
To calculate the power section of the LT1085CT:
9JC = 3°C/W (LT1085CT data sheet)
9TOTAl =9JC + 9CA + 9SA = 3°C/W + O.2°C/W +
1Q°C/W =13.2°C/W
To determine the power section junction temperature:
TJ =P(9rOTAd + TA =3W(13.2°C/W) + 50°C
=89.SoC (TJ MAX =150°C)
In both cases, the junction temperature is below the
maximum rating for the respective section; this ensures
reliable operation.
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Conclusion
This article is an introduction to thermal analysis for
voltage regulators; however, the techniques also apply to
other. devices, including operational· amplifiers, voltage
references, resistors, and the like. For the more advanced
student of thermal analysis, it can be shown thatthere is
a direct analogy between electronic circuit analysis and
thermal analysis, as shown in Table 3..
Table 3. analogy Between Thermal Analysis
and Electronic Circuit Analysis
THERMAL WORLD
ELECTRICAL WORLD
Power
Temperature Differences
Thermal Resistance

Current
Voltage
Resistance

All standard electronic network analysis techniques
(Kirchhoff's laws, Ohm's law) and computer circuit analysis programs (SPICE) can be applied to complex thermal
systems.
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INTRODUCTION
Application Note 67 is acollection of circuits from the first
five years of Linear Technology, targeting data conversion,
interface and signal processing applications. This
Application Note includes circuits such as fast video
multiplexers for high speed video, an ultraselective
bandpass filter circuit with adjustable gain and a fully

differential, 8-channel, 12-bitA/D system. The categories
included herein are data conversion, interface, filters,
instrumentation, vide%p amps and miscellaneous
circuits. Application Note 66, which covers power products
and circuits from Linear Technology's first five years, is
also available from LTC.
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Data Conversion
FULLY DIFFERENTIAL, a-CHANNEL, 12-81T AID
SYSTEM USING THE LTC1390 AND LTC1410
by Kevin R. Hoskins

combined with the LTC1390 8-channel serial interfaced
analog multiplexer to create adifferential ADC system with
conversion throughput rates up to 625ksps. This rate
applies to situations where the selected channel changes
• with each conversion. The conversion rate increases to
1.25Msps if the same channel is used for consecutive
conversions.

The LTC141 O's fast 1.25Msps conversion rate and differential ±2.5V input range make it ideal for applications that
require multichannel acquisition of fast, wide bandwidth
signals. These applications include multitransducervibration analysis, race vehicle telemetry data acquisition and
multichannel telecommunications. The LTC1410 can be

Figure 1 shows the complete differential, 8-channel AID
circuit. Two LTC1390s, U1 and U2, are used as noninvert-
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ing and inverting input multiplexers. The outputs of the
noninverting and inverting multiplexers are applied to the
LTC1410's +AINand -AIN inputs, respectively. The
LTC1390 shanithe Chip Select MUX, Serial Data and Serial
Clock control signals. This arrangement simultaneously
selects the same channel on each multiplexer:.SO for both
+CHO and -CHO, S1 for both +CH1 and -CH1, and so on..
As shown in the timing diagram (Figure 2), MUX channel
selection and AID conversion are pipelined to maximize
the converter's throughput. The conversion process begins with selecting the desired multiplexer channel pair.
With a logic high applied to the LTC1390's CS input, the
channel pair data is clocked into each Data 1 input on the
rising edge of the 5MHz clock signal. Chip Select MUX is
then pulled low, latching the channel pair selection data.
The signals on the selected MUX inputs are then applied to
the LTC1410's differential inputs. Chip Select MUX is
pulled low 700ns before the LTC141 O's conversion start
input, CO NVST, is pulled low. This corresponds to the
maximum time needed by the LTC1390's MUX switches to
fully turn on, This ensures that the input signals are fully
settled before the LTC1419's S/H captures its sample.
SERIAL CLOCK LTC1390
5MHZ.200ns--i

The LTC1410's S/H acquires the input signal and begins
conversion on CONVST's falling edge. During the conversion, the LTC1390's CS input is pulled high and the data for
the next channel pair is clocked into Data 1. This pipelined
operation continues until a conversion sequence is completed. When a new channel pair is selected for each
conversion, the sampling rate of each channel is 78ksps,
allowing an input signal bandwidth of 39kHz for each
channel of the LTC1390/LTC141'0 system:
To maximize the throughput rate, the LTC141 O's CS input
is pulled low at the beginning of a series of conversions.
The LTC1410's data output drivers are controlled by the
signal applied to RD. The conversion's results are available 20ns before the rising edge of Busy. The rising edge
of the Busy output signal can be used to notify aprocessor
that a conversion has ended and data is ready to read.
This circuit takes advantage of the LTC1410's very high
1.25Msps conversion rate and differential inputs and the
LTC1390's ease of programming to create an AID system
that maintains wide input signal bandwidth while sampling multiple input signals.
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Figure 2. The Figure 1 Circuil Timing Diagram
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12-81T OAC APPLICATIONS
by Kevin R. Hoskins
System Autoranging
System autoranging, adjusting an ADC's full-scale range,
is an application area for which the LTC1257 is appropriate. Autoranging is especially useful when using an ADC
with multiplexed inputs. Without autoranging only two
reference values are used: one to set the full-scale magnitude and another to set the zero scale magnitude. Since it
is common to have input signals with different zero scale
and full-scale magnitude requirements, fixed reference
voltages present aproblem. Although the ranges selected
for some of the inputs may take advantage of the full range
of ADC output codes, inputs that do not span the same
range will not generate all codes, reducing the ADC's
effective resolution. One possible solution is to match the
reference voltage span to each multiplexer input.
The circuit shown in Figure 3 uses two LTC1257s to set
the full-scale and zero operating points of the LTC1296

BANALOGJ
INPUT cHANNElSl

5V ........-'WI,......."VV'v-O<

1J1F

During the conversion process, U2 and U3 receive the full
and zero scale codes, respectively, that correspond to a
selected multiplexer channel. For example, let channel2's
span begin at 2V and end at 4.5V. When a host processor
wants a conversion of channel 2's input signal, it first
sends code that sets the output of U2 to 2Vand U3 to 4.5V,
fixing the span to 2.5V. The processor then sends data to
the LTC1296 selecting channel 2. The processor next
clocks the LTC1296 and reads the data generated during
the conversion of the 3.5Vp_p signal applied to channel 2.
As other multiplexer channels are selected the DAC outputs are changed to match their spans.
Computer-Controlled 4 - 20mA Current Loop
Acommon and useful circuit is the 4- 20mA current loop.
It is used to transmit information over long distances
using varying current levels. The advantage of using
current over voltage is the absence of IR losses and the
transmission errors and signal losses they can create.

U1
Dour ~---I
lTC1296 ClK ' - _ - - I
DIN~~--I

The circuit in Figure 4 is acomputer-controlled 4- 20mA
current loop. It is designed to operate on a single supply
over a range of 3.3V to 30V. The circuit's zero output
reference signal, 4mA, is set by R1 and calibrated using
R2, and its full-scale output current is set by R3 and
calibrated using R4. The zero and full-scale output currents are set as follows: with a zero input code applied to
the LTC1453, the output current, lOUT, is set to 4mA by
adjusting R2; next, with a full-scale code applied to the
DAC the full-scale output current is set to 20mA by
adjusting R4.

t - - -....

1000

TO.

12-bit, 8-channel ADC. The ADC shares its serial interface with the DACs. To further simplify bus connections,
the DACs' data is daisy-chained. Two chip selects are
used, one to select the LTC1296 when programming its
multiplexer and the otherto select the DACs when setting
their output voltages.

Wl,7FD3

Figure 3. Using Two LTC125712-Bit Voltage Output DACs to Set
the Input Span of the 12-Bit 8-Channel LTC1296

The circuit is self-regulating, forcing the output current to
remain stable for a fixed DAC output voltage. This selfregulation works as follows: starting atl =0, the LTC1453's
fixed output (in this example, 2.5V) is applied to the left
side of R3; instantaneously, the voltage applied to the
LT1077's input is 1.25V; this turns on Q1 and the voltage
across Rs starts increasing beginning from 1.25V; as the
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Figure 4. The LTC1453 Forms ihe Hearl 01 This Isolated 4 - 20mA Current Loop

voltage across Rs increases it lifts the LTC1453's GND pin
aboveOV; the voltage across Rscontinuesto increase until
it equals the DAC's output voltage.
Once the circuit reaches this stable condition, the constant
DAC output voltage sets a constant current through R3 +
R4 and R5. This constant current fixes aconstant voltage
across R5 that is also applied to the LT1 077's noninverting
input. Feedback from the top of Rs is applied to the
inverting input As the op amp forces its inputs to the same
voltage, it will fix the voltage at the top of Rs. this in turn
fixes the output current to a constant value.
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Optoisolated Serial Interface
The serial interface ofthe LTC1451 family and the LTC1257
make optoisolated interfaces very easy and cost effective.
Only three optoisolators are needed for serial data communications. Since the inputs of the LTC1451, LTC1452
and LTC1453 have generous hysteresis, the switching
speed of the optoisolators is not critical. Further, because
each of these DACs can be daisy-chained to others, only
three optoisolators are required.
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LTC1329 MICROPOWER, 8-BIT, CURRENT OUTPUT
DAC USED FOR POWER SUPPLY ADJUSTMENT,
TRIMMER POT REPLACEMENT
byKS. Yap

By simply clocking the LTC1329, the DAC current output
is decreased or increased (decreased if DIN = 0, increased
if DIN =1), causing VOUT to change accordingly.
Trimmer Pot Replacement

Power Supply Voltage Adjustment

Figure 6 is a schematic of a digitally controlled offset
voltage adjustment circuit using a 1-wire interface. By
clocking the LTC1329, the DAC current output is increased, causing VR2 to increase accordingly. When the
DAC current output reaches full scale it will roll over to
zero, causing VR2 to change from the maximum offsettrim
voltage to the minimum offset trim voltage.

Figure 5 is a schematic of a digitally controlled power
supply voltage adjustment circuit using a2-wire interface.
The LT11 07 is configured as a step-up DC/DC converter,
with the output voltage (VOUT) determined by the values of
the feedback resistors. The LTC1329's DAC current output
is connected to the feedback node of these resistors, and
an 8051 microprocessor is used to interface to the LTC1329.
L1"
100JlH
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1N5817

VOUT
4VTO 6V
20mA

2VTO 3V
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100JlF
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Figure 5. LTC1329 Digitally Controls the Output Voltage of a Power Supply
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Figure 6. LTC1329 Used to Null Op Amp's Offset Voltage
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12-81T COLD JUNCTION COMPENSATED,
TEMPERATURE CONTROL SYSTEM WITH SHUTDOWN
by RobertReay

the chopping noise before the signal is sent to the AID
converter. The LTC1297 AID converter uses the reference of the LTC1257 after it has been filtered to set full
scale. After the AID measurement is taken CS is pulled
high and everything except the LTC1257 is powered
down, reducing the system supply current to about
350!lA. Aword can then be written to the LTC1257 and its
output can be used as atemperature control signal for the
system being monitored.

The circuit in Figure 7 is a 12-bit, single 5V supply
temperature control system with shutdown. An external
temperature is monitored by aHype thermocouple. The
LT1025A provides the cold junction compensation for
the thermocouple and the LTC1 050 chopper op amp
provides signal gain. The 47k.Q, 1~ RC network filters
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10k

I'P

2N3906
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Dour
ClK

":"
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+
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Figure 7. 12-8it Single 5V Control System with Shutdown
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A12-BI1 MICROPOWER
BATTERY CURRENT MONITOR
bySammyLum

The BaHery Current Monitor

The battery voltage of 6V to 12V is regulated down to 5V
by the LT1121 micropower regulator. A sense resistor of
0.05(1 is placed in series with the battery to convert the
battery current to a voltage. Full scale is designed for 2A,
giving a resolution of O.SmA with the 12-bit ADC. The
LTC1047 amplifies the voltage across the sense resistor

Introduction

The LTC1297 forms the core of the micropower battery
current monitor shown in Figure 8. This 12-bit data
acquisition system features an automatic power shutdown that is activated after each conversion. In shutdown
the supply current is reduced to 6/lA, typically. As shown
in Figure 9, the average power supply current of the
LTC1297 varies from milliamperes to afew microamperes
as the sampling frequency is reduced. This circuit draws
only 190/lA from a 6V to 12V battery when the sampling
frequency is less than 10 samples per second. Wake-up
time is limited by that required by the LTC1297 (5.5IlS).
For long periods of inactivity, the circuit's supply current
can be further reduced to 20/lA by using the shutdown
feature on the LT1121. More wake-up time is required
when using this mode of shutdown. It is usually determined by the amount of capacitance in the circuit and the
available charging current from the regulator.
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by 25 V/V. This goes through an RC lowpass filter before
being fed into the input of the L TC1297. The RC filter
serves two functions. First it helps band limit the input
noise to the ADC. Second the capacitor helps the LTC1 047
recover from transients due to the switching input capacitor of the LTC1297. The LT1004 provides the full-scale
reference for the ADC. A low-battery detection circuit has

been created by using the other half of the LTC1 047 as a
comparator. Its trip point has been set to 5V plus the
dropout voltage of the LT1121. Because data is transmitted serially to and from the microprocessor or microcontroller, this current monitor circuit can be located close to
the battery.

Interface
V.3S TRANSCEIVERS ALLOW 3-CHIP
V.3S PORT SOLUTION
by Y.K. Sim
Two new LTC interface devices, the LTC1345 and the
LTC1346, provide the differential drivers and receivers
needed to implement a V.35 interface. When used in
conjunction with an RS232 transceiver like the LT1134A,
they allow a complete V.35 interface to be implemented
with just two transceiver chips and one resistor termination chip. The LTC1345 and LTC1346 provide the three
differential drivers and receivers necessary to implement
the high speed path and the LT1134A provides the four
RS232 drivers and receivers required forthe handshaking
interface. Both the LTC1345 and the LT1134A provide
onboard charge pump power supplies allowing a complete V.35 interface to be powered from aSingle 5V supply.
For systems where ±5V supplies are present the LTC1346
is offered without charge pumps, representing a 30%
power savings.
The differential transceivers are capable of operating at
data rates above 10MBd in nonreturn-to-zero (NRZ)
format.
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The RS232 handshaking lines can be implemented with
standard RS232 transceivers. The LT1134A provides four
RS232 drivers and four receivers, enough to implement
the extended 8-line handshaking protocol specified in
V.35. The LT1134Aalso includes an onboard charge pump
to generate the higher yoltages required by RS232 from a
single 5V supply, making it an ideal companion to the
LTC1345. These two chips, together with the BI Technologies termination resistor network chip provide acomplete
surface mountable 5V-only V.35 data port. Systems that
have multiple power supply voltages available and use
only the simpler 5-signal V.35 handshaking protocol can
use the LTC1346 with the LT1135A or LT1 039 RS232
transceivers; this combination provides a complete port
while saving board space and complexity. Figure 10shows
atypical LTC1345/LT1134A V.35 implementation with five
differential signals and five basic handshaking signals
with an option for three additional handshaking signals.

Application Note 67
l~F

Vee1
5V

d~

3

l~F

2

H~ 2\7

~

LTC1345

-::5="

....

..... +1+
......""""""'1

-'-l~F

r---B~I ~
---,

500 1250
T

I = t -50-0-'llVlr:-,-: r - -BI- ,

r--=-l~F 627T5001

:IT

26 -:

1

627T5001

1250
(SOIC)

P

TXD (103)

p

1250
(SOl C)

Vee

5V

ViE2 1

o~

LTC1346

O.l~F+r
12 m16

-.::.6+---1~'-t;;;;::,--_..;;~+-ctJ_T_-H"'~.y ~t,A::;"'~;...T:,-~ctJ:'"T T+~~;...:~:::~:::=
..-_-_

....;7+--I~
...:1..;.1+_-CIRX

...:1",-2+__ClRX

...:1",-3t-_ClRX

23

4

ctJ

W

20

14

AA

18

12

X

~19:..-......::.13+----4ctJT_J+:-Y

rAYJ~W:..t+-ctJ
........
T ~..:..9_ _1:.;:..3~
TXC (114)

.....AA~I--...._+l~_...:2:..:.4-h

..,rAYJ y
RXC ~5)
x

r-t-"l

cw

~15:..-.--=-9+----4ctJT_~R..,rAYJ
B
I

23
22

T

L...T-J:

20

~.-

R

ctJ

6

19

~rL

7

3

7

18

-t

I

A

2

~rL

a

.

"(Y'V"+::-+Vf----.r-t-"l--+=---"':;;;'+'21~ ~

'-t~~:--~:..:.:+-L...T-J_--H";'~.y'-tx~~:!\.
5

RX>--+ll.:...

GND(102)

B

18

CABLE SHIELD

A

rh

I

d2~3 rl:~23
1

~

M

LTl134A

1

~O.l~F

~

M

LTl134A

~O.l~F

21 ~

5

H

DTR(108)

H

6

20

~

7

C

RTS(105)

C

8

18

6

E

DSR (107)

E

5

21

~~~>--+~-------1~--~'--~+------~;---;RX~>--r~

19

~~~>--r'--------+~--~~--~r-------.::._t_-4RX.~>-_+~

20

~t-~~RXr-~~-----------1~----~~---1~--------~--~~~DXr--+~

-1",8t--<>C!RXt--t-=-8_ _ _ _ _ _+"-D+-_ _
CT_S!(~1-06-)_t'D+------..;.7_t_-o<DXt--t-"19;...

...:l~6+_~CIRX~-~101-------~F+_-D-C-D~(1-W-)-~F+------~9_t__o~DXr-_~1~7_
~f-~1~4+--~-~-C!-~;~------+-~1~;...-----------------------.N~N+_------m-(~~-2...:)--~N:..:.Nr------------------------l:..:.1_t_-_-~-~-~,;---

----I
15

1
1
1
1

16

:

14

:

""I

~: _1:.:.7+---IDX~>-_+::..9_ _ _ _ _ _..,.N+_-R-D-L!(~1-40-)_t'N+_ _ _ _ _1--1"'0_t_-4RX
~I

52:

@5:

..,

1
1

_1;.;;.5t----1DX:.><>--+..;.11.:...------+L;---LL-B.(,1-41-)-..L-+------l.;.:2;---;RX

1

1__ -

-!!3

ISO 2593

---..I

'-

ISO 2593
3HIN DTElDCE
3HIN DTElDCE
INTERFACE CONNECTOR INTERFACE CONNECTOR

Figure 10. Typical V.35lmplementalion Using LTC1345 and LTC1346

AN67-11

Application Note 67
SWITCHING, ACTIVE GTL TERMINATOR
by Dale Eagar

Introduction
New high speed microprocessors, especially those used
in multiprocessor workstations and video graphics terminals, require high speed backplanes that support peak
data rates of up to 1Gbps. The backplane is a passive
component, whereas all drivers and receivers are implemented in low voltage swing CMOS (also referred to as
GTL logic). These applications require bidirectional terminators, terminators that will either source or sink current
(in this case, at 1.55V). The current requirements of the
terminator depended on the number of terminations on
the backplane. Present applications may require up to
10A. This specification may, of course, be reduced if
required.
Circllit Operation
The complete schematic of the terminator is shown in
Figure 11. The circuit is based on the LT1158 half-bridge,
N-channel, power MOSFET driver. The LT1158 is configured to provide bidirectional synchronous switching to
MOSFETs Q1 through Q6. VR1, an LT1 004-1.2, R1 and C1
generate a1.25V reference voltage that programs the
terminator's output voltage. U1A, an LT1215,is a moderate speed (23M Hz GBW) precision operational amplifier
that subtracts the error voltage at its inverting input from
the 1.25V reference. U1 Ais also used to amplify this error
signal. Components R3 and C2 tailor the phase and gain of
this section and are selected when evaluatingthe system's
load step response.
U1 B and part of U2 provide the gain and the phase
inversion necessary to form an oscillator. C3 and C4
provide positive feedback at high frequencies, which is
necessary for the system to oscillate in a controlled
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manner while keeping the voltage excursions within the
common mode range of U1 B. R8, U2 and C6 provide
phase inversion and negative feedback at the middle
frequencies, causing U1 Bto oscillate at afrequency much
higher than the feedback loop's response. The OC path for
the oscillator is closed through the power MOSFETs Q1 to
Q6, the output choke L1, the output capacitor C11 and
through the feedback path with the error amplifier. R4 and
R7 setthe centerofthe common mode voltage of U1 Band
are selected toJimitthe maximum duty factor the oscillator
can achieve.
R9, R10, R12 and C9 provide output current sense to U2,
allowingitto shut down the oscillator via the Fault pin (Pin
5) to prevent catastrophic or even cataclysmic events from
occurring. 02, C8 and the circuitry behind the Boost pin
(Pin 16) of U2 work together to provide more than sufficient gate drive for the N-channel FETs Q1-3. 03, R11 and
C7 allow the oscillator to start up regardless of the state of
the oscillator on powerup.
Performance
The circuit provides excellent transient response, efficiencies inthe source mode of better than 80% and efficiencies
in the sink mode of better than 90%. Figure 12 shows the
step response of the terminator.
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Figure 12. Step Response 01 LTl158-BasedTerminator
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RS232 TRANSCEIVERS FOR DTE/DCE SWITCHING
by Gary Maulding
Switched DTE/DCE Port

There are situations where a data port is required to act
alternately as either aDTE or aDCE. Examples include test
equipment and data multiplexers. Figure 13 shows a
circuit that can switch from a 9-pin DTE to a 9-pin DCE
configuration while maintaining full compliance with the
RS232 standards.
The circuit uses an LT1137A DTE transceiver and an
LT1138A DCE transceiver. A DTE/DCE select logic signal
alternately activates or shuts down one of the two transceivers. In addition to drawing no power, the OFF
transceiver's drivers achieve a high impedance state
removing themselves from the data line. The receive;
inputs will continue to load the line, but this presents no
operational problem and does not violate the RS232
standard. The drivers on the activated transceiver can
easily drive the extra load ofthe companion transceiver's
inputs along with the termination at the opposite end of
the cable. The scope photograph (Figure 14) shows the
signal outputs of the DTE/DCE switched circuit driving
3k 111000pF at 120kBd.
To the transceiver at the opposite end of the data line the
data port always appears to be a normal fixed port. All
signals into the port are properly terminated in 5k.
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The schematic in Figure 13 shows the essential features
needed to implement DTE/DCE switching but other features can be easily included. Shutdown of both transceivers could be implemented by adding an additional logic
control signal. Multiplexing ofthe logic level signals is also
possible since receiiter outputs remain in a high impedance state when the transceivers are shut down. Two
capacitors can be saved by sharing the V+ and V- filter
capacitors between the two transceivers, but the charge
pump capacitors must not be shared.
The circuits used in the demonStration circuit are bipolar,
but Linear Technology's CMOS transceivers, such as the
LTC1327 and 1328 could be substituted where the absolute minimum power dissipation is required.

TXIN

RX IN

RXOUT

Figure 14. Oscillograph Showing Signal Outputs olthe DTE/DCE
Circuil of Figure 13 Driving 3k 1I1000pF al120kBd
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Figure 13. Switchable, 9-Pin DTE/DCE Data Port Circuitry
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ACTIVE NEGATION BUS TERMINATORS
by Dale Eagar
High speed data buses require transmission line techniques, including termination, to preserve signal Integrity.
Lost data on a bus can be attributed to reflections of the
signals from the discontinuities ofthe bus. The solution to
this problem is proper termination of the bus.

The circuit will source or sink current. Current is sourced
from the 5V supply through 01, an NPN Darlington, to the
output. The sink current flows through CR1 into the
collector (Pin 1) ofthe LT1431 ,andtoground. The L11431
regulates ascaled version ofthe output voltage againstthe

Early designs of bus terminators were passive (see Figure
15). Passive termination works great but wastes lots of
precious power, especially when the bus is not being used.
The ideal solution is a voltage source capable of both
sourcing and sinking current. Such avoltage source, with
termination resistors, is shown in Figure 16. This is called
active negation. Active negation uses minimal quiescent
current, essentially providing only the power needed to
properly terminate the bus.

Figure 15. Passive Termination Technique

F

Active Negation Bus Terminator
Using Linear Voltage Regulation

~~~
BUS
LINE

E 2.85V

The active negation circuit shown in Figure 17 provides the
power to the output at an efficiency of about 50%; the rest
ofthe power is dissipated in either 01 or U1 depending on
the polarity of the output current.

"::"

AN87FUI

Figure 16. Active Negation Termination Technique
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Figure 17. Linear Active Negation Voltage Source
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internal2.5V bandgap reference, driving the base of Q1 or
drawing current through CR1 to regulate the output voltage. R1 and the internal5k resistorofthe LT1431 scale the
output voltage.
SWitching Power Supply, Active Negation Network
The switching active negation terminator shown in Figure
18 is a synchronous switcher. This solution further reduces dissipation and therefore achieves higher efficiency.
This type of switcher can both source and sink current.
The switching power supply operates as follows. The
74AC04 hex inverters (U1 and U2) form a 1MHz variable

duty factor oscillator. The duty factor is controlled by the
output of the regulator, U3, and is maintained at the ratio
of 2.85VNIN. VIN is the 5V supply that powers U1, U2 and
U3. The output voltage is the average voltage of the square
wave (VIN)(dutyfactor) from the outputs of U1 8-U1 Fand
U2A-U2F. L1 and C2 filter the AC component of the OV to
5V signal yielding a DC output voltage of 2.85V.
CR1 is added to prevent latchup of U1 and U2 during
adverse conditions.
A logiC gate could easily be added to the oscillator to add
a disable function to this terminator, further lowering the
quiescent power when termination is not needed.

C1
20pF

U1B
39k

CR1
1NS818

U2A

+

r

5V

.~7~
t74AC04

C2
100l'F
6.3V

L1
40l'H

U2F

,><>_ _rrl"Y'--t-~......y,1Ir-

BUS
LINES

20k

SV
5V

.~7~
t74AC04

10k

24.9k

S.1k

Figure 18. Switching Active Negation Termination
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RS485 REPEATER EXTENDS SYSTEM CAPABILITY .
by Mitchell Lee

RS485 data comrnunications are specified for distances of
up to 4000 feet: This limit is the consequence oflosses in
the twisted pair Used to carry the data signals. Beyond
4000 feet skin effect and dielectric losses take their toll,
attenuati~g the signal beyond use.
If greater distances must be covered some means of
repeating the data is necessary. One method is to terminate along run of cable with amicroprocessor-based node
capable of relaying data to yet another length of cable.
A more simple solution* is shown in Figure 19. Two
RS485 transceivers are connected back-to-back so as to
relay incoming data from either side to the other. Apair of
cross coupled one-shots furnish ameans of "flow control"
so that one and only one transmitter is turned on at any
given time. Incoming data is sensed by detecting a 1-0
transition at the output of either idling receiver. The first
receiver to spot such a transition triggers its associated

one-shot, which, in turn, activates the opposite transmitter and ensures smooth data flow from one side to the
other. At the same time the one-shot locks out the other
receiver/transmitter/one-shot combination so that only
one data path is open.
The one-shot is retriggered by successive 1-0 transitions
and start bits, holding the data path in this configuration.
The one-shot time constant is set slightly greater than the
interval between any two start bits. When the received data
stops, the line idles high, producing a 1 at the receiver'S
output. The one-shot resets, returning the opposite transceiver to the receive mode-ready for any subsequent
data flow.
In order to allow adequate time for the one-shot to reset,
the software protocol must wait one word length after the
end of any data transmission before responding to a call
or initiating anew conversation. As shown, the repeater is
set up for 1OOkBd data rates and an 8-bitword length (piUS
start and stop bits).
'Honeywell Inc. patent 4, 670, 886 may apply.
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Figure 19. RS485 Repeater Schematic Diagram
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AN LT1087-BASED 1.2V GTL TERMINATOR
by Mitchell Lee
A recent development in high speed digital design has
resulted in a new family of logic chips called Gunning
Transition Logic (GTL). Because of the speeds involved,
careful attention must be paid to the transmission line
characteristics of the interconnections between these
chips; active termination is required.
The termination voltage is 1.20V and currents of several
amperes are common in a complete system. One method
of generating 1.2V is to use a linear regulator operating
from 3.3V or 5V. Unfortunately, this method suffers from
two major drawbacks. First, the minimum adjust voltage,
without the aid of a negative supply, is 1.25V for most
adjustable linear regulators. Second, most low voltage
linear regulators do not feature low dropout characteristics, rendering them unusable on a3.3V input. The LT1 087
solves both of these problems with an output that can be
adjusted to less than the reference voltage and a low
dropout architecture.

LTC1145/LTC1146 ACHIEVE LOW PROFILE ISOLATION
WITH CAPACITIVE LEAD FRAME
by James Herr
The LTC1145 and LTC1146 are anew generation of signal
isolators. Previously, signal isolation was accomplished
by means of optoisolators. Light from an LED was detected across a physical isolation barrier by either aphoto
diode or transistor and converted to an electrical signal.
Isolation levels up to thousands of volts were easily
achieved.
Attempts have been made to provide signal isolation on a
single silicon die. Problems arose due to reliability constraints of damage from ESD or overvoltage. A new
technique, using a capacitive lead frame, overcomes the
problems associated with single package signal isolation.
Further, this technique is suitable for use in thin surface
mount packages-a solution not available with
optoisolators. The data rates are 200kbps for the LTC1145
and 20kbps for the LTC1146. Both parts can sustain over
1000V across their isolation barriers.

Figure 20 shows the complete circuit. The LT1 087 features feedback sense, which, in its original application,
was used for remote Kelvin sensing. In the GTL terminator
circuitthe Sense pins are used to adjustthe internal1.25V
reference downward. The result is a 1.20V, 5A regulator
with 2% output tolerance over all conditions of line, load
and temperature. To minimize power dissipation a 3.3V
input source is recommended.
1.20V
5A
2%

+

VIN = 3.3V
VOUT
SENSE-

VIN

-:;r

1%

SENSE'
1Ol1F

T~

4.420

LT1087CT

+

22l1F

ADJ

1.21k

1%
":"

":"

":'"

AN61F20

Figure 20. 1.2V GTL Termination Voltage Schematic Diagram

Applications

The LTC1145/LTC1146 can be used in a wide range of
applications where voltage transients, differential ground
potentials or high noise may be encountered, such as
isolated serial data interfaces, isolated analog-to-digital
converters for process control, isolated FET drivers and
low power optoisolator replacement. One possible application is an isolated RS232 receiver. The DIN pin of the
LTC1145 is driven by an RS232 signal through a 5.1 k
resistor (Figure 21). The Dour pin ofthe LTC1145 presents
RS2~~--,,5>N.1k\r-t 1

DIN

ISOLATION
BARRIER

5V

Figure 21. Isolaled Low Power RS232 Receiver
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isolated TTL-compatible output signals. The GND2 pin of
the LTC1145 is connected to the same ground potential as
the receiving end of the link. The isolator can accommodate differences of up to 1kV between GND1 and GND2.

sponse to aO°C to 100°C temperature excursion (see LTC
Application Note 45 for the details). The pulses from 13
drive the DIN pin of LTC1146. The GND1 pin is connected
to the same ground potential as 13. The DOUT pin of
LTC1146 presents isolated, TTL-compatible output signals. The circuit consumes only 4601!A maximum, allowing it to operate from a 9V battery.

Another application is an isolated, thermocouple~sensed
temperature-to-frequency converter (see Figure 22). The
output of 13 produces a OkHz t01 kHz pulse train in reCONTROL
AMPLIFIER
6V
V+
LT1025

:;><>........WIr....-!

OUTPUT
><>+--O°CT0100°C
= OkHz TO 1kHz

....-_--+---''''''''-6V
1.5k
100°C
TRIM

LT1004-1.2
LTC1146

R:- +9

16

'" . "4"~3
~
.
Sl

S4

~S2

S3

2

•

3

":' 6

•

7

LTC201

~~~~GE

·IRClTRW·MTR-5/+120PPM

-[>0- = 74C14

t = POLYSTYRENE
FOR GENERAL PURPOSE 4mV FULL SCALE V .... FDELETE
THERMOCOUPLElLT1025 PAIR AND DRIVE POINT "A."
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Figure 22. Isolated Temperature·to·Frequency Converter
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LTC485 LINE TERMINATION
by80bReay
The termination of the data line connecting LTC485 transceivers is very important because an improperly terminated line can cause data errors. The data line is usually a
1200 shielded twisted pair of wires that is terminated at
each end with a 1200 resistor (Figure 23). For some
applications a problem occurs when the output of the
drivers is forced into a high impedance state because the
termination resistors short the inputs to the receivers.
Since the receivers are differential comparators with builtin hysteresis, their output will remain in the last logic state.
For the applications that must force the outputs of the
receivers to a known state, but still maintain low power
consumption, the cable can be terminated as in Figure 24.
Acapacitor (typically 0.1~) has been connected in series

"'~%

Ro

R

with the 1200 termination resistor R2 and two bias
resistors (R1 and R3) have been added. When data is
being transmitted the capacitor looks basically like ashort
circuit and a differential signal is developed across the
termination resistor. When the drivers are forced into a
high impedance state, the bias resistors force the receiver
into a logic 1 state. The receiver inputs can be reversed
when the output must be a logic O.
Because the capacitor is in series with the bias string, no
DC current flows when data is not being transmitted. Care
must be taken to transmit data at a high enough rate to
prevent the bias resistors from charging the capacitor to
the wrong state before the next data bit arrives. Also note
that differences in the V+ supplies or grounds will cause
DC current to flow in the cable, but this can be kept to a
minimum by using high value bias resistors.

@~.
R

Ro

ANB7F23

Figure 23. DC Coupled Termination

5V

5V
R1

R1

25k

25k

Figure 24. AC Coupled Termination
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Filters

How to Design a Filter from the Tables:

SALLEN AND KEY FILTERS USE 5% VALUES
by Dale Eagar

Pick acutoff frequency in Hertz as if it were astandard 5%
resistor value in Ohms. (that is, if you want a cutoff
frequency of 1.7kHzyou must choose between 1.6k and
1.8k)

Lciwpassfilters designed afterSallen and Key usually take
the form shown in Figure 25. In the classic Sallen and Key
circuit, resistors R1, R2 and R3 are set to the same value
to simplify the design equations.
When the three resistors are the same value, the pole
placement, and thus the filter characteristics, are set by
the capacitor values (C1, C2 and C3). This procedure,
although great for the mathematician, can lead to problems. The problern is that, in the real world, the resistors,
not the capacitors, are available in a large selection of
values.
Taking advantage of the wider range of resistor values is
not altogether trivial; the mathematics can be quite cumbersome and time consuming.
This Design Idea includes tables of resistor and capacitor
values for third-order Sallen and Key lowpass filters. The
resistor values are selected from the standard 5% value
pool, and the capacitor values are selected from the
standard 10% value pool. Frequencies are selected from
the standard 5% value pool used for resistors. Frequencies are in Hertz, capacitance in Farads and resistance in
Ohms.
Figure 26 details the PSpice™ simulation of a 1.6kHz
Butterworth filter designed from these tables.

Select the component values from Table 1 or Table 2 as
listed for the frequency (think of the first two color bands
on a resistor).
Select a scale factor for the resistors and capacitors from
Table 3 by the following method:
1. Select a diagonal that represents ;the frequency mUltiplier (think of the third color band on a 5% resistor).

2. Choose a particular diagonal box by either choosing a
capacitor multiplier from the rows of the table that give
you adesired capacitor value or by choosing a resistor
multiplier from the columns of the table that gives you
a desired resistance value.
Multiply the resistors and capacitors by the scale factors
for the rows and columns that intersect at the chosen
frequency multiplier box. (for example, 0.68 • 1J,lf =
0.68J,lf, 0.47 • 1kO = 4700).
PSpice is a trademark of MicroSim Corporation.
20 ,...---,----,---...,--...,

'" -20
:!l.

1----1---\---\--1---1

C2

-60

0.1

1
10
FREQUENCY (kHz)

100
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Figure 26. PSpice Simulation ol1.6kHz Butterworth Filler

""""
Figure 25. Sallen and Key Lowpass Filler
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Table 1. Bessel Lowpass Filter
FREQ

1.0
1.1
1.2
1.3
1.5
1.6
1.8
2.0
2.2
2.4
2.7
3.0
3.3
3.6
3.9
4.3
4.7
5.1
5.6
6.2
6.8
7.5
8.2
9.1

R1

0.39
0.36
0.33
0.36
0.33
0.30
0.30
0.27
0.24
0.22
0.27
0.18
0.15
0.18
0.15
0.13
0.20
0.18
0.20
0.15
0.16
0.15
0.10
0.13

R2
0.43
0.39
0.36

2.40
4.70
0.10
3.30
0.51
2.70
2.70
0.43
0.82
0.056
0.16
1.50
0.22
0.12
0.068
1.10
0.091
0.91
1.80
0.12
0.56

Table 2. Butterworth Lowpass Filter

R3

C1

C2

8.20
7.50
6.80
0.033
0.012
0.240
5.10
0.027
0.43
3.60
1.30
0.16
1.00
0.022
2.20
0.013
1.20
0.039
0.036
0.91
0.03
0.27
1.00
0.12

0.47
0.47
0.47
0.22
0.22
0.47
0.22
0.22
0.22
0.22
0.22
0.22
0.47
0.22
0.22
0.22
0.22
0.22
0.10
0.22
0.10
0.10
0.22
0.10

0.22
0.22
0.22
2.20
4.70
2.20
0.022
2.20
0.10
0.022
0.10
0.22
1.00
2.20
0.022
2.20
0.22
2.20
0.47
0.22
0.47
0.047
0.10
0.10

C3
0.01
0.01
0.01

0.047
0.022
0.047
0.010
0.100
0.022
0.010
0.022
0.047
0.010
0.100
0.010
0.100
0.010
0.047
0.022
0.010
0.022
0.010
0.010
0.022

FREQ
1.0
1.1
1.2
1.3
1.5
1.6
1.8
2.0
2.2
2.4
2.7
3.0
3.3
3.6
3.9
4.3
4.7
5.1
5.6
6.2
6.8
7.5
8.2
.9.1

R1
0.36
0.47
0.36
0.27
0.24
0.27
0.43
0.36
0.24
0.33
0.27
0.24
0.22
0.22
0.24
0.18
0.16
0.16
0.13
0.13
0.24
0.12
0.12
0.18

R2
3.3
0.47
0.62
2.00
1.60
0.43
1.20
7.50
0.24
0.91
5.60
5.10
1.60
0.56
0.39
0.51
1.30
0.36
1.10
0.36
1.60
0.30
0.11
1.50

R3
3.3
6.2
1.0
0.33
0.3
0.82
0.13
0.18
3.00
0.043
0.062
0.056
0.30
0.068
0.68
0.024
0.039
0.051
0.033
0.016
0.33
1.20
0.024
0.091

C1
0.47
0.47
0.47
0.47
0.47
0.47
0.22
0.22
0.47
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.10
0.22
0.22
0.10

C2
0.10
0.47
0.47
0.47
0.47
0.47
1.00
0.47
0.47
2.20
1.00
1.00
0.22
1.00
0.22
2.20
1.00
1.00
1.00
2.20
0.10
0.10
2.20
0.22

C3
0.022
0.Q10
0.047
0.047
0.047
0.047
0.047
0.010
0.010
0.047
0.010
0.010
0.022
0.047
0.022
0.047
0.022
0.047
0.022
0.047
0.010
0.010
0.047
0.010
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Table 3. Frequency Multipliers
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LOW POWER SIGNAL DETECTION
IN A NOISY ENVIRONMENT
by Philip Karantzalis and Jimmylee Lawson
Introduction
In signal detection applications where asmall narrowband
signal is to be detected in the presence of wide band noise,
one can design an asynchronous (nonphase sensitive)
tone detector using an ultraselective bandpass filter, such
as the LTC1164-8. The ultranarrow passband of the
LTC1164-8 filter band limits any random noise and increases the detector's signal sensitivity.
The LTC1164~8 is an eighth-order, elliptic bandpass filter
with the following features: the filter's fCENTER (the center
frequency of the filter's passband) is clock tunable and is
equal to the clock frequency divided by 100; the filter's
passband is from 0.995fcENTER to 1.005fcENTER (±0.5%
from fCENTER). Figure 27 shows a typical LTC1164-8

~-6~~+-+-+-+-4

z

~ -9 f--f---!--t
-12
-15

1--+-+-+-+-+-+--+--1
LTC1164·8 PASSBAND
(fCENTER = fCLld1 00)

RF=61.9k
RIN = 340k

-18 '---.1....-..1...-...1...-+--"---'--'---'
-1.0 -0.75 -0.5 -0.25
0.25 0.50 0.75 1.0
fCENTER
PERCENT DEVIATION FROM fCENTER
AN67F27

Figure 27. Detail 01 LT&1164·8 Passband

ULTRANARROW
BANDPASS FILTER
WITH GAIN

passband response and the area of passband gain variation. Outside the filter's passband, signal attenuation
increases to more than 50dB for frequencies between
0.96fcENTER and 1.04fcENTER' Quiescent current is typically 2.3mA with a single 5V power supply.
An Ultraselective Bandpass Filter and a Dual
Comparator Build a High Performance Tone Detector
The LTC1164-8 has excellent selectivity, which limits the
noise that passes from the input to the output of the filter.
As a result, one can build a tone detector that can extract
small signals from the "mud." Figure 28 shows the block
diagram of such atone detector. The detector's input is an
LTC1164-8 bandpass filter whose output is AC coupled to
a dual comparator circuit. The first comparator converts
the filter's output to a variable pulsewidth Signal. The
pulsewidth varies depending on the signal amplitude. The
average DC value of the pulse signal is extracted by a
lowpass RC filter and applied to the second comparator.
The identification of a tone is indicated by a logic high at
the output of the second comparator.
One of the key benefits of using ahigh selectivity bandpass
filterfortone detection is that when wideband noise (white
noise) appears at the input of the filter, only a small
amount of input noise will reach the filter's output. This
results in a dramatically improved signal-to-noise ratio at
the output of the filter compared to the signal-to-noise at
the input of the filter. If the output noise of the LTC1164-8
is neglected, the signal-to-noise ratio at the output of the
filter divided by the signal-to-noise ratio atthe input of the
filter is:
(S/N)oUT =20 L
(S/N)IN
og

VARIABLE PULSE WIDTH OUTPUT

LTC1164·8
PULSE AVERAGE

LOGIC HI WHEN SIGNAL PRESENT
LOGIC LO WHEN NO SIGNAL PRESENT
fClK

AN67'"

Figure 28. Tone Detector Block Diagram
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where: (BW)IN = the noise bandwidth at the input of the
filter and (BW)f = (0.01 )(fCENTER) is the filte(s noise
equivalent bandwidth.

frequency at 1kHz (fCENTER = fClK/1 00): A low frequency
op amp (LT1 013) and resistors RIN and RFset the filter's
gain. In order to minimize the filter's output noise and
maintain optimum dynamic range, the output feedback
resistor RF should be 61.9k. Capacitor CF across resistor
RF is added to reduce the clock feedthrough at the filter's
output.

For example, a small 1kHz signal is sent through a cable
that is also conducting random noise with a 3.4kHz
bandwidth. An LTC1.164-S is used to detect the 1kHz
signal. The signal-to-noise ratio at the output of the filter
is 25.3db larger than the signal-to-noise ratio at the input
of the filter:

To set the gain for the LTC1164-S, BIN should be calculated by the equation:
RIN =340klGain

3.4kHz
25 3dB
(0.01)(1 kHz) =. .

In Figure 29, the filter's gain is 10 (RIN =34k). Capacitor
C1 and aunity-gain op amp (LT1 013) AC couple the signal
at the filter's output to an LTC1 040 dual low power
comparator. AC coupling is required to eliminate any DC
offset caused by the LTC1164-S.

Figure 29 shows the complete circuit for a 1kHz tone
detector operating with asingle 5V supply. An LTC1164-S
with a clock input set at 100kHz sets the tone detector's
5V

5V
R2
10k

RIN
34k

5V
CF
200pF

STROBE

LTC1164-B

r----1"'"
T

1.0I1F

AGND

5

>-I1-"'15+- VOUT
5V
30.1k
AGND (2V)
TO.11!f

:
:
:
~
:

...........................................

~

RIN =340klGAIN. fCENTER =fcud100
(1/(2" RF CF) ~ 10 • fCENTER)
(1/(2"R1 C1),;fCENTER/10)
(1/(2" R3 C2) ,; fCENTERi32)

:
:
~
:
: ...........................................:

1k
REF. 1 (1.9V)

TO.11!f

B.B7k
REF. 2 (1V)

TO.1I1F

10k

Figure 29. 1kHz Tone Detector with Gain 0110
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Aresistive divider generates a 2V bias for the LTC1164-8
"ground" (Pins 3 and 5) and the positive input of the
LT1 013 dual op amps. For single 5V operation the output
swing of the LTC1164-8 is from 0.5V to 3.5V, centered at
2V. The divider also provides the reference voltages forthe
LTC1040 dual comparators (Ref. 1= 1.9Vand Ref. 2= 1V).
Power supply variations do not affect the performance of
this circuit because all DC reference voltages are derived
from the same resistor divider and will track any changes
in the 5V power supply.

of the maximum peaks of wideband noise with uniform
spectral density). Therefore, the maximum allowable noise
at the filter's output is 32mVRMS (160mVpEAK/5). The
noise at the filter's output depends on the filter's gain and
noise equivalent bandwidth and the spectral density of the
noise at the filter's input. Therefore, the maximum input
noise spectral density for Figure 3's circuit is:

Theory of Operation

where: Gain is the filter's gain at its center frequency and
(BW)f is the filter's noise equivalent bandwidth.

The tone detector works by looking at the negative peaks
at the output of the filter. Signals below 1.9V at the output
of the filter trip the first comparator. The second comparator has a1V reference and detects the average value of the
output of the first comparator. The R3/C2 time constant is
set to allow detection only if the duty cycle of the first
comparator's output exceeds 25%. Waveforms with duty
cycles below 25% are arbitrarily assumed to carry false
information.
The circuitry is designed so that two or more negative
signal peaks of 160mV at the filter's output produce a25%
duty cycle pulse waveform at the output of the first
detector (the 1.9V and 1V references for comparators 1
and 2 respectively, set the 160mVPEAK and the 25% duty
cycle). The 25% duty cycle requirement establishes an
operating point or "minimum detectable signal" for the
detector circuit. Thus, the cirCUitry outputs a"tone present"
condition only when the duty cycle is greater than or equal
to 25%. The 25% duty cycle requirement sets two conditions for optimum tone detection at the detector's input.
The first input condition is the maximum input noise
spectral density that will not trigger the detector's output
to indicate the presence of a tone. When only noise is
present at the filter's input, the maximum input noise
spectral density is conservatively defined as the amount
required to produce noise peaks at the filter's output of
160mVor lower amplitude. The 160mV maximum noise
peak specification at the filter's output can be converted to
output noise in mVRMS by using a crest factor of 5 (the
crest factor of a signal is the ratio of its peak value to its
RMS value-a theoretical crestfactor of 5 predicts 99.3%

elN ~ 32mVRMs/(Gain • "J'(BW)f) VSNzS

Note: Compared to 32mVRMS the 270mVRMS output noise
of the LTC1164-8 is negligible. The output noise of the
LTC1164-8 is independent of the chosen filter signal gain.
The second input condition is the minimum input signal
required so that atone can be detected when it is buried by
the maximum noise, as defined by the first input condition.
When a tone plus noise is present at the filter's input, the
output of the filter will be a tone whose amplitude is
modulated by the bandlimited noise at the filter's output.
If a maximum noise peak of 160mV modulates the tone's
amplitude, a320mV tone peak at the filter's output can be
detected because the product of the noise and the tone
crosses the (negative) 160mVPEAK detection threshold
and the 25% duty cycle requirement is exceeded. Therefore, a conservative value for the minimum signal at the
filter's output can be set to 320mVPEAK or 226mVRMS, but
a value of 200mVRMS was established experimentally.
Therefore, the minimum input signal for reliable tone
detection in the presence of the maximum input noise
spectral density is:
VIN(MIN) = 200mVRMS /Gain
For optimum tone detection, the Signal's frequency should
be in the filter's passband, within ±0.1 % of fCENTER.

Conclusion

A very selective bandpass filter, the LTC1164-8, can be
configured as a nonphase-sensitive tone detector. This
allows signals to be detected in the presence of comparatively large amounts of noise or signal-to-noise ratios that
are less than unity.
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BANDPASS FILTER HAS ADJUSTABLE a
by Frank Cox

The bandpass filter circuit shown in Figure 30 features an
electronically controlled Q. Q for a bandpass filter is
defined as the ratio ofthe 3d8 pass bandwidth to the stop
bandwidth at some specified attenuation. The center
frequency of the bandpass filter in this example is 3MHz,
but this can be adjusted with appropriate LC tank components. The upper limit of the usable frequency range is
about 1OMHz. The width of the passband is adjusted by
the current into Pin 5 (set current or ISET) ofthe transconductance amplifier segment of IC1, an LT1228. Figure 31
is a network analyzer plot of frequency response versus
set current. This plot shows the variation in Q while the
center frequency and the passband gain remain relatively
constant.
The circuit's operation is best understood by analyzing the
closed-loop transfer function. This can be written in the
form of the classic negative feedback equation:
A(s)
H(s) = 1 + A(s) 8(s)
where A(s) is the forward gain and 8(s) is the reverse gain.
The forward gain is the product of the transconductance
stage gain (gm) and the gain of the CFA (ACFA). For this
circuit, gm is ten times the product of ISET and the impedance of the tank circuit as a function of frequency. This

R7
750

gives the complete expression for the forward gain as a
function of frequency:
A(s) = 10 ISET ACFA(1 +
The reverse gain is simply:
R7
8(s) = R6 + R7
and ACFA = R4:4R5
Setting 8(s)

1 RRATIO
= -A
CFA

and substituting these expressions into the first equation
gives:

~~

1
10 ISET(1 + Ld
H(s) = -RR-AT-IO -----'--:(-S-L----:-)
1 + 10 ISET 1 + s2 LC
The last equation can be rewritten as:
S[_1_(10 IS~T-KG)]
H(s) = _1___-:;--KG_L_C:--_-=~RRATIO S2 S[_1_ (1 0 ISET
1.
+ -KG
C
+ LC

-KG)]

R6
7500
R4
750

R5
7500

R2
1k

R1
500

Figure 30. LT1228 Bandpass Filter Circuil Diagram
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The transfer function of asecond order bandpass filter can
be expressed in the form 1:
_
S (roo/a)
H(s) - HBP S2 + S (roo/a) + roo2

Comparing the last two equations note that
ro = _1_ and.1 = 10 ISET ~
a ~ a
C

And therefore a = 10 IS~T ~
It can be seen from the last equation that the Q is inversely
proportional to the set current.
Many variations of the circuit are possible. The center
frequency of the filter can be tuned over a small range by

the addition of a varactor diode. To increase the maximum realizable A, add a series LC network tuned to the
same frequency as the LC tank on Pin 1 of IC1. To lower
the minimum obtainable Q, add aresistor in parallel with
the tank circuit. To create a variable Q notch filter,
connect the inductor and capacitor at Pin 1 in series
rather than in parallel.
Avariable Q bandpass filter can be used to make avariable
bandwidth IF or RF stage. Another application for this
circuit is as a variable-loop filter in a phase locked loop
phase demodulator. The variable a bandpass filter is set
for awide bandwidth while the loop acquires the signal and
is then adjusted to a narrow bandwidth for best noise
performance after lock is achieved.
lThanks to Doug La Porte for this equation hack.
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Figure 31. Network Analyzer Plot of Frequency Response vs "Set" Current
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AN ULTRASELECTIVE BANDPASS FILTER,
WITH ADJUSTABLE GAIN
by Philip Karantzalis
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160pF
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·
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LTCl164-8 11
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~5V

90,9k

100kHz
5V

10

The' LTC1164-8 is a monolithic, ultraselective, eighth
order elliptic bandpass filter. The passband ofthe LTC11648 is tuned with an external clock; the clock-to-centerc
frequency ratio is.1 00:1. The stopband attenuation ofthe
LTC1164-8 is greater than 50dS for input frequencies
outside a narrow band defined as ±4% of the center
frequency of the filter (see Figure 32).
One Op Amp and Two Resistors
Build an Ultraselective Filter

10
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Figure 32. LTC1164-8 Gain vs Frequency Response
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Figure 33. LTC1164-8 Ultranarrow, 1kHz Bandpass Filler
with Gain (Gain =340kJRIN, 1/21tRFCF =10 'CENTER)

Signal Detection in a Hostile Environment

The LTC1164-8 requires an external op amp and two
external resistors. The filter's gain at its center frequency
is equal to 3.4RF/RIN. For optimum dynamic range with a
gain equal to one, the external resistor RF should be 90.9k
and the external resistor RIN should be 340k. For gains
other than 1, RIN = 340klgain. Gains of up to 1000 are
possible. The complete configuration is shown in Figure
33. Note that programming the filter's gain with input
resistor RIN is equivalent to providing the LTC1164-8 with
noiseless preamplification, since the filter's internal noise
is not amplified. The wideband noise of the LTC1164-8
measures 400/lVRMS at ±5V and is independent of the
filter's gain and center frequency. A capacitor, CF, across
resistor RF reduces clock feedthrough and provides a
smooth sine wave output.

-60

13

V1N
5V

Introduction

~ -40
<1
'" -50

CF

14

RIN
340k

An outstanding feature of the LTC1164-8 is its
uliraselectivity, A bandpass filter with ultraselectivity is
ideal for Signal detection applications. One signal detection application occurs when two signals are very closely
spaced in the frequency spectrum and only one of the
signals has useful information. The LTC1164-8 can extract
the signal of interest and suppress its unwanted neighbor.
For example, a small 1kHz, 10mVRMS signal is combined
with an unwanted 950Hz, 40mVRMS signal. The two signals differ in frequency by only 5% and the 950Hz signal
is four times larger than the 1kHz signal. To detect the 1kHz
signal, the LTC1164-8 is set toa gain of 100 and the clock
frequency is set to 100kHz. At the filtered output of the
LTC1164-8 the following signals will be present: an extracted 1kHz, 1VRMS signal and arejected 950Hz, 2.7mVRMS
signal, as shown in Figure 34. In a narrowband signal
separation and extraction application, as described previously, the LTC1164-8 provides asimple and reliable detection circuit solution.
Asecond signal detection application occurs when asmall
signal is to be detected in the presence of noise. For
example, a1kHz, 1OmVRMssignal is mixed with awideband
noise signal that measures 5mVRMS in a400Hz frequency
band. The signal-to-noise ratio is just 6dS. With the
LTC1164-8 setfor acenter frequency of 1kHz (fCLK is equal
to 100kHz) and a gain of 100, the 1kHz, 10mVRMS signal
will be detected and amplified. The wideband noise will be
band limited by the very narrow band gain response of the
LTC1164-8. At the output of a LTC1164-8, the 1kHz signal
will be 1VRMSas shown in Figure 35. The total band limited
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Figure 34. Narrow Band Signal Extraction Showing Inpullo and
Oulput from the LTC1164-8 Filler. Filter fCENTER sello 1kHz with
Gain =100
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noise will be 70mVRMS with asignal-to-noise ratio of more
than 20dB, as shown in Figure 36.ln applications of signal
detection in the presence of noise, the LTC1164-8 provides asynchronous detection. Signal detection circuits
such as synchronous demodulators and lock-in amplifiers
require the presence of a reference or carrier signal to
provide phase and frequency information of the signal to
be detected. With an LTC1164-8, signal detection is accomplished by selecting a very narrow signal detection
band around the frequency of the desired signal, which is
defined as fCLK divided by 100 (fCLK is the clock frequency
of theLTC1164-8), and by selecting the filter gain by
choosing the value of a resistor.
511VRHS No i 6e
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Figure 36. Wideband Noise Input to LTC1164-8 Filler. Plots
Show Input to and Output from the Filter. Filter fCENTER set to
1kHz with Gain = 100

Figure 35. Signal Detection in the Presence of Noise Example
Showing Inpullo and Outputfrom the LTC1164-8 Filter. Filler
fCENTER set to 1kHz with Gain =100
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LT1367 BUILDS RAIL-TO-RAIL
BUTTERWORTK FILTER
by William Jett and Sean Gold

For cutoff frequencies other than the 1kHz example shown,
use the following formula for each section:
000 2 = 1/(R1 C1 R2 C2),

Single Supply 1kHz, 4th Order Butterworth Filter

where R1

=1/(000 QC1) and R2 =Q/(000C2)

The DC bias applied to A2 and A4 for single supply
operation is not needed when split supplies are available.
The circuit's output can swing rail-to-rail and displays the
maximally flat amplitude response with a 1kHz cutoff
frequency with 80dB/decade rolloff (Figure 38).

The circuit shown in Figure 37 takes advantage of all four
op amps in the LT1367 to form a 4th order Butterworth
filter. The filter is a simplified state-variable architecture
consisting of two cascaded second order sections. Each
section uses the 360 degree phase shift around the two op
amp loop to create a negative summing junction at A1's
positive input. 1 The circuit has two-thirds the power
dissipation and component count as the classic three op
amp biquad,2yet it has the same low componentsensitivities for center frequency, 000 and Q.

1 Hahn, James. 1982. Slate Variable Rtter Trims Predecessor's Component Count. Electronics,
April 21, 1982.
2Thomas, L.C. 1971. The Biquad: Part I-Some Practical Design Considerations.
IEEE Transactions on Circuft TheOlY, 3:350·357, May 1971.
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Figure 37. 1kHz 4th Order Butterworth Filter
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Figure 38. Frequency Response 01 4th Order Butterworth Filter
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DC ACCURATE, CLOCK TUNABLE LOWPASS FILTER
WITH INPUT ANTIALIASING FILTER
by Philip Karantzalis
In asampled data system, the sampling theorem says that
if an input signal has any frequency components greater
than one half the sampling frequency, aliasing errors will
appear at the output. In practice aliasing is not always a
serious problem. High order switched capacitor lowpass
filters are band limited and significant aliasing occurs only
for input signals centered around the clock frequency and
its multiples.
Figure 39 shows the LTC1 066-1 aliasing response when
operated with aclock-to-fc ratio of 50:1. With a50:1 ratio,
the LTC1066-1 samples its input twice during one clock
period and the effective sampling frequency is twice the
clock frequency. Figure 39 shows that the maximum
aliased output is generated for inputs in the range of
2( fCLK ±fc). (fc is the cutoff frequency of the LTC1 066-1.)
For instance, if the LTC1066-1 is programmed to produce
acutoff frequency of 20kHz with a1MHz clock, maximum
aliasing will occur only for input signals in the narrow
range of 2M Hz ±20kHz and its multiples.
The simplest antialiasing filter is a passive 1st order
lowpass RC filter. The -3dB frequency of the RC filter
should be chosen so thatthe passband ofthe RC filter does
not influence the passband of the LTC1 066-1. When the
LTC 1066-1 clock frequency is 500kHz, an RC filter with the
-3dB frequency set at 50kHz attenuates by 26dB any
o -- -- -- - -- -- -- -- -- -- -- -- - -- - -- -CD

:s

~

possible aliasing inputs in the range 1MHz ±10kHz. The
passband shape of the 50kHz RC filter does not degrade
the flat passband of the LTC1 066-1 at 10kHz (the passband attenuation ofthe 50kHz RCfHterforfrequencies less
than 10kHz is less than 0.2dB). If the LTC1066-1 is clock
tuned to acutoff frequency of 5kHz (with aclock frequency
of 250kHz), the 50kHz RC filter will provide 20dB attenuation for aliasing inputs in the range of 500kHz ±5kHz.
Therefore, a 1st order lowpass RC filter will attenuate all
aliasing signals to the LTC1066-1 by a minimum of 20dB
for a clock tunable range of one octave.
For added antialiasing bandwidth, a1st order lowpass RC
filter can be tuned by the clock signal of LTC1 066-1 to
follow the cutoff frequency of the higher order filter. The
circuit is shown in Figure 40. The circuit operation is as
follows. The six comparators inside the LTC1045 detect
the clock frequency. The clock signal of the LTC1 066-1 is
converted to a pulse output whose duty cycle changes
with clock frequency. The average voltage of the pulse
signal is delivered to a 4-window comparator whose
outputs drive the four analog switches of the LTC202.
When the LTC1 066-1 clock frequency increases or decreases by more than one octave (2x or x12), a capacitor
is switched in or out of the 1st order lowpass filter formed
by resistor R1 (1 k) and capacitor C1. The -3dB frequency
ofthe lowpass RC filter is therefore doubled or halved if the
cutoff frequency of the LTC1066-1 is doubled or halved.
Resistor R1 and capacitors C1 through C5 allow the
lowpass RC filter to be tuned over a range of five octaves,
providing at least 20dB attenuation to any LTC1066-1
input signals in the range 2(fcLK ±fc) (the RC filter also
attenuates all aliasing signals near any multiples of the
clock frequency).

o

i!l
en

~ -60

-80
2fCLK - 2.3fc
2fCLK 2fcLK + 2.3fc
2fCLK - fc 2fCLK + fc

INPUTFREQUENCY

A'"~ F39

Figure 39. Aliasing vs Frequency ICLI(/fc =50:1 (Pin 810 V+);
Clock is a 50% Duty Cycle Square Wave

The circuit in Figure 40 can be used for any clock tunable,
5-octave range for cutoff frequencies from 10Hz to
80kHz (with ±5V supplies for LTC1 066-1) or for cutoff
frequencies as high as 100kHz (with ±8V supplies forthe
LTC 1066-1). For cutoff frequencies greater than 50kHz,
a 15pF capacitor in series with a 30k resistor should be
connected between Pins 11 and 13 of the LTC1 066-1 to
minimize passband gain peaking.
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Figure 40. DC-Accurate, Clock-Tunable Lowpass Filter with Input Antialiasing
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Use the following design guide for choosing the component values of RA, Rp, RF, RIN, CF, C1 through C5, Cp and
CA·

105
Cp = 50pF, Rp = 50 f
k
C(lOW)

Definitions

5(10 5)
CA = 0. 047 I-LF, RA = 50 f
k
C(lOW)

1. The cutoff frequency of the LTC1 066-1 is abbreviated
as fe.
2. fC(LOW) is the lowest cutoff frequency of interest
3. A range of five octaves is from fC(LOW) to 32 • fellOW)
Component Calculations
_1_ = fC(LOW)
2nRFCF
250
C1

= _1-

RIN = RF (If RF can be
chosen as 20k, RIN and CIN
are not needed)
(fC(lOW) in Hz); R1

=1k

fC(lOW)
C2 = C1 ±5%, C3 = 2(C1) ±5%, C4 = 4(C1) ±5%,
C5 = 8(C1) ±5%

Example
For a five octave range from 1kHz to 32kHz:
fC(lOW) = 1kHz
Let CF = 1W ±20%, then RF =40.2k ±1 %. RIN =RF =
40.2k±1%, CIN = 0.1W
C1 =0.001W±5%, C2 =0.001W±5%, C3 =0.0022W
±5%
C4 = 0.0039W ±55, C5 = 0.0082W ±5%
Cp = 50pF, Rp = 2k, CA =0.047W, RA =10k

THELTC1D66-1 DC ACCURATE
ELLIPTIC LDWPASS FILTER
by Nello Sevastopoulos
Figure 41 shows an application allowing clock tunability
from 10Hz to 100kHz. The ReCe frequency compensating
components (needed only for cutoff frequencies above
60kHz) maintain a flat passband for cutoff frequencies
between 50kHz and 100kHz. The input resistor, RI, reduces the output DC offset caused by the op amp bias
current through the 1OOk feedback resistor, RF. The measured DC offset and the gain nonlinearity are 4mV and
±0.0063% (84dB), respectively. The 0.1 W bypass capacitor, CB, helps keep the total harmonic distortion ofthe filter
from being degraded by the 100k input resistor.
Clock Tunability
An external clock tunes the cutoff frequency of the internal
switched capacitor network. The device has been optimized for a clock-to-cutoff-frequency ratio of 50:1. The
internal double sampling greatly reduces the risk of aliasing.
The maximum obtainable cutoff frequency, feUTOFF(MAX),
depends on power supply, clock duty cycle and tempera-
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MAXIMUM OUTPUT VOLTAGE OFFSET =4mV, DC LINEARITY =±0.0063%, TA = 25"C.
THE PIN 6 TO 12 CONNECTION SHOULD BE UNDER THE IC AND SHIELDED BY AN
ANALOG SYSTEM GROUND PLANE.
RC COMPENSATION BETWEEN PINS 11 AND 13 REQUIRED ONLY FOR 'ClITOFF > 50kHz.
THE 33~F CAPACITOR IS A NONPOLARIZED, ALUMINUM ELECTROLYTIC, ±20%, 16V
(NICHICON UUPIC 330MCRIGS OR NIC NACEN 33M16V 6.3 x 5.5 OR EQUIVALENT).
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Figure 41. DC Accurate, 10MHz to 100kHz 8th Order Elliptic
Lowpass Filler, fCLKifc =50:1

ture; fCUTOFF(MAX) does not depend on the value of the
external resistor/capacitor combination RFCF. The ReCe
compensation is shown in Figure 41. The data detailed in
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-40

Figure 42 reveals the important fact that for a cutoff
frequency of 100kHz, the stopband attenuation still remains greater than 70dB for inputfrequencies upto 1MHz.

liN = 1kHz
ICLK= 1MHz
ICLK/lc = 50:1

-45
iii'

-50

~'"'I =:~

The minimum obtainable cutoff frequency depends on the
RFCFtime constant of the servo loop. For agiven RFCFtime
constant, the minimum obtainable cutoff frequency ofthe
LTC1 066-1 is:

Zz

~:> -65

Vs =±5V

~

..!::.- ~70
~ -75
1<:
-85

fCUTOFF(MAX) = 100kHz

-90
0.1

For instance, if RF= 20k, CF= 1JJF,fcUTOFF(MIN) =2kHz, and
fCLOCK(MIN) = 100kHz.
Under these conditions, a clock frequency below 100kHz
will "warp" the passband gain by more than 0.1 dB. Please
see the LTC 1066-1 data sheet for more details.
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Figur!! 42. LTC1066·1 Amplitude vs Frequency

Vs~5V

The LTC1066-1 wideband nOise is 100IlVRMS. Figure 43
shows the noise plus distortion versus RMS input voltage
at 1kHz. With a±5V supply, the filter can swing ±2.5V (5V
full scale) with better than 0.01 % distortion plus noise.
The maximum signal-to-noise ratio, in excess of 90dB, is
achieved with ±7;5V supplies. Unlike previous monolithic
filters the data shown in Figure 43 is taken without using
any input Or output op amp buffers. The output buffer of
the LTC1066-1 can drive a 2000 load without dynamic
range degradation.

I~

III

1
INPUT VOLTAGE (VRMS)

_F"

Figure 43. LTC1066·1 Dynamic Range

Aliasing and Antialiasing
All sampled data systems will alias if their input signals
exceed half the sampling rate, but aliasing for high order,
band limited, switched capacitor filters need not be a
serious problem. The LTC1 066-1, when operating with a
50:1 clock-to-cutoff-frequency ratio, will have significant
aliasing only for input signals centered around twice the
clock frequency and its even multiples. Figure 44 shows
the input frequencies that will generate aliasing at the filter
output. For instance, if the filter is tuned to a50kHz cutoff
frequency using a 2.5MHz clock, significant aliasing will
occur only for input frequencies of 5MHz ±50kHz. The
filter user should be aware of the spectrum at the input to
the filter. Next,· an assessment should be made. as to
whether a Simple, continuous-time antialiasing filter in
front of the LTC1066-1 is required. The antialiasing filter
should do precisely what it is meant to do, that is, provide

Dynamic Range

AN67-36

...........

-80

fCUTOFF(MIN) = 250(1/21tRFCF)'

10

.......

o ------------------------------!:i

~

o

!il

~ -60
-80

21CLK - 2.31c
21CLI( 21CLK + 2:31c
2fCLK -Ic 21CLK + Ic
INPUT FREQUENCY
-""

Figure 44. Aliasing vs Frequency fCLKlfc = 50:1 (Pin 8 to V+).
Clock is a 50% Duly Cycle Square Wave

Application Note 67
band limiting. The antialiasing filter should not degrade
the DC or AC performance of the LTC1 066-1.
For fixed cutoff frequency applications, the antialiasing
function is quite trivial. Figure 45 shows the internal
precision input op amp configuration used to perform
both the DC accurate function of the LTC1 066-1 and the
input antialiasing configuration. The cutoff frequency of
the RC antialiasing filter is setthree times higherthan the
cutoff frequency of the LTC1 066-1. For the example
shown. in Figure 45 the input antialiasing filter provides a
62dB attenuation at twice the clock frequency of the
switched capacitor filter.

20k

Y,N ~'VIr'eJV\I\r<I_ _ _3""+IN A
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Figure 45. Adding a 2-Pole Butterworth Input Antialiasing Filter.
Set C1 =D.33C, R2 =3.8(R1); f-3dB (Input Antialiasing) =
D.8993/(21tR1C)

CLOCK TUNABLE BANDPASS FILTER OPERATES TO
160kHz IN SINGLE SUPPLY SYSTEMS
by Philip Karantzalis
When the only available power supply in asystem is 5V or
12V and a precision bandpass filter is needed at cutoff
frequencies greater than 20kHz, the LTC1264 switched
capacitor active filter building block can be configured to
realize an 8th order bandpass filter accurate to ±1 % or

better over temperature (-40°C to 85°C). Figure 46 is a
schematic diagram of an 8th order bandpass filter tunable
with aTIL clock signal to any centerfrequency up to 70kHz
with a5Vsupplyorto 1OOkHzwith a12V supply. The clock
frequency-to-center frequency ratio is 20:1. The gain
response for a50kHz bandpass filter is shown in Figure 47
and the input dynamic range with a5V supply is shown in
Figure 48.
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The passband frequency range (thefrequencyrangewhere
the filter's attenuation is 3dB or less) is equal to the center
frequency divided by ten. The stopband attenuation reaches
60dB at twice the center frequency and at one-half the
center frequency. The typical gain variation at the center
frequency is ±O.SdB at 2SoC and ±1.SdB over temperature. (Note that an additional ±O.4dB should be added to
account forthe gain variation due to the 1% reSistors). If
the operating temperature range is 2SoC (±20°C) and the
power supply voltage can be controlled to ±2%, the center
frequency can be extended to 90kHz for a SV supply or
160kHz fora 12V supply. Note thatthe gain error for center
frequencies greater than 70kHz with a SV supply and

greaterthan 100kHzwith a12Vsupplyincreasesfrom 1dB
to 7dB. Therefore, the value of resistor R1 for each
LTC1264 section should be increased to reduce the error
to ;1:1 dB (see the table in Figure 46).
If the power supply for this filter is a switching regulator,
the regulator's output noise can appear at the filter's
output if the center frequency of the filter is tuned to the
noise frequency of the regulator. This is due to the filter's
low power supply rejection near its center frequency. The
LTC1264 is not a low power device. The typical quiescent
current is 11 mA with a SV supply or 18mA with a 12V
supply.
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ALINEAR· PHASE BANDPASS FILTER
FOR DIGITAL COMMUNICATIONS
By Philip Karantzalis
Bandpass filters with linear passband phase are useful
for a variety of data-communications tasks, the most
noteworthy of which may be in modulation-demodulation (modem) circuitry. Modems generate signals that
must be processed without phase distortion to allow
error free transmission and reception of information (or
the closest approach to that ideal we can achieve).

An interesting feature of linear-phase bandpass filters is
that their response to a step input produces a short
transient sine wave burst with a symmetrical envelope.
Figure 52 shows acomparison of the transient responses
to a step input for the linear-phase bandpass filter of
10

1/1\

-10

-20

I

0;--30

I

~ -40

«co -50

Figure 49 shows a linear-phase bandpass filter using the
LTC1264 high frequency, universal switched capacitor
filter building block. This filter is an 8th order narrow
bandpass filter, centered at50kHzfora 1MHz clock input,
with flat group delay in its passband. The fCLK-to-fcENTER
frequency ratio is 20:1. Figure 50 shows the filter's
narrowband gain response and Figure 51 shows the
passband group delay.
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Figure 50. Filter Gain vs Frequency

RIB.30.1k
RhB.l07k
R1B.60.4k

1
R2B.l0.7k
R3B.29.4k

R4B~13.3k

INVB

INVC

2 HP B

HPC

3 BP B

BPC

4 LP B
5 SB

7.5V

*

*O.II1F
R4A.11.5k
R3A.12.4k
R2A.l0.7k

..--.2.

221

R3C.37.4k

21

R4C.l0.7k

SC

20

V· 19
18

GND

fCLK

8 SA

SHDN

9 LPA

LP D

10 BPA

BP D

11 HPA

HPA

12 INVA

INVD
RhD.27.4k

Rl~AI6.2k

R2C.12.4k

23

LP C
LTC1264

v'

7

24

r1L
16

J

rCh

::;: O.II1F -7.5V

'*

lMHz

I R4D. 10.7k ::;: CD

15

R30.29.4k

14

R2D.l0k
VOUT

13

RID. lOOk

'"
Figure 49. LTC1264 Linear Phase, 8th Order Bandpass Filter

AN67-39

Application Note 67
100
95
90
85

-

~80
~

75

~

70

v

65
60
55
50

~

Q

~

~

80

~

~

~

~

FREQUENCY (kHz)

Figure 51. Filter Group Delay vs Frequency

NONLINEAR PHASE
FILTER

Figure 49 and a bandpass filter with a similar passband
and nonlinear phase response. The response ofa bandpass
filter to a step input is a simple qualitative test for determining the linearity of its phase response, although in data
transmission systems the measurements are usually made
with eye diagrams and constellation displays.
The maximum clock frequency for the filter is 2M Hz with
±7.5V supplies. This allows bandpass filters with center
frequencies up to 100kHz to be realized without significant phase distortion in the passband.
Capacitor C, across R4 in sections Cand D, minimizes
gain and phase variations when the filter is used with
clock frequencies greater than 1.4MHz. For±5V supplies
the maximum clock frequency is 1.6MHz. Use the Table
1 as a guide for the selection of capacitor C.
Table 1. Capacitor Selection Guide
Vs
±7.5V

LINEAR PHASE
FILTER

±5V

AN"'"
Figure 52. Step Response
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1.8MHz
2.0MHz
1.6MHz
1.4MHz

Cc=Co
3pF
5pF
5pF
3pF
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Instrumentation

40MHz bandwidth, this didn't sound like it would have a
good chance of working first time-built by hand and
without benefit of a custom casting.

WIDEBAND RMS NOISE METER
by Mitchell Lee
Recently, I needed to measure and optimize the wideband
RMS noise of a power supply over about a 40MHz bandwidth. A quick calculation showed that the 12nV to 15nVl
..[Hz noise floor of my spectrum analyzer would come up
short-my circuit was predicted to exhibit aspot noise of
perhaps 8nV to 10nVl..[Hz. In fact, I didn't have a single
instrument in my lab that would measure 50/lVRMS to
60/lVRMS·
Forthe 40MHz bandwidth, the HP3403C RMS voltmeter is
agood choice but its most sensitive range is 1OOmV, about
66dB shy of my requirement. This obsolete instrument
today carries ahefty price on the used market. The fact that
here in the Silicon Valley HP3403Cs are a common sight
at flea markets is of little consolation to most customers
wishing to reproduce my measurements. We have several
of these meters in the LTC design lab but they are in
constant use and closely guarded by "The Keepers of the
Secret RMS Knowledge." I resolved to build my own meter
using an LT1 088 thermal RMS converter.
Full scale on the LT1 088 is 4.25VRMS. To measure 50/lV
full scale, I'd need an amplifier with a gain of 100,000. At

Rather than build a circuit with 40MHz bandwidth and a
gain of 1OOdB, I decided to use just enough gain to put my
desired noise performance around twice minimum scale.
Aside from gain, this amplifier would also need less than
5nVl..[Hz input noise, and the output stage would have to
drive the 50n load presented by the LT1088.
It wasn't hard to find an appropriate output stage. The
LT1206 (see Figure 53) can easily drive the required
120mA peak current into the LT1 088 converter and
there's plenty left over for handling noise spikes. To
preserve 40MHz bandwidth, the LT1206 was setto run at
a gain of 2.
The front end was harder to solve. I needed a low noise,
high speed amplifier that could give me plenty of gain.
Here I selected the LT1226. This is a 1GHz GBW op amp
with only 2.6nVl-YHz input noise. It has a minimum stable
gain of 25 but in this circuit high gain is an advantage.
Cascading two LT1226s on the front end gives a gain of
625, a little shy of the 5,000 to 10,000 required. Another
gain of 5, plus the gain of 2 in the LT1206 adds up to again
of 6,250-just about right.
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There are several ways to get 40MHz bandwidth at a gain
of 5, including the LT1223 and LT1227 current feedback
amplifiers, but I settled on the LT1192 voltage amplifier
because it is the lowest cost solution. This brings the gain
up to 6250, for a minimumscale sensitivity Of341!VRMS
and a full~scale sensitivity of 680,.NRMS.
My advice-filled coworkers assured me that there was no
way I could build awideband amplifier with again of 6250
and make it stable. Nevertheless, I built my amplifier on a
1.5" x 6" copperclad board, taking care to maintain alinear
layout. The finished circuit was stable provided that a
coaxial connection was made to the input. The amplifier
was flat with 3dB pOints at 4kHz and 43MHz and some
peaking at high frequencies.

Figure 54. LT1206 Buffer/Driver Section
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Figure 55. LT1 088 RMS Detector Section
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Figure 58. An E-Core Serves to Attenuate High Frequency Common Mode Currents from a Scope Probe

The performance of the amplifier and thermal converter
can be optimized by adjusting the value of the feedback
and. gain setting resistors around the LT1206. Slightly
more bandwidth can be achieved at the expense of higher
peaking by reducing the resistor values 10%. Reducing
the resistor values will decrease peaking effects at the
expense of bandwidth. Agood compromise value is 680n.
I've shown the LT1226 amplifiers operating from ±5
supplies, which puts their bandwidth on the edge at
40MHz. Their bandwidth can be improved by operating at
±15V.

AN67-44

Because the LT1206 operates on 15V rails, it is possible to
overdrive the LT1 088 and possibly cause permanent damage. One section of the LT1 014 (U3) is used to sense an
overdrive condition on the LT1 088 and shut down the
LT1206. Sensing the feedback heater instead of the input
heater allows the LT1 088 to accommodate high crest
factor waveforms, shutting down only when the average
input exceeds maximum ratings.
By the way, my power supply noise measured 200J.lV;
filtering brought it down to less than 60J.lV.
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LTC1392 MICROPOWER TEMPERATURE AND
VOLTAGE MEASUREMENT SENSOR
by Ricky Chow and Dave Dwelley

The LTC1392 is a micropower data acquisition system
designed to measure temperature, on-chip supply voltage
and differential rail-to-rail common mode voltage. The
device incorporates a temperature sensor, a 10-bit AID
converter, ahigh accuracy bandgap reference and a3-wire
half-duplex serial interface.
Figure 59 shows a typical LTC1392 application. A single
pOint "star" ground is used along with a ground plane to
minimize errors in the voltage measurements. The power
supply is bypassed directly to the ground plane with a11Jf
tantalum capacitor in parallel with an O.11Jf ceramic capacitor.
The conversion time is set by the frequency of the signal
applied to the CLK pin. The conversion starts when the CS
pin goes low. The falling edge of CS signals the LTC1392
to wake up from micro power shutdown mode. After the
LTC1392 recognizes the wake-up signal, it requires an
additional80~ delay for atemperature measurement, or
a 1O~ delay for a voltage measurement, followed by a
4-bit configuration word shifted into DIN pin. This word
configures the LTC1392 for the selected measurement

and initiates the AID conversion cycle. The DIN pin is then
disabled and the DOUT pin switches from three-state mode
to an active output. Anull bit is then shifted out ofthe DOUT
pin on the falling edge of the CLK, followed by the result of
the selected conversion. The output data can be formatted
as an MSB-first sequence or as an MSB-first followed by
an LSB-first sequence, providing easy interface to either
LSB-first or MSB-first serial ports. The minimum conversion time for the LTC1392 is 142~ in temperature mode
or 72~ in the voltage conversion modes, both at the
maximum clock frequency of 250kHz.
ConcluSion

The LTC1392 provides a versatile data acquisition and
environmental monitoring system with an easy-to-use
interface. Its low supply current, coupled with space
saving SO-8 or PDIP packaging, makes the LTC1392 ideal
for systems that require temperature, voltage and current
measurement while minimizing space, power consumption and external component count. The combination of
temperature and voltage measurement capability on one
chip makes the LTC1392 unique in the market, providing
the smallest, lowest power multifunction data acquisition
system available.

Pl.4
MPU
(e.g. 68HCll)

DOUT

-VIN

lTC1392

P1.3

ClK

+VIN

P1.2

CS

GND

Figure 59. Typical LTC1392 Application
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HUMIDITY SENSOR TO
DATA ACQUISITION SYSTEM INTERFACE
by Richard Markell
Introduction
It can be difficult to interface humidity sensors to data
acquisition systems because of the sensors' drive requirements and their wide dynamic range. By carefully selecting
the devices that comprise the analog front end, users can
customize the circuit to meet their humidity sensing requirements and achieve reasonable accuracy throughout
the chosen range. This article details the analog front end
interface between a Phys-Chem Scientific Corp.1 model
EMD-2000 humidity sensor and a user selected (probably
microprocessor-based) data acquisition system.
Design Considerations
The Phys-Chem humidity sensor is a small, low cost,
accurate resistance-type relative humidity (RH) sensor.
This sensor has awell-defined stable response curve and
can be replaced in circuit without system recalibration.
The design criteria call for a low cost, high precision
analog front end that requires few calibration "tweaks" and
operates on a single 5V supply. The sensor requires a

square wave or sinewaveexcilation with no DC compo·
nent. The sensor reactance varies over an extremely wide
range (approximately 700nlo 20Mn). The wide dynamic
range (approximately 90dB) r~quired to obtain the full RH
range of the sensor results in some challenges for the
designer.
The circuit shown in the schematic features zero drift
operational amplifiers· (LTC1250and LTC1050) and a
precision instrumentation switched capacitor block
(LTC1043). This design will maintain excellent DC accuracy down to microvolt levels. This method was chosen
overthe use of atrueHMS-to-DC or log converter because
of the expense and temperature sensitivity of these parts.
Circuit Description
Figure 60 is a schematic diagram of the circuit. Only a
single 5V power supply is required. Integrated circuit U1,
an LTC1 046, converts the 5V supply to - 5V to supply
power to U2, U3 and U4. U2A, part of an LTC1043
switched capacitor building block, provides the excitation
for the sensor, switching between 5Vand -5V at a rate of
approximately 2.2kHz. This rate can be varied, but we
recommended that it be kept below approximately 2.4kHz,
which is one-half the auto zero rate of U3. We believe the

5V
1 BOOST
2 C+
.--_-=-1
C1

3

v+
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Figure 60. Schematic Diagram of Humidity Sensor Circuit
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deviation from the Phys-Chem response curves taken at
5kHz is insignificant.

converter that changes ranges somewhere in the humidity range.

Variable resistor R2 sets the full-scale output. Since the
sensor resistance is 700n at approximately 90% humidity, setting R2 at 700n will provide a 2:1 voltage divider
that, when combined with the gain of U4 (x2), results in an
overall gain of one. U3 must be included in order for the
circuit to function properly; otherwise C4 and C7 form a
voltage divider that is dependent on the resistance of the
RH sensor. U3 is a precision auto zero operational amplifier with an auto zero frequency of approximately 4. 75kHz.
U2B (the "lower" switch) samples the output of U3 and
provides this sample to the input of U4. U4 is set to provide
a gain of 2.

All of the above solutions measure output voltage from a
voltage divider consisting of the RH sensor and a fixed
"calibration" resistor. The resistance of the sensor at a
fixed output voltage can be calculated from the formula
R (0) = R2 VFULL SCALE - R2
VOUT/2
In this case, if R2 is set to 700n and VFULLSCALE = 5.00V,
then
R (0) = 3500 - 700
VOUT/2

It is easy to digitize the output of U4. Figure 61 is the
schematic of a 12-bit converter that can be used for this
purpose. The range of humidity that can be sensed
depends on the resolution of the converter. The full-scale
output (which is equivalent to approximately 90% humidity) is essentially independent of the number of bits
inthe AID converter, butthe dry (lOW RH) end ofthe scale
is dependent on the AID resolution. As an example, the
above referenced 12-bit converter will process humidity
signals thattranslate to approximately 20% RH, since the
voltage output at this humidity is approximately 2.3mV,
while 0.5LSB is 1.2mV. Digitization down to 10% RH
requires the conversion of 350~V signals or a 16-bit
converter. From a cost standpoint this seems unwieldy.
It is much more economical to use a 2-channel 12-bit

Once R is calculated (probably by the microprocessor),
the humidity can be calculated from the quadratic approximation in the Phys-Chem literature:
RH = LnR - 13.95 - --.j (13.95 - LnR)2 + 24.288
-0.184
If asuitable humidity chamber is not available, the sensor
can be removed and fixed resistors substituted. The circuit
should then be calibrated from the EMD-2000 "typical
response curve." This should provide approximately 2%
accuracy.
lPhys·Chem Scientific Corporation. 26 West 20th Street. New York. NY 10011.
(212) 924·2070 Phone, (212) 243-7352 FAX
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A SINGLE CELL BAROMETER
by Jim Williams and Steve Pietkiewicz
Figure 62, a complete barometric pressure signal conditioner, operates from asingle 1.5V battery. Until recently,
high accuracy and stability have been obtainable only
with bonded strain gauge and capacitively-based transducers, which are quite expensive. This design, using a
recently introduced semiconductor transducer, achieves
0.01"Hg (inches of mercury) uncertainty over time and
temperature. The 1.5V powered operation permits portable application ..
The 6kQ transducer (T1) requires precisely 1.5mA of
excitation, necessitating a relatively high voltage drive.
A1's positive input senses T1 's current by monitoring the
voltage drop across the resistor string in T1 's return path.
A1's negative input is fixed by the 1.2V LT1 004 reference.
A1's output biases the 1.5V powered LT1110 switching
regulator. The LT111 O's switching produces two outputs
from L1. Pin 4's rectified and filtered output powers A1and
T1. A1 's output, in turn, closes a feedback loop at the
regulator. This loop generates whatever voltage step-up is
required to force precisely 1.5mA through T1. This arrangement provides the required high voltage drive while
minimizing power consumption. This occurs because the
switching regulator produces only enough vbltage to
satisfy T1 's current requirements.

L1 Pins land 2 source a boosted, fully floating voltage,
which is rectified and filtered. This potential powers A2.
Because A2 floats with respect to T1 , it can look differentially across T1 's outputs, Pins 10 and 4. In practice, Pin
10 becomes "ground" and A2 measures Pin 4's output
with respect to this point. A2's gain scaled output is the
circuit's output, conveniently scaled at 3.000\1 = 30.00"Hg.
To calibrate the circuit, adjust R1 for 150mV across the
1oon resistor in H's return path. This sets T1 's current to
the manufacturer's specified calibration point. Next, adjust R2 at ascale factor of 3.000V = 30.00"Hg. If R2 cannot
capture the calibration; reselect the 200k resistor in series
with it. If a pressure standard is not available, the transducer is supplied with individual calibration data permit,
ting circuit calibration.
This circuit, compared to a high order pressure standard,
maihtained 0.01 "Hg accuracy over months with widely
varying ambient pressure shifts. ChangeS in pressure,
particularly rapid ones, correlated quite nicely to changing
weather conditions. Additionally, because 0.01 "Hg correspondsto about 1ofeet of altitude at sea level, driving over
hills and freeway overpasses becomes quite interesting.
The circuit pulls 14mA from the battery, allowing about
250 hours operation from one Dcell.

T1
NOVASENSOR
NPH-8-100AHt ":'

100k

6980

1%

+
.

R1

500"
1000

1%

• NOMINAL VALUE EACH SENSOR REQUIRES
•• TRIM FOR 150mV ACROSS A1-A2

t LUCAS NOVASENSOR
FREMONT. CA (510) 490-9100
COILTRONICS (407) 241-7876

Figure 62. Single Cell Barometer Schematic Diagram
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NOISE GENERATORS FOR MULTIPLE USES
A Broadband Random Noise Generator
by Jim Williams

Filter, audio and RF communications testing often require
a random noise source. Figure 63's circuit provides an
RMS amplitude regulated noise source with selectable
bandwidth. RMS output is 300mV with a 1kHz to SMHz
bandwidth, selectable in decade ranges.

rent feedback amplifier. A4's output, which is also the
circuit's output, is sampled by the AS-based gain control
configuration. This closes a gain control loop to A3. A3's
ISET current controls gain, allowing overall output level
control.

Noise source D1 is AC coupled to A2, which provides a
broadband gain of 100. A2's output feeds a gain control
stage via a simple, selectable lowpass filter. The filter's
output is applied to A3, an LT1228 operational transconductance amplifier. A1's output feeds LT1228 A4, a cur-

Figure 64 plots noise at a1MHz bandpass, whereas Figure
6S shows RMS noise versus frequency in the same
bandpass. Figure 66 plots similar information at full bandwidth (SMHz). RMS output is essentially flat to 1.SMHz,
with about ±2dB control to SMHz before sagging badly.
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Figure 63. Broadband Random Noise Generator Schematic
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Figure 64. Figure 63's Output In the 1MHz Filler Position
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Figure 65. RMS Noise vs Frequency at 1MHz Bandpass
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NOISE GENERATORS FOR MULITPLE USES
A Diode Noise Generator for "Eye Diagram" Testing
by Richard Markell
The circuit that Jim Williams describes evolved from my
desire to build acircuit for testing communications channels by means of "eye diagrams." (See Linear Technology,
Volume I, Number 2 for a short explanation of the eye
diagram.) I wanted to replace my pseudorandom code
generator circuit, which used a PROM, with a more "analog" design-one that more people could build without
specialized components. What evolved was anoise source
sampled by a very fast comparator (see Figure 67). The
comparator outputs a random pattern of 1's and O's.
The noise diode (an NC201) is filtered and amplified by the
L11190 high speed operational amplifier (U1). The output
feeds the L11116 (U2), a 12ns single supply, ground-

sensing comparator. The 2kn pot at the inverting input of
the LT1116 sets the threshold to the comparator so that a
quasiequal number of 1's and O's are output. U3 latches
the output from U2 so that the output from the comparator
remains latched throughout one clock period. The twolevel output is taken from U3's ao output.
The additional cirCUitry shown in the schematic diagram
allows the circuit to output four-level data for PAM (pulse
amplitude modulation) testing. The random data from the
two-level output is input to a shift register, which is reset
on every fourth clock pulse. The output from the shift
register is weighted by the three 5k resistors and summed
into the LT1220 operational amplifier from which the
output is taken. The filter network between the 74HC7 4
output and the 74HC4094 strobe input is necessary to
ensure that the output data is correct.

10k

5V~~~

5V

5V
lk

-------M~~~~

NC201
NOISE DIODE

1=-0-0

-flY

lOOk
lk

+

lOOk

~10"F

5V -JWIt- -5V
2k

CLOCK-----------=-------~ »::""---+.j.....4"""::b

8-STAGE SHIFT
REGISTER

8-BIT STORAGE
REGISTER
74HC4094
Vee = PIN 16
GND = PIN 8

5V-+-I--'-"-tF-l

-8V

5kx3

NC 201 = NOISE COM DIODE (201) 261-8797

Figure 67. Pseudorandom Code Generator Schematic Diagram
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Video/Op Amps
L11251 CIRCUIT SMOOTHLY FADES VIDEO TO BLACK
by Frank Cox
When avideo signal is attenuated, there is apoint were the
sync amplitude is too small for a monitor to process
properly. Instead of making a smooth transition to black
the picture rolls and tears. One solution to this problem i~
to run a separate sync signal into the monitor. This may
not be a viable solution in a system where cost and
complexity are the prime concerns. What is needed is a
simple video "volume control."
The circuit in Figure 68 can perform a smooth fade to
black, while maintaining good video fidelity. U1, an L11360

op amp, and its associated components form an elementary sync separator. C1, R1 and 01 clamp the composite
video. 02 biases the input of U1 to compensate for the
drop across 01. When 01 conducts, the most negative
portion of the waveform containing the sync information
is amplified by U1. The clamp circuit in the feedback
network of U1 (04 to 08) prevents the amplifier from
satur.ating. 03 and the CMOS inverter U4 complete the
shaping of the sync waveform. This sync separator works
with most video signals but, because of its simplicity, will
not work with very noisy or distorted video. The remainder
of the circuit is an L11251 video fader (U2) configured to
fade between the original video and the sync stripped from
that video. Thus, the video fades to black.

15V

D8 = 1N5226
D4 TO D7 = 1N4148

.JLJl..
COMPOSITE SYNC

15000

":"

COMPOSITE_-...--'lM----:;:~

SYNC

10k
A-+-_~oIv-15V

U3
LT1004-2.5

5k

FADE CONTROL

SYNC LEVEL
AN67F68

Figure 68. LT1251 Video Fader Schematic Diagram
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The control voltage forthe fader is generated by avoltage
reference and a10k variable resistor. If this control potentiometer is mounted an appreciable distance from the
circuit or if the control generates any noise when adjusted,
this node should be bypassed.
Figure 69 is a multiple exposure waveform photograph
that shows the action of this circuit.. Two linear ramp video
test signals are shown in this photograph. The video is
faded from full amplitude to zero amplitude in six steps.
The sync waveform (lower center) remains ullchanged.ln

Figure 69. Multiple Exposure Photo Showing Circuit Operation

LUMA KEYING WITH THE LT1203
VIDEO MULTIPLEXER
by Frank Cox
In video systems, the action of switching between two or
more active video sources is referred to as a "wipe" or a
"key." When the decision to switch video sources is based
on an attribute of the active video itself, the action is called
keying. Awipe is controlled by a nonvideo signal such as
a ramp. The circuit presented in Figure 71 is referred to as
a "Iuma key" because it switches between two sources
when the luminance ("Iuma") of amonochrome key signal
reaches a set level. It is also possible to key on the color
of the video source and this, not surprisingly, is called
"chroma keying."
Figure 71 's operation is very straightforward. A monochrome video source is used to generate the key signal.
The LT1363 is used as a buffer and may not be needed in
all applications. If the key signal is to be used as one ofthe
switched signals, it is convenient to "loop through" the
input of this buffer. The LT1 016 comparator switches
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Figure 70, a single video line modulated with color
subcarrier is faded from full video amplitude to zero video
amplitude. The monitor will eventually losecolorlock and
shut the color off as the amplitude of the color subcarrier
is reduced. This is not a problem in this application
because the color decoding circuits in the monitor .are
designed to work with a variety of signals from tape or
broadcast, and so have a large dynamic range. Color
portions of the picture will remain after the luminance
portion is completely black.

Figure 70. Photo Detailing a Single Video Line with Color
Subcarrier Faded to Zero Amplitude

when the video level exceeds the DC reference on its
inverting input, which is controlled by the "key sensitivity"
control. The TTL key signal controls an LT1203 video
multiplexer. Any two video sources may be connected to
the inputs of the LT1203, as long as they are gen locked
and within the common mode range (on ±5V supplies this
is ±3Vover O°C to 70°C) of the multiplexer. The LT1203's
fast switching speed, low offset and clean switching make
it a natural for an active video switching application like
this one. Composite color signals can be used, butthe best
results will be obtained if the key signal's horizontal sync
is phase coherent with the color reference of the sources.
The key source video should be monochrome to prevent
the key comparatorfrom switching on the color subcarrier.
Nonstandard video signals can be used for the inputs to
the LT1203. For instance, it is possible to select between
two DC input levels to construct atwo-level image. Figure
72 is an example of an image constructed this way. A
monochrome video signal is sliced and used to key between black (OV) and gray (approXimately 0.5V) to

Application Note 67
generate this image of a famous linear IC designer. An
image formed in this way is not a standard video output
until the blanking and sync intervals are reconstructed.
The second LT1203 blanks the video and an LT1363
circuit sums composite sync to the video and drives a
cable. For more information on this part of the circuit, see

AN 57, page 7. Aclamp is not used since the DC levels are
arbitrarily set by the inputs, but one could be used, as in the
figure on page 7 of AN 57, if the sources were video. As
another option, Figure 73 shows the same key signal used
as one of the inputs to the multiplexer.
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Figure 71. Luma Keyer Schematic Diagram

Figure 72. Two Level Image of Ie Designer

Figure 73. Key Signal Used as Input to the MUX
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LT1251/LT1256 VIDEO FADER AND
DC GAIN CONTROLLED AMPLIFIER
by William H. Gross

Asummary ofthe LT1251/LT1256 performance operating
on ±5V supplies in the configuration shown in Figure 74
is given in Table 1.

The Video Fader

Table 1. L11251/L11256 Performance Summary

Figure 74 shows the LT1251/LT1256 configured as afader
with unity gain. Afull-scale voltage of 2.5V is applied to Pin
12 and the control input drives Pin 3.
Figure 75 shows the true response of the control path. The
control path is fast enough for quick switching between
signals, as when keying on acolor or luminance level. The
control path introduces only asmall (50mV), short (50ns)
glitch when switched quickly.

Slew Rate (at ±2V, RL = 1500)

300VlJ.lS

Full-Power Bandwidth (1 VRMS)

30M Hz

Small-Signal Bandwidth

30M Hz

Differential Gain (NTSC, RL = 1500)
Differential Phase (NTSC, RL = 1500)
Total Harmonic Distortion (1kHz, K= 1)
(1kHz, K= 0.5)
(1kHz, K= 0.1)
Rise Time, Fall Time
Overshoot
Propagation Delay
Settling Time (0.1%, Va = 2V)

IN1

OVTO 2.5V

CONTROL

IN2

Quiescent Supply Current

3

RF1
1.5k
~----.

VVOUT

Figure 74. Two Input Video Fader
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Figure 75. LT1251/56 Control Path Bandwidth
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Grounding IN2 of the LT1256 in Figure 74 results in a
2-quadrant multiplier. Figure 76 shows the 2-quadrant
multiplier being used as an AM modulator. The output will
deliver 1OdBm into 50n. The LT1 077 op amp senses the
LT1256 output DC and drives the Null pin, eliminating any
DC at the output. The Null pin voltage is nominally 100mV
above the negative supply and therefore the op amp output
must be able to swing within afew millivolts ofthe negative
supply. Without the LT1077, the worst-case DC output
voltage is 50mV.
By operating one input stage in an inverting configuration
and the other in anoninverting configuration and driving
both inputs, the LT1256 becomes a 4-quadrant multiplier. Figure 77 shows the 4-quadrant multiplier being
used as adouble-sideband, suppressed-carrier modulator. The LT1 077 DC output nulling circuit could be added
if necessary.
The LT1251/LT1256 can be used to implement numerous
other functions, including voltage controlled filters, phase
shifters and oscillators. Squaring and limiting circuits can
be designed by feeding the output or input into the Control
pins. Gamma correction and other compression circuits
are created in a similar manner. The applications are
limited only by the deSigner's imagination.
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Figure 76. AM Modulator with DC Output Nulling Circuit
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Figure 77. Four Quadrant Multiplier Uses as a Double Sideband, Suppressed Carrier Modulator
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EXTENDING OP AMP SUPPLIES
TO GET MORE OUTPUT VOLTAGE
by Dale Eagar

R6
100k
R5
1000

We often hear of applications that require high output
voltage, low output impedance amplifiers. Here is atopology that allows you to extend an op amp's output voltage
swing while still maintaining its short-circuit protection.
The trick is to suspend the op amp between two MOSFET
source followers so that the supply voltages track the op
amp's output voltage (see Figure 78). The circuit shown in
Figure 78 will perform very nicely with any run-of-the-mill
ideal op amp. The problem is in the lead times of ideal op
amps-they just keep getting pushed out to later dates.
Nonideal op amps have realistic lead times and can be
made to work in the extended supply mode. They have
bandwidth limitations in both CMRR and PSRR. The
circuit shown in Figure 79 implements the extended supply as shown in Figure 78 and has several additional
components: C1 is added to decouple the supply, improving high frequency PSRR; R3 and R5 decouple the gates
of 01 and 02 from AC ground, preventing 01 and 02 from
running off together to redirect local air traffic; R1, R2 and
C4 form a snubber to de-O the 2-pole system formed by
the Miller capacitance of 01 and 02 and the high frequency
CMRR of IC1; additionally, R4, R6, C2, C3, Z1 and Z2 form
the two 15Vvoltage sources (E1 and E2 in Figure 78); CR1
and CR2 are protection diodes that allow the output to be
instantaneously shorted to ground when the output is at
any output voltage.
The values of R1, R2 and C4 vary with the MOSFETs' Miller
capacitance and with the high frequency CMRR of the op
amp used. They are selected to minimize the overshoot in
the step response of the amplifier.

C2
0.11'F

C4

~

C1
0.11'F

C3
0.11'F

R3
1000
R4
100k

v-

Figure 79. Detailed High Voltage Op Amp

High Voltage, High Frequency Amplifier

Using the LT1227 current feedback amplifier (CFA) in the
extended supply mode as shown in Figure 79, it is relatively easy to get a1MHz power bandwidth at 100Vp_p (see
Figure 80 for component values). This circuit has shortcircuit protection and is stable into all capacitive loads.
If One Is Good, Are Two Better?

Dual and quad op amps can also be configured with
extended supplies, although the design gets just awee bit
tricky. When extending supplies of multiple stages and/or
complete circuits, some design rules need to change. Op
amp circuits generally require a ground against which to
reference all signals. The problem encountered when
R7
R8
10k
1k
IN ~"Iv--+--"M---,

OUT

OUT~

AN67FSO

Figure 78. Block Diagram of Suspended Supply Op Amp
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Figure 80. High Speed Suspended Op Amp
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R11

transformer, with the center tap hooked to 5V or 12V or
whatever." At this point everyone is happy until the transformer comes in. After afew phone calls to make sure that
the transformer maker shipped the right one, the engineer
(face covered with egg) asks if anyone needs arather large
paperweight. The engineer (still wiping egg from his face)
then decides to use switching power supply technology to
solve this "simple" problem.

R12

A. CONVENTIONAL

B. SUSPENDED

Figure 81. Inverting Amplifiers (A. Conventional, B. Suspended)

using extended supply mode is that "ground" is swinging
through the common mode range of the op amp and
beyond. This raises the following question: "If I cannot
reference the signals to ground, to what can I reference
them?" The answer? "Use the output as the signal reference." This works for all stages except the last stage,
where using the output as the reference would simply
discard the signal. In the last stage, ground is effectively
the output and the feedback resistor is R12. This is shown
in Figures 81 a and 81 b. Figure 81 a shows a conventional
inverting amplifier where the input and output Signals are
referred to ground. Figure 81 b shows the equivalent
circuit implemented in the extended supply mode.
Here are two rules for design in the extended supply mode,
which will be demonstrated in the next application:
Rule 1: When designing multiple stages in the extended
supply mode, reference the signals of all stages except the
last to the output of the last stage.
Rule 2: Invert the signal using the circuit in Figure 81 bat
the last stage.
Ring-Tone Generator
Ring-tone generators are sine wave output, high voltage
inverters for the specific purpose of ringing telephone
bells. In decades past, the phone company generated their
ring tones with motor generator sets with the capacity to
ring numerous phones simultaneously. Often, ring tones
are 20Hz at 90V with less than 10mA per bell output
current capability. Since the power supplied is low one
would thinkthatthe task is minimal. This is not always so.
"It's simple-no problem," is often heard in response to
queries about ring tone generators. "Just hook acouple of
logic level FETs to two spare output bits of the microprocessor and hook their drains to the primary side of a

Here is asimple ring-tone generator that can be turned on
and off with a logic Signal. It has afully isolated output, is
short-circuit protected and can be powered by any input
voltage from 3V to 24V.
How It Works
Suspended along with the dual op amp in Figure 82 are two
voltage references and an oscillator. Keep in mind when
referring to Figure 82 that the node labeled "A" is the
output; this is the reference common for the references,
the oscillator and the first lowpass filter (U1 a). The two
references, VR1 and VR2, produce ±2.5V. The oscillator
U2, running on the ±2.5V references, produces a 20Hz
square wave rail-to-rail. U1 ais a2nd order, Sallen and Key
lowpass filter that knocks off the sharp edges, presenting
the somewhat smoothed signal at point "B."
Next comes the triCky stuff. U1 b is a 2nd order, multiplefeedback (MFB) lowpass filter/amplifier that performs
four functions: first, it subtracts the voltage at point "A"
(its own output voltage) from the voltage at point "B" (the
incoming signal), forming a difference that is the signal;
second, it filters the difference signal with a 2-pole lowpass filter, smoothing out the last wrinkles in the Signal;
third, it amplifies the filtered difference signal with a gain
of 34; and fourth, it references the amplified signal to
ground, forming the output.
Note that R99 shown in Figure 82 is there to protect the
input of U1 b in the event that the output is shorted when
the output voltage is very high. This measure is necessary
because the bottom end of C99 is connected to ground,
and C99 could have up to 1OOV across it. When the output
is shorted to ground from a high voltage, R99 limits the
current into the input of U1 b to an acceptable level.
This circuit, when coupled with the switching power
supply shown in Figure 83, implements a fully isolated
sine wave ring tone generator.
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Figure 82. Ring Tone Generator: Oscillator, Filter and Driver
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The input current and power versus input voltage for the
combination ring-tone generator (Figures 82 and 83) are
shown in Figure 84. The output waveform (loaded with one
bell) is shown in Figure 85 and the harmonic distortion is
shown in Figure 86.

Although somewhat tricky at first, extended supply mode
is a valuable tool to get out of many tight places, There is
also a great deal of satisfaction to be gathered when
making it work, for those of you who love a technical
challenge,
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Figure 85. Ring-Tone Generator Frequency Spectrum Plot
Figure 84. Input Current and Input Power vs Input Voltage While
Ringing One Bell for Figure 82 Circuit

Figure 86. Sine Wave Output from Ring-Tone Generator

AN67-61

Application Note 67
USING SUPER OPAMPS TO·PUSH TECHNOLOGICAL
FRONTIERS: AN ULTRAPURE OSCILLATOR
by Dale Eagar
The advent of high speed op amps allows the implementation of circuits that were impossible just afew years ago.
This article describes a new topology that makes use of
these new high speed circuits and makes astounding
improvements in its performance. An oscillator using
such op amps has distortion limits beyond our ability to
measure.
An Ultralow Distortion, 10kHz Sine Wave Source for
Calibration of 16-Bit or Higher AID Converters

stageA1. Second,the input impedance of A1 can be made
very high, further improving both open-loop gain of U1
and the open-loop harmonic distortion of U1. Third, the
output voltage swing of U1 is decreased, keeping its
output Circuitry in its lowest distortion area.
The composite circuit, A1, consists of three sections. The
first section, as seen in Figure 90, has the gain/phase plot
shown in Figure 92. Note the high gain at 10kHz (60dB)
and the gain of 6dB at SMHz, with only 17 degrees of phase
contribution. In fact, this looks so nice that you might ask,
"why not use two?" and thus reduce your distortion by an
additional 60dB?
AV

The path to low distortion in an amplifier or an oscillator
begins with amplifiers with the lowest possible open-loop
distortion and lots of excess open-loop gain in the frequency band of interest. The next step is closing the loop,
thereby reducing open-loop distortion by an amount approximately equal to the loop gain. This is not easy, as
certain stability criteria must be met by an amplifier that
isn't an oscillator or by an oscillator that oscillates at a
specified frequency.
The trick used in this circuit is to build an amplifier that has
excessive gain where it is needed but no excess gain or
phase shift where it isn't. In many applications the band
from DC to 100kHz requires the above mentioned high
gain; the gain should fall off when the open-loop gain falls
through unity (around SMHz). Howthis is done in the flesh
(silicon) is shown here.
Circuit Operation and Circuit Evolution
A standard inverting amplifier topology, as shown in
Figure 87, has a finite open-loop gain in the frequency
band of interest (see Figure 88), with some open-loop
harmonic distortion (about -60dB) and an open-loop
output impedance of about 70n.

Figure 87. Conventional Inverting Op Amp Topology
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The amplifier shown in Figure 87 can achieve low distortion, but since the circuit has a limited loop gain, the
curative effects of feedback can only be taken so far. The
designer must also be careful to ensure that RL is many
times higher than the open-loop output impedance of U1.
Figure 89's circuit makes several improvements over the
circuit of Figure 87. First, the open-loop gain of U1 is
multiplied by Av(f), the gain of the composite amplifier
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Figure 89. LT1007 Followed by Composite Amplifier A1
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The second section, shown in Figure 91, has the gain/
phase plot shown in Figure 93. Note that here the gain
doesn't change significantly, but the phase is positive just

where we want it (1 MHz to SMHz) to allow a very stable
system to be built.
The third section, as you might guess, is the same as the
first. In sum, the gain/phase plot of the composite amplifier A1 is shown in Figure 94. Note the gain, which is in
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excess of t20db at 10kHz and the total phase contribution
of about -20 degrees at 5MHz. The complete gain block is
shown in Figure 95.

1 billion). This means that the closed-loop harmonic distortion can easily be kept in the region of "parts per billion."
A Wien bridge oscillator with harmonic distortion in the
parts per billion is shown in Figure 96. The super op amps
81 and 82 are the previously described composite amplifiers as shown in Figure 95. Note that the output is taken
between the two outputs of 81 and 82. This topology gives
the best signal-to-noise ratio, in addition to balancing the

Super Gain Block Oscillator Circuitry
When A1, as described above is connected with U1, as
shown in Figure 89, the resulting circuit is not only unitygain stable but has open-loop gain of 180dB at 10kHz (yes,
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power supply currents and their harmonics. Taking the
output from one amplifier's output to ground is also valid.
To align the circuit, first center the output amplitude
adjustment potentiometer. Next, adjust the gain trim for
oscillation while also adjusting the output amplitude for
5Vp_p output (single ended). Next, adjust the gain trim to
1Vp_p at the output of the LT1228. Finally, connect a

spectrum analyzer to the output of the LT1228 and adjust
the second harmonic trim potentiometer for a null in the
second harmonic of the oscillator frequency. The measurement of the harmonic distortion of this oscillator
defies all of our resources, but appears to be well into the
parts-per-billion range.
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FAST VIDEO MUX USES LT1203/LT1205
by Frank Cox
To demonstrate the switching speed ofthe LT1203/LT1205.
the RGB MUX of Figure 97 is used to switch the inputs of
an RGB workstation with a22ns pixel width. Figure 98a is

a photo showing the workstation output and RGB MUX
output. The slight rise time degradation at the RGB MUX
output is due to the bandwidth of the LT1260 current
feedback amplifier used to drive the 750 cable. In Figure
98b the LT1203 switches at the end of the first pixel to an
input at zero and removes the following pixels.
1.5k

>-+-"W'v....... RED OUT

RED 1
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RED2

vGREEN 1
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v-
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Figure 97. Fast RGB MUX
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Figure 98a. Workstation and RGB MUX Output
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Figure 98b. RGB MUX Output Switched to Ground After One Pixel
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USING A FAST ANALOG MULTIPLEXER
TO SWITCH VIDEO SIGNALS FOR NTSC
"PICTURE-IN-PICTURE" DISPLAYS
by Frank Cox

OFF AIR VIDEO
SOURCE OR VIDEO
PATIERN
GENERATOR

Introduction
The majority of production 1 video switching consists of
selecting one video source out of many for signal routing
or scene editing. For these purposes, the video signal is
switched during the vertical interval in order to reduce
visual switching transients. The image is blanked during
this time, so if the horizontal and vertical synchronization
and subcarrier lock are maintained, there will be no visible
artifacts. Although vertical interval switching is adequate
for most routing functions, there are times when it is
desirable to switch two synchronous video signals during
the active (visible) portion of the line to obtain picture-inpicture, key or overlay effects. Picture-in-picture or active
video switching requires signal-to-signal transitions that
are both clean and fast. A clean transition should have a
minimum of pres hoot, overshoot, ringing or other aberrations commonly lumped under the term "glitching."

':'

750

LT1204
':'

LOOP
THROUGH

750
':'

750
INPUTS

Figure 99. "Picture-in-Picture" Test Setup

Using the LT1204
Aquality high speed multiplexer amplifier can be used with
good results for active video switching. The important
specifications for this application are small, controlled
switching glitch, good switching speed, low distortion,
good dynamic range, wide bandwidth, low path loss, low
channel-to-channel crosstalk and good channel-to-channel offset matching. The LT1204 specifications match
these requirements quite well, especially in the areas of
bandwidth, distortion and channel-to-channel crosstalk
(which is an outstanding 90dB at 10MHz). The LT1204
was evaluated for use in active video switching with the
test setup shown in Figure 99. Figure 100 shows the video
waveform of aswitch between a50% white level and a0%
white level about 30% into the active interval and back
again at about 60% of the active interval. The switch
artifact is brief and well controlled. Figure 101 is an
expanded view of the same waveform. When viewed on a
monitor, the switch artifact is just visible as a very fine

--L7lJ!l~

AN~FlOO

Figure 100. Video Waveform Switched from 50% White Level
fo 0% White Level and Back

Figure 101. Expanded View of Rising Edge ofLT1204 Switching
from 0% to 50% (50ns Horizontal Division)
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Figure 102. Expanded View 01 "Brand-X" SWitch
0% to 50% Transition

line. The lower trace is a switch between two black level
(OV) video signals showing a very slight channel-tochannel offset, which is notvisible on the monitor. Switching between two DC levels is aworst-case test, as almost
any active video will have enough variation to totally
obscure this small switch artifact.
Video Switching Caveats
In a video processing system that has a large bandwidth
compared to the bandwidth of the video Signal, a fast
transition from one video level to another (with a low
amplitude glitch) will cause minimal visual disturbance.
This situation is analogous to the proper use of an analog
oscilloscope. In order to make accurate measurement of
pulse waveforms, the instrument must have much more
bandwidth than the signal in question (usually five times
the highest frequency). Not only should the glitch be
small, it should be otherwise well controlled. A switching
glitch that has a long settling "tail" can be more troublesome (that is, more visible) than one that has more
amplitude but decays quickly. The LT1204 has aswitching
glitch that is not only low in amplitude but well controlled
and quickly damped. Refer to Figure 102, which shows a
video multiplexer that has a long, slow,settling tail. This
sort of distortion is highly visible on a video monitor.
Composite video systems, such as NTSC, are inherently
band limited and thus edge-rate limited. In asharply band
limited system, the introduction of signals that contain
significant energy higher in frequency than the filter cutoff
will cause distortion of transient waveforms (see Figure
103). Filters used to control the bandwidth of these video

AN67-68

systems should be group-delay equalized to minimizethis
pulse distortion. Additionally, in aband limited system, the
edge rates of switching glitches or level-to-Ievel transitions should be controlled to prevent ringing and other
pulse aberrations that could be visible. In practice, this is
usually accomplished with pulse-shaping networks (Bessel
filters are one example). Pulse-shaping networks and
delay equalized filters add cost and complexity to video
systems and are usually found only on expensive equipment. Where cost is a determining factor in system
deSign, the exceptionally low amplitude and brief duration
of the LT1204's switching artifact make it an excellent
choice for active video switching.
1Video production, in the most general sense, means any purposeful manipulation of the video
signal, whether in a television studio or on a desktop PC.
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APPLICATIONS FOR THE LT1113 DUAL JFET OP AMP
by Alexander Strong
Figure 104 shows a low noise hydrophone amplifier with
a DC servo. Here one half (A) of the LT1113 is configured
in the noninverting mode to amplify avoltage signal from
the hydrophone, and the other half (B) of the LT1113 nulls
errors due to voltage and current offsets of amplifier Aand

to null out DC errors of the hydrophone. The value of C1
depends on the capacitance of the hydrophone, which can
range from 200pF to 8000pF. The time constant of the
servo should be larger than the time constant of the
hydrophone capacitance and the 100M source resistance.
This will prevent the servo from canceling the low frequency signals from the hydrophone.

3.9k
C1

-:>!--+-------..-OUTPUT

'f ~hROPHONE
1M

100M
1M
100k

C1 = c,- = 200pFTO 8000pF
DCOUTPUT,;4mVATTA< 7O"C
OUTPUT VOLTAGE NOISE = 130nV/,)Hz AT 1kHz
POWER SUPPLY RANGE = ±5V TO ±15V

Figure 104. Low Noise Hydrophone Amplifier with DC Servo
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Another popular charge-output transducer is the accelerometer. Since precision accelerometers are charge-output devices, the inverting mode is used to convert the
transducer charge to an output voltage. Figure 10S is an
example of an accelerometer with a OC servo. The charge
from the transducer is converted to avoltage by C1, which
should equal the transducer capacitance plus the input

capacitance of the op amp. The noise gain will be 1 + C11
CT. The low frequency bandwidth of the amplifier will
dependonthevalueofR1·C1 (orR1 (1 +R2IR3) fora Tee
network). As with the hydrophone example, the time
constant of the servo (1/RSCS) should be larger than the
time constant of the amplifier (1/R1 C1).

Cl
1250pF
Rl
100M

OUTPUT = 0.8I'VipC·
=8.0mViG"

R2
18k

DC OUTPUT,; 2.7mV
OUTPUT NOISE = 61lVi"tHz" AT 1kHz
'PICOCOULOMBS
"EARTH'S GRAVITATIONAL CONSTANT

Figure 105. Accelerometer Amplifier with DC Servo

LT1206 AND LT1115 MAKE LOW NOISE
AUDIO LINE DRIVER
by William Jeff

Although the wide bandwidth and high output drive capabilities of the LT1206 make it a natural for video circuits,
these characteristics are also useful for audio applications. Figure 106 shows the L1'1206 combined with the
LT111S low noise amplifier to form a very low noise, low
distortion audio buffer with a gain of 10. With a320 load
and a 5VRMS output level (780mW), the THO + noise for
the circuit is 0.0009% at 1kHz, rising to 0.004% at 20kHz.
The frequency response is flat to 0.1dB from OCto
600kHz, with a -3dB bandwidth of 4MHz. The circuit is
stable with capacitive loads of 250pF or less.

560Q

-15V

5600

090
.1000
Nf87F106

Figure 106. Low Noise x 10 Buffered Line Driver
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DRIVING MULITPLE VIDEO CABLES WITH THE LT1206
by William Jett
The combination of a 60MHz bandwidth, 250mA output
current capability and low output impedance makes the
LT1206 ideal for driving multiple video cables. One concern when driving multiple transmission lines is the effect
of an unterminated (open) line on the other outputs. Since
the unterminated line creates a reflected wave that is
incident on the output of the driver, a nonzero amplifier
output impedance will result in crosstalk to the other lines.

Figure 107 shows the LT120S connected as a distribution
amplifier. Each line is separately terminated to minimize
the effect of reflections. For systems using composite
video, the differential gain and phase performance are also
important and have been considered in the internal design
of the device. The differential phase and differential gain
performance versus supply is shown in Figures 108 and
109 for 1,3,5 and 10 cables. Figure 110 shows the output
impedance versus frequency. Note that at 5MHz the output impedance is only O.SQ.
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OPTIMIZING AVIDEO GAIN CONTROL STAGE
USING THE LT1228
by Frank Cox

Video automatic gain control (AGC) systems require a
voltage- or current-controlled gain element. The performance of this gain-control element is often a limiting
factor in the overall performance of the AGC loop. The gain
element is subject to several, often conflicting, restraints.
This is especially true of AGC for composite color video
systems such as NTSC, which have exacting phase and
gain distortion requirements. To preserve the best possible signal-to-noise ratio {S/N), 1 it is desirable for the
input signal level to be as large as practical. Obviously, the
larger the input signal the less the SIN will be degraded by
the noise contribution of the gain control stage. On the
other hand, the gain control element is subject to dynamic
range constraints and exceeding these will result in rising
levels of distortion.
Linear Technology makes ahigh speed transconductance
(gm) amplifier, the LT1228, which can be used as aquality,
inexpensive gain control element in color video and some
lower frequency RF applications. Extracting the optimum
performance from video AGC systems takes careful attention to circuit details.
As an example of this optimization, consider the typical
gain control circuit using the LT1228 shown in Figure 111.
The input is NTSC composite video, which can cover a
10dB range, from 0.56V to 1.8V. The output is to be 1V
peak-to-peak into 75n. Amplitudes were measured from
peak negative chroma to peak positive chroma on an NTSC
modulated ramp test signal (see page 74).

Notice that the signal is attenuated 20:1 by the 75n
attenuator at the input of the LT1228, so the voltage on the
input (Pin 3) ranges from 0.028V to 0.090V. This is done to
limit distortion in the transconductance stage. The gain of
this circuit is controlled by the current into the ISETterminal,
Pin 5ofthe IC.ln aclosed-loop AGC system the loop control
Circuitry generates this current by comparing the output of
adetector2 to areference voltage, integrating the difference
and then converting to a suitable current. The measured
performance for this circuit is presented in Table 1.
Table 1 Measured Performance Data (Uncorrected)
INPUT
(V)

ISET
(mA)

0.03
0.06
0.09

1.93
0.90
0.584

DIFFERENTIAL
GAIN
0.5%

1.2%
10.8%

3.0 0

SIN
55dB
56dB
57dB

All video measurements were taken with a Tektronix
1780R video measurement set, using test signals generated by a Tektronix TSG 120. The standard criteria for
characterizing NTSC video color distortion are the differential gain and the differential phase. For a brief explanation of these tests see "Differential Gain and Phase" page
74. Fpr this design exercise the distortion limits were set
at asomewhat arbitrary 3% for differential gain and 3° for
differential phase. Depending on conditions, this should
be barely visible on a video monitor.
Figures 112 and 113 plot the measured differential gain
and phase, respectively, against the input signal level (the
1 Signal to noise ratiO, SIN = 20 x 10g(RMS signaVRMS noise).
2 One way to do this is to sample the colorburst amplitude (the nominal peak-to-peak amplttude of
the colorburst for NTSC is 40% of the peak luminance) with asample-and-hold and peak detector.
82.50

7500

750

Figure 111. Schematic Diagram
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Figure 112. Differential Gain vs Input Level

not have DC bias levels but the compOSite video Signal is
mostly unipolar.
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curves labeled "A" show the uncorrected data from
Table 1). The plots show that increasing the input signal
level beyond 0.06V results in a rapid increase in the gain
distortion, but comparatively little change in the phase
distortion. Further attenuating the input Signal (and consequently increasing the set current) would improve the
differential gain performance but degrade the SIN. What
this circuit needs is a good tweak.

Optimizing for Differential Gain
Referring to the small-signal transconductance versus
DC input voltage graph (Figure 114), observe that the
transconductance of the amplifier is linear over a region
centered around OV.3 The 25°C gm curve starts to become quite nonlinear above 0.050V. This explains why
the differential gain (see Figure 112, curve A) degrades so
quickly with signals above this level. Most RF signals do
3Notice also that the linear region expands with higher temperature. Heating the chip has been
suggested.

Video is usually clamped at some DC level to allow easy
processing of sync information, The sync tip, the chroma
reference burst and some chroma signal information swing
negative, but 80% of the signal that carries the critical color
information (chroma) swings positive. Efficient use of the
dynamic range of the LT1228 requires that the input signal
have little or no offset. Offsetting the video signal so thatthe
critical part of the chroma waveform is centered in the
linear region of the transconductance amplifier allows a
larger signal to be input before the onset of severe distortion. Asimple way to do this is to bias the unused input (in
this circuit the inverting input, Pin 2) with a DC level.
In avideo system, it might be convenientto clamp the sync
tip at a more negative voltage than usual. Clamping the
signal prior to the gain-control stage is good practice
because a stable DC reference level must be maintained.
The optimum value of the bias level on Pin 2 used for this
evaluation was determined experimentally to be about
0.03V. The distortion tests were repeated with this bias
voltage added. The results are reported in Table 2 and
Figures 112 and 113 (curves B). The improvement to the
differential phase is inconclusive, butthe improvement in
the differential gain is substantial.
Table 2. Measured Performance Data (Corrected)
INPUT
BIAS
(V) VOLTAGE
0.03
0.03

0.06
0.09

0.03
0.03

ISET
(mA)

1.935
0.889
0.584

DIFFERENTIAL
GAIN
0.9%

1.0%
1.4%

DIFFERENTIAL
PHASE
SIN
55dB
1.45
56dB
2.25°
0

2.85°

57dB
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LT1190 FAMilY ULTRAHIGH SPEED
OP AMP CIRCUITS
by John Wright and Mitchell Lee
Introduction
The LT1190 series op amps combine bandwidth, slew rate
and output drive capability to satisfy the demands of many
high speed applications. This family offers up to 3S0MHz
gain bandwidth product and slew rates of 4S0v/~ while
driving 1S00 (7S0, double terminated) loads. In son
systems, the LT1190 family can deliver 13.SdBm to a
double terminated load. These parts are based on the
familiar, easy-to-use, voltage mode feedback topology.
Small-Signal Performance
Figures 116 and 117 show the small-signal performance
ofthe LT1190 and LT1191 when configured for gains of +1
and -1. The noninverting plots show peaking at 130MHz,
which is characteristic of the socketed test fixture and
supply bypass components. Atight PC board layout would
reduce the LT1190 peaking to 2dB. The small-signal
performance of an LM118 is shown for comparison.

frequency rises, the error increases because capacitor
charging time decreases. During this time the overdrive
becomes avery small portion of asine wave cycle. Finally,
at approximately 4MHz, the error rises rapidly owing to the
slew-rate limitation of the op amp. For comparison purposes, the error of an LM118 is also plotted for VIN = 2Vp_p.
10
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Figure 116. Small-Signal Response Av = +1. 130MHz Peaking
Due to Socket and Bypass Components

Fast Peak Detectors
Fast peak detectors place unusual demands on amplifiers.
The output stage must have a high slew rate in order to
keep up with the intermediate stages of the amplifier. This
condition causes either a long overload or DC accuracy
errors. To maintain a high slew rate at the output, the
amplifier must deliver large currents into the capacitive
load of the detector. Other problems include amplifier
instability with large capacitive loads and preservation of
output voltage accuracy.
The LT1190 is the ideal candidate for this application, with
a 4S0V/~ slew rate, SOmA output current and 70° phase
margin. The closed-loop peak detector circuit of Figure
118 uses a Schottky diode inside the feedback loop to
obtain good accuracy. A 200 resistor (Ro) isolates the
1OnF load and prevents oscillation.
DC error with asine wave input is plotted in Figure 119 for
various input amplitudes. The DCvalue is read with aDVM.
At low frequencies, the error is small and is dominated by
the decay of the detector capacitor between cycles. As
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Figure 117. Small-Signal Response Av =-1
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Figure 118. Closed-Loop Peak Detector
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Figure 119. Closed-Loop Peak Detector Error vs Frequency

Figure 121. Open-Loop Peak Detector Error VB Frequency
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Figure 120. Open-Loop, High Speed Peak Detector

Figure 122. Fast Pulse Detector

A Schottky diode peak detector can be built with a 1nF
capacitor and a 10ka pulldown. Although this simple
circuit is very fast, it has limited usefulness because of the
error of the diode threshold and its low input impedance.
The accuracy of this simple detector can be improved with
the LT1190 circuit of Figure 120.

The DC error with asine wave input, as read with a DVM,
is plotted in Figure 121. For comparison purposes the
LM118 error is plotted as well as the error of the simple
Schottky detector.

In this open loop design, D1 is the detector diode and D2
is a level shifting or compensating diode. A load resistor,
RL, is connected to -5V and an identical bias resistor, RB,
is used to bias the compensating diode. Equal value
resistors ensure that the diode drops are equal. Low
values of RL and RB (1 kto 10k) provide fast response, but
at the expense of poor low frequency accuracy. High
values of RL and RB provide good low frequency accuracy
but cause the amplifier to slew rate limit, resulting in poor
high frequency accuracy. A good compromise can be
made by adding a feedback capacitor, CFB, which enhances the negative slew rate on the (-) input.

Afast pulse detector can be made with the circuit of Figure
122. Avery fast input pulse will exceed the amplifier's slew
rate and cause a long overload recovery time. Some
amount of dV/dt limiting on the input can help this overload condition; however, it will delay the response.
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Pulse Detector

Figure 123 shows the detector error versus pulse width.
Figure 124 is the response to a 4Vp_p input pulse that is
80ns wide. The maximum output slew rate in the photo is
70VlIJS. This rate is set by the 70mA current limit driving
1nF. As aperformance benchmark, the LM118 takes 1.21JS
to peak detect and settle, given the same amplitude input.
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Figure 124. Open-loop Peak Detector Response

This slower response is due in part to the much lower slew
rate and lower phase margin of the LM118.
Instrumentation Amplifier Rejects High Voltage
Instrumentation amplifiers are normally used to process
slowly varying outputs from transducers, rather than fast
signals. However, it is possible to make an instrumentation amplifier that responds very quickly, with good common mode rejection. For the circuit of Figure 125, an
LT1192 is used to obtain 50dB of CMRR from a 120Vp_p
signal. In this application, the CMRR is limited by the
matching of the resistors, which should match to better
than 0.01%.
An LT1192 is used in this application because the circuit
has a noise gain of 100 and because the higher gain

bandwidth of the LT1192 allows a -3dB bandwidth of
3.5MHz. Note also that the 100:1 attenuation of the common mode signal presents acommon mode voltage to the
amplifier of only 1.2Vp_p. Figure 126 shows the amplifier
output for a 1MHz square wave riding on a120Vp_p, 60Hz
signal. The circuit exhibits 50dB rejection of the common
mode signal.
Crystal Oscillator
Op amps have found wide use in low frequency (~1 OOkHz)
crystal oscillator circuits, but just haven't had the bandwidth to operate successfully at higher frequencies. The
LT1190 and LT1191 make excellent gain stages for highfrequency Colpitts oscillators. Apractical implementation
is shown in Figure 127.
Gain limiting is provided by two Schottky diodes, which
maintain the output at approximately +11 dBm-sufficient
to directly drive +7 or +1OdBm diode-ring mixers. Outputstage clipping is not recommended as a means of gain
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Figure 127. High Frequency Colpitis Oscillator
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limiting, as this increases distortion and allows internal
nodes to be overdriven. The recovery time would add
excessive phase shift in the oscillator loop, degrading
frequency stability.
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Distortion performance is good, considering thatthe oscillator consists of one stage and can deliver useful output
power. Figure 128 shows a spectral plot of the oscillator's
output. The second harmonic is approximately 37dB down,
limited primarily by the clipping action of the Schottky
diodes. Power supply rejection is excellent, showing a
frequency sensitivity of approximately 0.1 ppmN. The
LT1190 gives acceptable performance to 1OMHz, while the
LT1191 extends the circuit's operating range to 20MHz.
AN LT1112 DUAL OUTPUT BUFFERED REFERENCE
by George Erdi
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Figure 128. Oscillator Output Spectrum
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A dual output buffered reference application is shown in
Figure 129.
Figure 129 works on two AA batteries, which can be
discharged to ±1.3V. With two equal 20k resistors, two
equal but opposite sign reference voltages are available.
Changing the ratio of the two 0.1 % resistors allows for
other values: one positive and one negative.

4

.>-t-+- 0.617V
TOTAL SUPPLY CURRENT = 700)JA.
LT1004-1.2

100pF

20k
0,1%

WORKS WITH BATIERIES
DISCHARGED TO ±1.3V.
AT ±1,5V: MAXIMUM LOAD
CURRENT = 800)JA; CAN BE
INCREASED WITH OPTIONAL Rx. Ry;
AT Rx= Ry= 7500 LOAD
CURRENT = 2mA.
TEMPERATURE COEFFICIENT LIMITED
BY REFERENCE = 20ppmrc.

20k
0.1%

=-__......._ -O.617V

L...-_ _ _

Figure 129. Dual Output Reference Operates on Two AA Cells
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THREE OP AMP INSTRUMENTATION AMP
USING THE LT1112/LT1114
by George Erdi

4. Low noise: 0.32JlV peak-to-peak, 0.1 Hz to 10Hz
S. Supply current is 4001JA max per amplifier

The LT1112/LT1114 are dual and quad universal precision
op amps. All important precision specifications have been
maintained:
1. Microvolt offset voltage; the low cost grades (including
the small outline, 8-pin surface mount package) are
guaranteed to 7SJlV.
2. Drift guaranteed to O.SJlV/oC (O.7SJlV/oC low cost grades)

6. Voltage gain is in excess of one million
The LT1112/LT1114 also provide a full set of matching
specifications, facilitating their use in such matching
dependent applications as the three op amp instrumentation amplifier shown in Figure 130. The performance of
this instrumentation amplifierdepends only on the matching parameters not the specifications of the individual
amplifiers.

3. Bias and offset currents are in the picoampere range,
even at 12SoC

R4
1000
0.5%

INPUT-

R6
10k
0.5%

>--..- OUTPUT
GAIN = 1000

R2
10k

1%
INPUT+

R5
1000
0.5%

TRIM R8 FOR GAIN
TRIM R9 FOR DC COMMON MODE REJECTION
TRIM R10 FOR AC COMMON MODE REJECTION

R7
9.88k
0.5%
R9
2000

TYPICAL PERFORMANCE OF THE
INSTRUMENTATION AMPLIFIER:
INPUT OFFSET VOLTAGE = 40llV
OFFSET VOLTAGE DRIFT = 0.31lV/oC
INPUT 81AS CURRENT = 80pA
INPUT OFFSET CURRENT = 100pA
INPUT RESISTANCE = 800GO
INPUT NOISE =0.5IlVp_p

Figure 130. Three Op Amp Instrumetation Amp with Gain = 100
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ULTRALOW NOISE, THREE OP AMP
INSTRUMENTATION AMPLIFIER
by George Erdi and Alexander Strong
Op amp instrumentation amplifiers usually have op amps
with afixed gain greater than one at the input stage (Figure
131). At low frequencies, decompensated op amps work
well, but at high frequencies and with one input grounded,
the virtual ground begins to lose its integrity. As the
frequency of the input signal increases, the amplitude at
the virtual ground increases, making the virtual ground
look inductive, eventually requiring a unity-gain stable
amplifier. The LT1028 can be made stable under these
conditions with bypass capacitors and alittle experimenting, but the LT1128 is unconditionally stable.

820
300n

10k
AN67F131

INPUT REFERRED NOISE = 1.5nVNHz at 1kHz
WIDE BAND NOISE = l.4I'VRMS
IF BAND LIMITED TO DC TO 100kHz = O.S"VRMS
GAIN BANDWIDTH PRODUCT = 400MHz

Figure 131. Three Op Amp, Ultralow Noise
Instrumentation Amplifier

A TEMPERATURE COMPENSATED, VOLTAGECONTROLLED GAIN AMPLIFIER USING THE LT1228
by Frank Cox
It is often convenient to control the gain of a video or
intermediate frequency (IF) circuit with a voltage. The
LT1228, along with a suitable voltage-to-current converter circuit, forms aversatile gain control building block
ideal for many of these applications. In addition to gain
control over video bandwidths this circuit can add a
differential input and has sufficient output drive for son
systems.
The transconductance of the LT1228 is inversely proportional to absolute temperature at a rate of - 0.33%/oC. For
circuits using closed-loop gain control (Le., IF or video
automatic gain control) this temperature coefficient does
not present a problem. However, open-loop gain control
circuits that require accurate gains may require some
compensation. The circuit described here uses a simple
thermistor network in the voltage-to-current converter to
achieve this compensation. Table 1summarizesthecircuit's
performance.
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Table 1. Characteristics of Example
Input Signal Range
Desired Output Voltage
Frequency Range

O.sv to 3.0V pk
1.0V pk
OHzto SMHz

Operating Temperature Range
Supply Voltages
Output Load
Control Voltage vs Gain Relationship
Gain Variation Over Temperature

±1SV
1S0n (75n + 7Sn)
OV to 5V Min to Max Gain
±3% from Gain at 2SoC

Figure 132 shows the complete schematic of the gain
control amplifier. Please note thatthese component choices
are notthe only ones that will work nor are they necessarily
the best. This circuit is intended to demonstrate one
approach out of many for this very versatile part and, as
always, the designer's engineering judgment must be fully
engaged. Selection of the values for the input attenuator,
gain-set resistor and current feedback amplifier resistors
is relatively straightforward, although some iteration is
usually necessary. For the best bandwidth, remember to
keep the gain-set resistor, R1, as small as possible and the
set current as large as possible (with due regard for gain
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10.7k
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75
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274
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Figure 132. Differential Input, Variable Gain Amplifier

compression). The voltage-controlled current source (ISET)
is detailed in the boxed section.
Several of these circuits have been built and tested using
various gain options and different thermistor values. Test
results for one of these circuits are shown in Figure 133.
The gain error versus temperature for this circuit is well
within the limit of±3%. Compensation over amuch wider
range of temperatures or to tighter tolerances is possible,
but would generally require more sophisticated methods,
such as multiple thermistor networks.
The VCCS is a standard circuit with the exception of the
current set resistor RS, which is made to have atemperature coefficient of -O.33%/oC. R6 sets the overall gain and
is made adjustable to trim out the initial tolerance in the
LT1228 gain characteristic. Aresistor (Rp) in parallel with
the thermistor will tend, over a relatively small range, to
linearize the change in resistance of the combination with
temperature. Rs trims the temperature coefficient of the
network to the desired value.
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Figure 133. Gain Error for the Circuit in Figure 132 Plus the
Temperature Compensation Circuit Shown in Figure 134
(Normalized to Gain at 25°C)
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THE LTC1100, LT1101 AND LT1102: A TRIO OF
EFFECTIVE INSTRUMENTATION AMPLIFIERS
by George Erdi
Next to the universally used op amp, perhaps the most
useful linear Ie building block is the instrumentation amp,
or "IA." Using lAs effectively can in some ways be more
challenging than selecting op amps, because lAs have
different specs and can also use different topologies.
However, the basic task is a fixed gain, differential input,
single-ended output amplifier, the definition of an IA. The
differential signal typically rides on top of acommon mode
signal; the differential input is amplified and the common
mode voltage is rejected by the IA.
The instrumentation amplifier can be implemented with
dedicated IA designs, or with one to three op amps to
realize the gain function, and a minimum of four ratiomatched precision resistors configured as two like ratio
pairs.
The most familiar IA type is the single op amp variety,
usually called a difference amplifier and shown in Figure
138. Using just two parts (one op amp and one resistor
network), this IA is the height of simplicity and utility. For
modest requirements it is built with just ageneral purpose
op amp and four precision resistors. A drawback to this
type of IA is that the resistor bridge loads the source. The
three op amp configuration uses seven resistors and has
high input impedance. It is obviously more difficult to

implementthan the single op amp version. Anice compromise between these two approaches is illustrated in Figure
139. This IA design uses two op amps to buffer the signal
inputs and requires only four resistors. The use of two op
R2

R1

G=GAIN=~

RLR4

lIT=l\3

Figure 138. Basic Single Op Amp Instrumentation Amplifier
REF

R1

R3

R4
OUTPUT

r

+--------------~
G = GAIN = 1 + ~WHEN ~ = ~

Figure 139. Bullered Dual Op Amp Instrumentation Amplifier
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amps with moderndual devices causes no penalty, and in
fact this arrangement has real virtues over the more basic
setup of Figure 138.
This IA architecture presents minimum loading to the
differential source, namely the bias current of the op amp
used, which is balanced between the two inputs. The
resistor network needs very precise trimming for high
common mode rejection (CMRR) and gain accuracy. The
trimming is non interactive; firstthe R4/R3 ratio is trimmed
for gain accuracy then the R1/R2 ratio is trimmed for high
CMRR. Trimming compensates not only for resistor inaccuracies, but also for the finite gain and CMRR of the op
amps. The amplified difference appears between the output terminal and the voltage applied to the REF terminal
(normally grounded).
As a basic building block, this IA can be performance
optimized for various applications by achoice of op amps.
LTC has taken this step with the LTC11 00, LT11 01 and
LT11 02, an instrumentation amplifier series offered in an
8-pin footprint with connections as shown in Figure 140.
As illustrated, the gain ofthese lAs is user programmed by
taps on the resistor array, for pre-trimmed precision gains
of either 10 or 100 for the LT1101 and LT11 02. The 8-pin
LTC11 00 has afixed gain of 100, but makes the summing

pOints available for user connections. The key specifications of these three devices are summarized in Table 1.
Table 1. LTC Instrumentation Amplifier Specifications1
LTC1100C
1002

Available Gains
Gain Error (%)

LT1102C/I/M

10/100
0.01

10/100
0.01

3
2

7
10

60
0.5

200

6000
150

4

0.01

Gain Nonlinearity (ppm)
Gain Drift (ppm/oC)

3
2
1

Vas (!lV)
vas Drift (!lV/oC)

0.005
2.5

18 (pA)
en
CMRR (dB)

110

112

PSRR (dB)

130
4Vt018V
(Single/Dual)
2.4

114
1.8Vto 44V
(Single/Dual)
0.09

98
102
10Vto 44V
(Dual)
3.4

2

0.37

35

Vs (Total, Mode)
Is (mA)
Gain Bandwidth (MHz)

4
0.1
30
SR (V/!1S)
1Unless otherwise stated all specifications are typical at TA =25°C. Vs =±15V
for LT1101/LT1102 and ±5V for LTC1100.
2A gain option of 101100 is available in LTC1100CS (16·Lead SW)

lTll0l AND lT1102

....-_ _---.~8 OUTPUT
99R

GROUND 1
(REF)

....-_ _---.........
8 OUTPUT
90R

99R

90R

9R

9R

R

INVERTING 3
INPUT

V-,.;;:,4t---'

R

R

6 NON INVERTING
INPUT
L...-_ _ _ _ _ _....
5

6 NON INVERTING
INPUT

INVERTING 3
INPUT

v+

V-,.;;:,4t---'

L...-_ _ _ _ _ _....
5

G= 100, NO ADDITIONAL CONNECTIONS
G= 10, SHORT PIN 2 TO PIN 1 } lT1101 AND lT1102 ONLY
SHORT PIN 7 TO PIN 8
R~ 1.8k FOR lTCll00 AND lT1102
R~ 9.2k FOR lT1101

Figure 140. Instrumentation Amplifiers in a-Pin Packages
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20nv/(Hz) 112
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lTCll00
GROUND 1
(REF)

LT1101C/I/M

V+
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It is apparent from Table 1 that for these three lAs, there
are no output contributions to input errors. With dedicated
lA's or with the three op amp configuration there are
separate specifications for input and output offset voltage,
input and output drift and noise, and input and output
power supply rejection ratio. To calculate system errors
these input and output terms must be combined. With the
LTC11 00/01 /02 these error calculations are simple.
With these three IA choices, the user can optimize performance for avariety of factors. The LTC11 00 operates with
dual or single supplies ranging from 4V to 18V, whereas
the LTC11 01 accepts a supply range of from 1.8V to 40V.
In addition, the LT11 01 consumes only 1OO~ standby
current. For applications that require very low offset
voltage and drift, the LTC11 00 excels with 1/lV of offset
and SnV/oC drift. Where both high speed and low bias
current are important, the LT11 02 is the IA of choice, albeit
at a cost of slightly higher power consumption and dual
supplies. As can be seen from the table, all ofthese devices
are outstanding with regard to gain accuracy, linearity and
stability. The LTC11 00, which is based on a dual chopper
amplifier prototype (the LTC1 OS1), is by far the best in
terms of offset and drift. Eitherthe LTC11 00 orthe LT11 02
could be the unit of choice in terms of lowest bias current,
with the LT11 02 gaining an edge at higher temperatures.
Applications Considerations
While this IA type is generally outstanding in terms of
performance and simplicity, independent of the op amps,
some caveats apply to using it most effectively. One
concern is AC CMRR. As noted in Figure 140, the first op
amp (A) is configured for unity gain, and the second op
amp (8) provides all ofthe voltage gain. This has the effect
of making the respective CMRR's frequency mismatched,
since the CMRR of the higher gain, "8" side, corners at a
much lower frequency. The resulting differential CMRR
will therefore degrade more quickly with frequency than
that of a topology with better AC balance. On the LT1102
this problem is resolved by decompensating amplifier 8 to
gain-of-ten stability. This increases slew rate and bandwidth and also matches the CMRR rolloff with the frequencies of the two op amps when G=10. At again of 100, this
rolloff match no longer holds. However, connecting an
18pF capaCitor between Pins 1 and 2 matches the CM RRs
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~
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F=1=::::~~r--t---t----l
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10K

lOOK
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Figure 141. LT11D2 Common Mode Rejection Ratio vs Frequency

of the two sides and improves CMRR by an order of
magnitude in the 300Hz to 30kHz range (Figure 141). As
shown on the LTC11 00 and LTC11 01 data sheets, similar
improvements can be obtained from those devices by
connecting external capacitors.
The LTC11 00 and LT11 01 also present some important
usage considerations because of their single supply abilities, i.e., when operating with the V- terminal tied to
ground. In this configuration, these devices handle CM
inputs near ground and voltage swings to ground and their
reference terminals can be tied to ground. One of the most
common uses of these two lAs is as bridge amplifiers in
conjunction with single supply powered DC strain gauges.
As such, these lAs have aunique ability to deliver high gain
with precision, while operating with a 1/2 supply voltage
CM input. At first glance, it appears that a dual supply IA
could operate, for example, on a 9V battery supply with
4.SV common mode input, but its output will not swing to
ground and its reference terminal cannot betied to ground.
For SPICE simulation purposes, a model forthe LT1101 is
included in the LTC macromodel library. The model is
configured as the resistor network shown forthe LT11 01,
combined with amodel forthe LT1 078. Asimilar model for
the LTC1100 can be made by scaling the four resistors
appropriately, and using an LTC10S1 model from the
same library. Aclose model approximation forthe LT11 02
can be made with the LT11 02 resistor values, combined
with an LT1 OS7 model for the "A" side, and a LT1 022
model for the "8" side (both also in the library).
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sensitive to loading, the crystal current represents essentially a filtered version of the voltage waveform and is
relatively tolerant of loading effects.

Miscellaneous Circuits
DRIVING AHIGH LEVEL DIODE RING MIXER
WITH AN OPERATIONAL AMPLIFIER
by Mitchell Lee

One of the most popular RF building blocks is the diode
ring mixer. Consisting of a diode ring and two coupling
transformers, this simple device is a favorite with RF
designers anywhere a quick multiplication is required, as
in frequency conversion, frequency synthesis or phase
detection. In many applications these mixers are driven
from an oscillator. Rarely does anyone try building an
oscillator capable of delivering 7dBm for a "minimum
geometry" mixer, letalone one of higher level. One or more
stages of amplification are added to achieve the drive level
required by the mixer. The new LT1206 high speed amplifier makes it possible to amplify an oscillator to 27dBm in
one stage.
Figure 143 shows the complete circuit diagram for a
crystal oscillator, LT1206 op amp/buffer and diode-ring
mixer. Most of the components are used in the oscillator
itself, which is of the Colpitts class. Borrowing from a
technique used in Hewlett Packard's Unit Oscillator, the
current of the crystal is amplified rather than the voltage.
There are several advantages to this method, the most
important of which is low distortion. Although the voltages
present in this circuit have poor wave shape and are

The impedance, and therefore the voltage at the bottom of
the crystal, is kept low by injecting the current into the
summing node of an LT1206 current feedback amplifier.
Loop gain reduces the input impedance to well under 1n.
Oscillator bias is adjustable, allowing control of the mixer
drive. This also provides aconvenient point for closing an
output power servo loop.
Operating from ±15V supplies, the LT1206 can deliver
32dBm to ason load, and with alittle extra headroom (the
absolute maximum supply voltage is ±18V), it can reach
2W output power into son. Peak guaranteed output
current is 250mA.
Shown in Figures 144 to 148 are spectral plots for various
combinations of single and double termination at power
levels ranging from +17dBm to +27dBm-not bad for an
inductorless circuit. Double termination may be used to
present ason source impedance to the mixer, or to isolate
two or more mixers driven simultaneously from one
LT1206 amplifier.
Although a 1OMHz example has been presented here, the
LT1206's 65MHz bandwidth makes it useful in circuits up
to 30M Hz. In addition, the shutdown feature can be used
to interrupt drive to the mixer. When the LT1206 is shut

15V
15V

...-_s-cHh
OPERATE
~110nF

-=

51n,2W
OPTIONAL DOUBLE
TERMINATION RESISTOR

LO

10k

-15V
-15V
OSCILLATOR (lYPICAL)

BUFFER/AMPLIFIER

Figure 143. Oscillator Buffer Drives +17dBm 10 +27dBm Double Balanced Mixers
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making it ideal forthis application. Another nice feature is
the LT1206's ability to drive heavy capacitive loads while
remaining stable and free of spurious oscillations.

down, the oscillator will likely stop, since the crystal then
sees a series impedance of 6200 and the mixer itself.
Upon re-enabling the LT1206 there will be some time
delay before the oscillator returns to full power. The circuit
works equally well with an LC version of the oscillator.

For mixers below +17dBm, the LT1227 is a lower cost
alternative, featuring 140MHz bandwidth in combination
with the shutdown feature of the LT1206.

Note that the current feedback topology is inherently
tolerant of stray capacitive effects at the summing node,
44
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INTRODUCTION
The ever-growing popularity of portable equipment in
recent years has pushed battery technologists to search
for battery types that store more energy in a smaller
volume, weigh less and are safer. Also, the power source
selection for charging the batteries has diversified. For
example, a notebook computer can be connected to a
car battery, a power adapter, a docking station or even to
solar cells.
The variety of input voltages, coupled with the need for
high efficiency and the need for accurate constant voltage
and constant current, as in the case of Li-Ion batteries (see
below), have led to the introduction of a switching type
constant-voltage, constant-current battery charger IC, the
L~1510.

Being a switching regulator, the LT151 0 can operate over
a large range of input voltages, up to 28V, with efficiency
in the 90% range. Becausethe LT1510 operates in current
mode, its output performance is not affected by input
voltage changes.

An important feature of the LT151 0 is its constant-current
output (see Figure 1). Although other switching regulators
offer current limiting, the LT151 0 offers constant current
with 5% accuracy. In addition, the transition from constant current to constant voltage and back is very smooth.
Only a few basic calculations are required to design with
the LT151 O. As the reader will see later, a voltage divider
(two reSistors) and a current programming resistor need
to be selected for the constant voltage and constant
current, respectively.
In constant-current/constant-voltage operation, the
LT151 0 can charge lithium-ion (Li-Ion) and sealed-Ieadacid (SLA) batteries. In constant-current only operation,
the LT151 0 can charge nickel-metal-hydride (NiMH) and
nickel-cadmium (NiCd) batteries.

D', LTC and LT are registered trademarks of Linear Technology Corporation.
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ADAPTER
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LT1510
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~R2

+

.1

BATIERY

1

OUTPUTICHARGE
CURRENT

ICONST =

CONSTANT CURRENT

8

2.465 (2000/R3)

iii
i!

battery charger circuits developed by Linear Technology
Corporation. These examples are intended to serve as
starting pOints in your design process. Most of them can
be adapted to your specific application and battery chemistry needs .
Another prod uct in the Linear Tech nology Corporation Ii ne
of constant-current Iconstant-voltage battery charger ICs
is the LT1511. The LT1511 offers higher charge current
(3A) and total system current control. The LT1511 can be
configured so that when the system current requirement
increases, the charge current decreases and the total
system current matches the power adapter's maximum
current.

~

;§

~

OUTPUTI
' - - - - - - - - ' ' ' ' ' ' ' - - BATIERY
VOLTAGE
VCONST =
2.465 (1 + R1IR2)

Figure 1. Constant-Current and Constant-Voltage Modes
of the LT1510 with Simplified Schematic (Above)

Other advantages of designing with the LT151 0 include:
• Efficiency in the 90% range
• High constant-voltage and constant-current accuracy
• An internal sense resistor that can be connected to either
terminal of the battery
• Wide range of battery voltages (2V to above 20V)

ON BATTERIES AND CHARGERS
Developing astand-alone or embedded battery charger for
today's portable products, incorporating the latest battery
technology, requires careful consideration of how the
system elements, including battery, charger, system controller and system load, work together.
An understanding of the charging characteristics of the
battery and the application's reqUirements is necessary in
order to design a reliable battery charger. A fast battery
charger must quickly recharge abattery to full charge. Fast
charging batteries requires accurate charge termination
when the battery is fully charged in order to prevent
damage or reduced battery life. Similarly, excessive discharging can damage any battery type.

• Small inductor

Battery Charger Checklist

• Internal power switch

In orderto organize your approach, start with the following
checklist of design considerations:

• Low drain in sleep mode
• Soft start
• Shutdown control
• Up to 1.5A charge current
This application note will show how to design with the
LT1510 and will describe various methods of terminating
the charge. Test results and test methods are included in
the appendices. The circuits in this application note are
constant-current and constant-currenVconstant-voltage
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• Select an appropriate battery for your application's
needs
• Know your battery charging needs
./ Charging current
./ Charging voltage and its temperature dependence
./ Primary charge termination method for the battery
./ Secondary (safety) charge termination method
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,/ Can you include atemperature sensor in your battery
pack?

Table 1. Battery Type Characteristics
SLA

Nied

NiMH

,/ Recommended charging method to achieve longest
battery life

Energy Density (W-Hr/kg)

30

40

60

90

Energy Density (W-Hrll)

60

100

140

210

,/ Effect of cell temperature on charging method and
charge level

Operating Cell Voltage (V)

2.0

1.2

1.2

3.6"

Discharge Profile

Sloping

Flat

Flat

Sloping

Life in Cycles'

500
3%/mo
Low

• Stand-alone or embedded charger?

Self-Discharge

• What charger power source is available?

Internal Resistance

• Single or multiple battery pack charging capability?
• Environmental operating conditions
• Charging interval: standard (overnight) or fast
« 4 hours)
• Will your application draw current during battery
charging?
• What kind of control do you need over your battery
charger? (shutdown, fault signals, charge level signals,
charge completion signals)
• What will your charger do when the battery is removed?
• What happens when a fully charged battery is "hot
plugged" or "cold plugged" into the charger?
• What happens when the adapter is plugged live into the
system?
Comparing Four Rechargeable BaHery Chemistries
The major rechargeable batteries readily available today
are nickel-cadmium (NiCd), nickel-metal-hydride (NiMH),
sealed-lead-acid (SLA) and lithium-ion (Li-Ion). These
batteries serve the common function of supplying renewable energy to user applications, but not every battery type
is appropriate for every application. Different battery technologies have distinctive characteristics that determine
their suitability for a particular use. These characteristics
include energy denSity, cell voltage, battery internal resistance, maximum charge rate, discharge profile, life (number of charge/discharge cycles), self-discharge rate and
discharge rate. Table 1 shows typical characteristics of
batteries of each chemistry.

Li-Ion

Discharge Rate

<5C

1000
800
15%/mo 20%/mo
Lowest Moderate
<lOC

<3C

1000

6%/mo
Highest
<2C

* Until only 80% of initial charge capacity is achievable upon recharge.

" The operating cell voltage drops during discharge. This is an average
voltage.

Understand the Charging Requirements for Your Battery: Different battery chemistries have different charge
requirements. The descriptions below indicate the most
common charging methods for these battery types. Additional methods, such as pulse charging, are not covered
here.
System reliability may require aprimary and a secondary
termination method for preventing overcharge.
Battery capacity is described by the bold letter C, which
represents the capacity in ampere-hours. Charging at C
rate means charging at a current of Camps (for instance,
charging a 1.3AH battery at 1.3A rate). Batteries are not
100% efficient in converting charge current into stored
charge. It therefore takes longer than one hour to charge
a battery to full capacity when charging at the Crate.
Consult your battery manufacturers fortheir recommended
charging rates and methods.
• Nickel-Cadmium: NiCd batteries are charged with a
constant-current profile. NiCd batteries can be continuously charged at the standard C/10 trickle rate indefinitely without excessive temperature rise or damage.

Fast charging NiCd batteries requires acharge termination method. Primary termination can be based upon
dT/dt (rate of temperature rise) or -dV (cell voltage
decrease atfull charge) sensing. It is recommended that
the secondary termination be adTco (temperature rise
over ambient) termination. Many manufacturers' NiCd
batteries can be charged at significantly greater than the
C/1 rate, reducing the charge time to as little as fifteen
minutes.
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• Nickel-Metal-Hydride: NiMH batteries are charged with
aconstant-current profile. The standard C/1 0rate charging works well for overnight charges. NiM Hbatteries are
more susceptible to damage from overcharging than
NiCd batteries; the charge must therefore be reduced to
C/40 or switched to a pulsed trickle charge after 16
hours. This can be implemented with a timer.

Fast charging NiMH cells also require charge termination. NiMH cells exhibit a slower increase in cell voltage
during charge than NiCd cells and aflatter peak. Primary
termination can be based on sensing the zero dV/dt
condition of the battery voltage characteristic (voltage
peak) or ~Tco. Following this, the charging circuit
should reduce the current to a maintenance charge of
C/40 or apulsed trickle charge to counteract the batteries' self-discharge characteristic. Secondary termination can be temperature related or controlled by atimer.

• Lithium-Ion: U-Ion batteries are charged with a constant-voltage, current-limited supply. These batteries
. require special attention due to their susceptibility to
damage in overcharge, deep-discharge and short-circuit conditions. Constant current is supplied until the
cell voltage reaches 4.1Vor 4.2V percell (depending on
the manufacturer), followed by constant-voltage charging with the required accuracy of ±SOmV per cell. The
charging current then tapers down naturally. Increased
battery cycle life may be achieved by terminating the
charge 30 to 90 minutes after the charg ing cu rrent drops
below some current threshold.

Several manufacturers include fault-sensing and current-balancing circuits within the battery pack. The
fault-sensing circuit will open aseries connection within
the battery pack in the event of excessive cell voltage,
discharge current or temperature, or in the event of an
undervoltage condition. The use of battery packs containing appropriate cell monitor/control devices is recommended. The current-balancing circuit diverts charge
current from fully charged cells to partially charged
cells.

• Sealed-Lead-Acid: SLA batteries can be charged with a
constant-voltage, current-limited supply or with aconstant-current supply. For standby power applications,
constant-voltage (float) charging is the traditional
method. Charge is delivered at the current limit until the
"float" voltage across the battery is reached and the
voltage is then held constant while the current into the
battery decreases naturally as the cells reach full charge.
The float voltage of approximately 2.2SV per cell can be
maintained indefinitely. For longer battery life, the float
voltage should change by-1 mVto-SmV peroC percell
to match the cell voltage temperature dependence.

Charge Termination Techniques: To prevent battery damage and extend battery cycle life with fast charging, it is
necessary to terminate charging after NiCd and NiMH cells
have reached full charge. In addition, it is arecommended
practice to provide asecondary charge termination method
as a safety measure. Some charge algorithms include
"top-off" charge stages before completing the charge.

Fast charging with the constant-voltage method is
achieved by increasing the charging voltage to approximately 2.4SV per cell, which extends the charging time
at the current limit and reduces total charge time. When
the battery voltage reaches the constant charging voltage, the current decreases naturally as the cells reach
full charge. After a minimum charge-current level is
reached, the charging voltage is reduced to a nominal
float voltage or stopped.

A number of methods have been used to detect the fully
charged condition of a battery and terminate the charge.
Several reliable termination methods are based on the
thermal release of energy in the battery near full charge.
The voltage characteristic of a battery during constantcurrent charge is also an indicator of the electrochemical
process of battery cell recharging, and several of the
following methods are based on battery voltage. Not all
termination methods are good for all battery types.

Fast charging with the constant-current method requires monitoring the battery voltage. Consult manufacturers' data sheets for battery characteristic details.

The most common termination techniques are discussed
below. The best suited battery for the termination is given
in parenthesis.
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• IMIN: After the charger has reached a constant-voltage
state, the charge current tapers off. Termination is
triggered when the current drops below a set current
threshold. (Li-Ion, SLA)
• dT/dt detects the rate of change in temperature with
time. Termination can be based on a maximum dT/dt,
such as 1°C/min for NiCd. (NiCd)
• ATco (delta temperature cutoff) detects temperature
rise over ambient temperature. Terminates on preset
threshold temperature differential. (NiCd, SLA)
• Tco (temperature cutoff) represents an absolute battery
temperature at which the charge is terminated.
(NiCd, NiMH)
• -AV (negative delta V): At constant current, NiCd and
NiMH batteries exhibit atemperature rise toward the end
of charge. Since they have a negative temperature
coefficient, their voltage drops. Termination is activated
when a decrease in battery voltage is detected. (NiCd,
NiMH)
• dV/dt (slope of voltage time curve) detects the rate of
change of battery voltage with time at constant-current
charge. (NiCd)
• Zero dV/dt (zero voltage change) detects the actual peak
voltage at constant-current charge. (NiMH)
• Slope inflection method (using the second derivative of
VBAT versus time) detects the negative going, zerocrossing rate of change in slope of the voltage/time
curve just before charge completion. (NiCd)
• Threshold voltage detection terminates charge or reduces charge current significantly when the battery
reaches a certain maximum voltage.
• Timer sets the maximum charging time limit and terminates when the limit is reached. (Li-Ion, NiCd, NiMH,
SLA)
Table 2 summarizes the standard charge and fast charge
information.

Table 2. Battery Charging Characteristics

SLA

NiCd

NiMH

Li-Ion

Current
Limit
Float
Voltage

Constant
Current

Constant
Current

Current
Limit
Constant
Voltage

0.25C
2.25

O.lC
1.50

O.lC
1.50

O.lC
4.1Vor

24
00/45°C

16

16

Standard Charge
Constant Current (A)
Constant Voltage
(V/Cell)
Time (hours)
Temperature Range

4.2V±50mV

Termination
Fasl Charge

None

5°/40°C
None

5°/40°C
Timer

Constant Current
Constant Voltage
{VICe II)

>1.5C
2.45

>lC
1.50

>lC
1.50

Typical Time (hours)
Temperature Range
Primary Termination

<1.5
00/30°C
IMIN'
!iTco

5°/40°C
Timer
lC
4.1 or
4.2V±50mV

<3
<2.5
<3
15"/40°C 15°/40°C
1O"/40°C
dT/dt
Zero dV/dt IMIN'+ Timer
-!iV
-!iV
dT/dt
Slope
!iTco
Inflection
!iTeo

Secondary Termination

Timer

Teo
Timer
!iTco
'IMIN is minimum current threshold termination.

Teo
Timer

Teo
Timer

LT1510 OPERATION/BLOCK DIAGRAM

The LT151 0 is acurrent mode, PWM (pulse-width modulated), positive buck switcher that operates in one of two
states: constant current or constant voltage. Figure 2
shows a block diagram of the LT151 0 along with atypical
charger circuit. The main functions in the diagram can be
divided into three major groups: the PWM switcher function, the constant-current function and the constantvoltage function. Only constant-current or constant-voltage components can be active at any given time. The PWM
switcher function is active as long as the charger is not
disabled; it includes a 200kHz oscillator, set-reset flipflop, switch Qsw, PWM comparator C1, buffer B1 and
current amplifier CA2. The constant-current components
include RS1 and CA1. The constant-voltage components
include RS1, CA1 and voltage amplifier VA.
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Figure 2. LT1510 Block Diagram Showing Basic Charger Circuit

In constant-current operation, the 200kHz oscillator sets
the set-reset flip-flop (SR-FF), which turns Qsw on. The
current rise through L1, RS1 and B is amplified by CA1,
converted from current to voltage by R1, buffered by B1
and compared to the steady-state voltage at the Ve pin by
C1. When the Ve level is reached atthe positive inputofC1,
the SR-FF resets and waits for the next 200kHz oscillator
set signal. Current regulation is achieved by a slow loop
containing RAVE, CAVE, CA2, Ce and Re. Since CA2 and the
60k resistor constitute a high gain voltage amplifier, the
voltages at its negative input (or the PROG pin) and its
positive input are equal. In other words, in current mode
the voltage at the PROG pin is equal to VREF (2.465V).
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Since the current gain of RS1 and CAt is 2000, RpROG'S
value prescribes the constant-current current level. The
charge current level can.be calculated from:
ICONST

=2.465 ( 2000)
RpROG

(01)

In constant-voltage operation, the 200kHz loop operates
similarly to that in constant-current, but the voltage regulation is achieved by overriding RS1 and CA1 with voltage
divider RV1, RV2 and voltage amplifier VA. The loop regulates the voltage at the OVP pin to equal VREF. The voltage
at the BAT pin in a constant-voltage state is:

Application Note 68
=2465(R V1R+R V2 )
VCONST'
V2

\I

(02)

RAVE and CAVE smooth the output of CA1 in the constantcurrent state orVA in the constant-voltage state. Cc and Rc
compensate the regulation loop.
C'N bypasses the input and COUT smoothes the charge
current into the battery B.
Pin Descriptions
GND: This is the ground pin. There are two kinds of ground
pins for the LT151 0: electrical and fused. The function of
the electrical ground pin is to serve as the analog ground
reference for the LT151 O. For best regulation in constantvoltage operation, connect the bottom side of RV2 as
close as possible to this pin or run a separate trace from
the resistor to this pin. The four pins at the corners of the
16-pin package are fused to the internal ~ie for. he~t
sinking. Connect these pins to expanded printed CIrCUIt
board copper areas for proper heat removal.
SW: The LT151 0 topology is positive buck. The NPN
switch (Qsw) in the positive buck topology is connected
between the input supply and the inductor/catch diode
node. Inside the LT151 0, the bipolar switch is connected
between the Vcc and SW pins. Keep the trace from the SW
pin to 02 short and wide. To minimize generated electromagnetic interference (EMI), keep the trace from the SW
pin to L1 as short and wide as possible.
BOOST: The monolithic NPN transistor selected for the
switch Qsw is superior to a PNP in terms of speed and
collector resistance. However, its saturation voltage is
limited by its base-emitter drop. The LT151 O's BOOST pin
provides a means of bootstrapping the drive to Qsw,
thereby allowing it to saturate against the input rail.
Capacitor CB, which is charged and refreshed during the
off time through diode DB and SENSE pin, acts as a
bootstrap. CB delivers base drive to Qsw through the
BOOST pin. For best switch performance and, consequently, best efficiency and highest switching duty cycl~,
connect the anode of DB to a source of 3V to 6V that IS
active when the charger is.
OVP: The OVP (overvoltage protection) pin is used to
program the output voltage in the constant-voltage state.

.L7lJD~

The output voltage is sensed through a voltage divider
comprising RV1 and RV2 and fed back to the OVP pin. The
OVP feedback sense voltage is 2.465V.
SENSE: Inductor current and average charging current
are controlled by monitoring an on-chip 0.08n sense
resistor RS1. This resistor is internally connected between
the SENSE pin and the BAT pin. Inductor current information is used to control the buck regulator and the average
current information is used to control the battery charging
current. In most applications the sense resistor appears in
series with the output side of the buck regulator inductor,
but it is also possible to sense current at ground in the
negative terminal of the battery. Do not bypass the SENSE
pin. Note that the total pin-ta-pin resistance is higher
(O.2n) than the value of the sense resistor itself.
BAT: The "downstream" side of the sense resistor (see
SENSE pin description) is connected to the BAT pin. In
most applications the BAT pin is connected directly to the
positive terminal of the battery. The BAT pin constitutes
the output of the buck regulator and must therefore be
bypassed. Ifthe sense resistor is used to measure current
in the negative terminal of the battery, the BAT pin can be
grounded.
Ve: The Vc pin is used for frequency compensation of the
buck regulator in both constant-current and constantvoltage operation. The Vc pin is also used for soft start and
shutdown. ACc capacitor of at least 0.1 ~Ffilters out noise
and controls the rate of soft start. Switching starts at 0.7V;
higher Vc corresponds to higher charging current in
normal operation. For switching shutdown pull Vc to
ground with a transistor.
PROG: The PROG pin is used to program the constant
current by selecting the RpROG value. CAVE and RAVE must
be connected to the PROG pin. CAVE averages the current
monitored through RS1 so the constant-current control
loop regulates the average current into the battery. During
normal operation, the PROG pin voltage stays close to
2.465V. If the PROG pin is shorted to ground, the switching will stop. When a current sinking device is connected
to PROG pin for the purpose of changing the constant
current charge, the device has to be able to sink current at
a compliance of up to 2.465V.
Vee: This isthe inputsupplytothe LT1510. ShortVCC1 and
VCC2 together when using the 16-pin package. The
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operating voltage range is 8V to 28V. Below 8V the
undervoltage lockout may be activated and switching may
stop; 28V is the absolute maximum value. Vee must be at
least 2V above the highest battery voltage. Vee should not
be forced to >O.7V below the SW pili because there is a
parasitic diode connected from the SW pin to the Vee pin.
For good bypassing, alow ESR capacitor of 1O~ or higher
is required. The trace from the bypass capacitor to the Vee
pin should be as short as possible.
COMPONENT SELECTION

This section provides the user with the criteria for selecting the components of a typical circuit with 2-level constant-current (ICONST) charge, constant-voltage (VCONST)
charge and charge disable, as shown in Figure 3.
When selecting components, keep the following points in
mind:
• The topology of the LT151 0 is positive buck.

• The recommended parts will operate over the full input
and output ranges at a constant current of up to 1.3A.
The critical parameters for parts selection are discussed in
the following paragraphs. The designer must apply safety
margins as necessary for the system.
CA1 (internal to the LT1510) has 700~ of input bias
current typically. (This current flows into the BAT pin or
SENSE pin.) This current is supplied by the step-down
converter (through the SENSE pin) when the charger is
active. When the charger is in shutdown mode (Vc <0.3V),
there is an inherent BAT pin source current of 375~
maximum that flows outof the BAT pin. When the battery
is present, it will absorb this current regardless of the
values of R1 and R2. However, if the battery is removed
and the charger is in shutdown mode, the output voltage
at BAT pin can rise to a voltage as high as:
[(R1 + R2)(375~)] volts

• The average output current is regulated in the constantcurrent state.
• The average output voltage is regulated in the constantvoltage state.

VIN
11VTO 25V

• The switching frequency is 200kHz.

Ifthe output voltage must stay below battery voltage when
the battery is removed, the divider current must be at least
375~. Adding aswitch transistor, Q1, as shown in Figure
3, takes care of the increased battery drain. When VIN is
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Figure 3. ATypical LT1510 Based Li-Ion Charger Circuit
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removed, 01 is off and battery drain is prevented. If there
are high frequency components at VIN, they may pass
through the gate to source capacitance of 01 to the OVP
pin. An added 220k resistor between VIN and the gate of
01 attenuates the high frequency signal.

25V, tantalum, SMT) withstands transient current equal to
the operating voltage in amps (in other words, 25A for 25V
operating voltage).
The RMS ripple current can be calculated from:

For better efficiency, it is recommended that the anode of
CR2 be connected to avoltage source between 3V and 6V.
A101JF ceramic bypass capacitor should be connected to
the anode with a short lead.
Care must be taken when selecting input and output
capacitors. They should be rated at 200kHz and have
adequate ripple current rating. Poor choice of input or
output capacitors may be detected too late. The input
capacitor should be able to withstand the high surge
current that occurs when a power adaptor is hot-plugged
to the charger. The output capacitor should be able to
withstand the high surge current that occurs when a
battery is replaced. Tantalum capacitors have a known
failure mechanism when subjected to high surge currents.
The surge current ratings of tantalum capacitors are
proportional to their voltage ratings. Consultthe manufacturer. The actual capacitance is not critical in most cases.

(03)

where:
Vee is the maximum voltage at the Vee pin
VSAT is the voltage at BAT pin
f is the switching frequency (200kHz)
L is the minimum inductance of L1
For example, if the input voltage is 12V to 20V, the
inductor, L1, is 30J.tH ±8% and drops 35% maximum at
the charge currentof 1Aand the battery is a3-cell NiCd, the
following values should be plugged into the equation
above:
VSAT = (1.6)(3) = 4.8V

High capacity ceramic capacitors by Tokin or United
Chemi-Con/MARCOM and electrolytic OS-CON capacitors
by Sanyo are recommended for the input. Solid tantalum
capacitors such as AVX TPS and Sprague 593D are
recommended for the output.

After plugging the numbers in, the calculated maximum
ripple current is 0.3A RMS.

Boost Capacitor (C1) Selection

Compensation Capacitor (C3) Selection

A0.221JF ceramic capacitor will work under all conditions.
The voltage across C1 is the battery voltage. An AVX
12065C224MAT2A surface mount capacitor performs
well.

A0.11JF ceramic surface mount capacitor, such as the AVX
12065C104MAT2A, performs well and gives a soft start
duration of 3ms. For a longer soft start duration, a larger
value is required.

Output Capacitor (C2) Selection

PROG Pin Capacitor (C4) Selection

C2 removes the high frequency components of (smoothes)
the battery charge current.

This capacitor averages the output of CA1 (PROG pin) for
the constant-current loop. A 11JF ceramic capacitor is
recommended. TheAVX 12063G1 05ZAT2Asurface mount
capacitor performs well. A 300n resistor (see PROG pin
resistor) is required in series with C4.

The highest transient current through C2 occurs when the
battery is plugged in and the power adapter is not live. The
transient current magnitude depends on circuit construction and the components in the power path (traces, leads,
solder joints, etc.). The AVX TPSD226M025R0200 (221JF,

Vee = 20V
L =(30)(0.92)(0.65) =17.9J.tH
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Input Capacitor (C5) Selection

The trace from C5 to the Vee pin of the LT151 0 and to the
ground plane should be as short and wide as possible.
Catch Diode (CR1) Selection
CR1 serves as the catch diode in the schematic of Figure
3. The reverse voltage across it is VIN and the maximum
average forward current is:

(04)

where:
lOUT is the maximum output current,
VIN is the maximum input voltage and
VOUT is the lowest output voltage.
Ahigh speed Schottky power rectifier is recommended. A
Motorola 1N5819 (leaded) or MBRS140LT3 (SMT) performs well.
Boost Diode (CR2) Selection
The maximum reverse voltage of CR2 is VIN. The average
current is the BOOST pin current, which can be found in
the "Switch Current vs Boost Current vs Boost Voltage"
graph in Figure 4. The peak current is higher. Aswitching
diode, such as the Motorola 1N914 (leaded) or
MMB0914LT1 (SMT), performs well here.

AN68-10

V6 c J6V

45

C5 bypasses the input supply for the LT1510. It is assumed that C5 conducts all input AC switching current.
The maximum RMS ripple current through C5 is approximately half the DC charging current. A high transient
current flows through the input capacitor when a power
adapter is "hot plugged" to the charger. A Tokin
1E1 06Z5YU-C304F-T (10,.u:, 25V, ceramic, SMT) performs well. Other alternatives are ceramic capacitors by
United Chemi-Con/MARCON, OS-CON capacitors by Sanyo
and high ripple current electrolytics. Caution must. be
exercised when using tantalum capacitor for bypassing.
Only afew tantalum capacitor types, such as AVX TPS and
Sprague 5930 series, have the ripple and transientcurrent
ratings required. Consult the manufacturer.
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Figure 4. Switch Current vs Boost Current vs Boost Vottage

Input Diode (CR3) Selection
CR3 provides polarity protection, prevents battery drain
and eliminates current transient spikes. When the power
adapter is removed withoutthe input diode, there could be
battery drain through the following path; positive battery
terminal, BAT pin to SENSE pin through the internal sense
resistor, L1 and the SW pin to the Vee pin through the
internal parasitic diode.
CR3 also eliminates large current transient spikes that can
occur when a power adapter with a large output capacitor
is cold-plugged into the system. The currenttransient may
compromise the input capacitor (C5) and the connector
contacts unless CR3 is installed.
A low forward voltage rectifier will increase charger efficiency. The reverse voltage is the maximum battery voltage. The average forward current is:
I
_ (ICHRG)(VBAT)
CR3(AVE) \I

(05)

vlN

CR3 should be able to withstand the current transient that
occurs when the power adapter is "hot-plugged" to the
charger. A Motorola 1N5819 (leaded) or MBRS140LT3
(SMT) performs well.
Switching Inductor (L1) Selection
L1 is an essential part of the positive buck topology as
shown in Figure 3. The average current that flows through
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L1is the charge current. A30~ inductor is acceptable for
most applications. ACoiltronics CTX33-2 with windings in
parallel or a Coiltronics CTX8-1 with windings in series
performs well.
L1's maximum peak current can be calculated from:

where:
VIN is the maximum input voltage,
VOUT is the lowest output (battery) voltage,
f is the switching frequency (200kHz),

Constant-Voltage Programming Resistors (R1, R2)
Selection
The programming resistors R1 and R2 divide the battery
voltage (constant voltage) down to the threshold level of
2.465V. It is recommended that the voltage divider resistance R1 + R2 have a high value so that the battery drain
is kept to minimum and the need for 01 is eliminated.
There is, however, a restriction: shutdown output voltage
(see Page 8). If there is a limit to the output voltage when
the battery is removed and the charger is in shutdown
mode, then maximum allowed branch resistance is,
VSAT(MAX)/ 375 1JA.
If output voltage with battery removed is not an issue,
divider current can be much lower. As an example, with
VSAT = 8.2V, and drain current of 251JA:

L is the minimum inductance (H) of L1 and
ICHRG is the maximum charge current.
Battery Drain Inhibit MOSFET (01) Selection
01 's drain current is VSAT/(R1 + R2), when the charger is
active, or 3751JA when the charger is in shutdown mode.
If the VIN line has high frequency noise that can penetrate
through the gate-to-source capacitance of 01, it is recommended that a 220k resistor be added in series with the
gate. A VN2222 or 2N7002 are typical choices for leaded
or SMT parts.
Shutdown MOSFET (02) Selection
If the manufacturer does not recommend a float voltage
(indefinite constant voltage across the battery), as in the
case of Li-Ion, the charger must shut down at the end of
the charge regimen. This can be achieved byforcing the Vc
pin low with MOSFET 02. The drain current is 1mAo A
VN2222 or 2N7002 are typical choices for leaded or SMT
parts.
High Charge MOSFET (03) Selection
When 03 is on, the equivalent value of R6 and R7 in parallel
becomes the constant-current programming resistor (see
R6, R7 selection). The off-state drain leakage current of 03
should be significantly lower than the programming current through R6. AVN2222 or 2N7002 are typical choices
for leaded or SMT parts.

R2 == 2.465V = 98.6 k
25/lA
R2 is selected as 100k.
R1 "" (VeAT - VREF)
- (2.465/R2) + 50nA

(07)

232.2k
(08)

R1 is selected as 232k.
Another example for a 2-cell Li-Ion battery that requires
8.2V ±1 OOmV. The maximum output voltage in shutdown
mode (with battery removed) is 8.5V.
The maximum value for R2 is:
R2::;; 2.465 = 6.57k
3751lA
R2 is selected as 4.87k. R1 is calculated as:
R1==

(08.1)

(B.2 - 2.465)

=11.33k
2.465 +50nA
4.B7k
R1 is selected as 11.3k.

(09)

The battery drain current for an inactive charger is
B.4v/(4.87kn + 11.3kQ) = 0.52mA. 01 can be added to
eliminate this drain current.
The recommended tolerance for R1 and R2 is 0.25%.

AN68-11

Application Note 68
Compensation Resistor (R4) Selection

R6 is selected as 38.3k.

This resistor is part of the compensation loop. A 1k, 5%
resistor is recommended for most cases. The stability of
the current loop can be tested by forcing a voltage step
across the output while in a constant-current state.

REQU ==

PROG Pin Resistor (R5) Selection

1
1
1
R7 == 3.79 - 38.3; R7 == 4.206k

This resistor is part ofthe compensation loop. A300n, 5%
is recommended for most cases. The stability of the
voltage loop can be tested by forcing acurrent step across
the output while in a constant-voltage state.
Constant-Current Programming Resistors (R6, R7)
Selection
The values of R6 and R7 can be found from the following
formula:
REQU = ,,---(2._465~)(2_00--,-0)
(10)

ICONST

where REQU equals R6 forthe low constant-current charge
and R6 in parallel with R7 for high constant-current
charge. As an example, a 1.3AH battery has to be charged
at Cand trickle charged at C/10 (0.13A).
R6 == (2.465)(2000)
0.13

37.9k

!Z

1.3

The plots in Figure 5 can be used for selecting an SO-8 or
SO-16 package based on input voltage, output voltage and
output current. These curves can be used to a maximum
ambient temperature of 60°C. Refer to the data sheet for
more accurate thermal calculations.
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Figure 5. Comparing 80-8 and 80-16 Packages Thermal Limits
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(13)

An 8-pin package can be used if only constant-current
operation is required, but a 16-pin package must be used
for constant-current and constant-voltage operation and
for better heat dissipation. The four corner pins of the
SO-16 package are fused (connected to the die internally)
and it is recommended that these pins be soldered to the
ground plane. With these pins soldered to expanded PC
lands, the thermal resistance of the SO-16 package is
50°C/W. The thermal resistance of the DIP package is
75°C/W.

(11)

THERMALLY LIMITED MAXIMUM CHARGING CURRENT
8-PIN SO
1.3
(9JA=125°CIW)
TAMAJ(=60°C
1.1 TJMAX=125°C +-'=+--+----I

(12)

The LT1510 (U1) Package Selection

~ 1.3 -BVBATIERY
a:
a:
12VBATIERY
::>
~ 1.1

w

= 3.79k

R7 is selected as 4.22k.

...----.-.,--r-----.---,

g

(2.465)(2000)
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INTEGRATING THE LT151 0 INTO A SYSTEM
When an LT151 0based charger is integrated into asystem
with a power adapter or power supply as a source, and a
battery and a switching regulator as a load, some issues
need to considered. The next paragraphs describe a few
of them.

Minimum Operating Input Voltage
The minimum operating input voltage of an LT151 0 based
battery charger has to satisfy three LT151 0 requirements:
undervoltage lockout (VIN1), minimum Vcc- VBATvoltage
difference (VIN2) and maximum duty cycle (VIN3). See
equations below. Other factors that affect the minimum
operating input voltage are maximum output voltage,
input diode forward voltage, resistance along the power
path (including sense resistor, switch on resistance, trace
resistance, solder jOint resistance and connector resistance) coupled with maximum charge current.
The undervoltage lockout is av. The input-to-output voltage difference (Vcc - VBAT) is 2V and is defined by two
parameters: "maximum VBAT with switch on" and "input
common mode limit (high)," as found in the data sheet.
The maximum duty cycle is 0.93. The following equations
can be used for calculating the minimum input voltage VIN.

VIN1 = a+ VOIN
VIN2 = 2+ VOIN + VBAT

(14)

VBAT + (I CaNST)(0.7)
VIN3 = VOIN + __-->-_.-.1..:;.--1.
D

(15)

where:
VIN is the charger minimum input voltage. Use the highest
of VIN1, VIN2 or VIN3.
VDIN is the forward voltage of the input diode. The input
diode can be replaced by aPMOSFETswitch, in which case
this term is removed.
ICONST is the programmed charge current.
VBAT is the maximum battery voltage.
Dis the maximum duty cycle. D = 0.93.
To give the designer preliminary data about the typical
lowest input voltage, the circuit in Figure 6was tested. The
constant current was adjusted with a trim pot connected
to the PROG pin and the output voltage (VOUT) was forced
with the battery simulator board (see Appendix B). The
results are shown in Figure 7.

CR3
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V I N - - -....- - - - - - - - . . . . . ,

VCC11-!.:14:....-......J
CRl
MBRS140L

Ll
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T
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_ _ _ _ _ _ _ _ _ _ _-...,

• AVX TPS0226M025R0200
•• TOKIN 1E106ZY5U·C304F-T
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r
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-

R4

R5
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Figure 6. Minimum Operating Voltage Test
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Efficiency
The circuit in Figure 6was used to test efficiency. The plots
in Figure 8show the results for output voltage of 8V. Some
power is dissipated in the input diode. See the data sheet
for a circuit with a PMOSFET switch that bypasses the
input diode when VIN is on and saves power.
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Figure 8. Efficiency vs Input Voltage and Output Voltage

Measuring Constant Voltage Without a BaHery
At times, it may be necessary to measure the constant
voltage of the charger with high accuracy and with the
battery removed. Since the battery is an integral part ofthe
regulation loop, some low frequency, low amplitude ripple
may appear on the BAT pin and the DC voltage measurement at the BAT pin will not be accurate. It is recom-
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It is possible to connect the portable system circuitry
directly to the battery (BAT pin), but two facts should be
taken into consideration. First, the total current will be
limited and so the system will "steal" battery charge
current. In this case it is not possible to have atermination
such as -eN that relies on constant charge current.
Second, when the charger is active and the system is
turned off, the full constant current will charge the battery,
so the battery should be able to absorb it.
It is also possible to bypass the sense resistor and connect
the system circuits to the SENSE pin, as shown in Figure
9.ln this case the sum of the charging current and system
current should not exceed the LT1510 maximum output
current (limited by thermal considerations or switch peak
current). However, since the system circuitry is capacitive
in nature (input capacitor of a DC-to-DC converter), it
should not be connected directly to the SENSE pin. This is
because the internal sense resistor between the SENSE
and BAT pins will have alarge capacitance across it, which
will cause instability. A 2.2~ inductor, such as the
DT1608C-222 by Coilcraft, isolates the input capacitance
of the system circuits well (L2 in Figure 9).
CR4 limits the transient current through the LT151 O's
internal sense resistor when the system is switched on in
battery operation. 01 is required if the series resistance of
0.20 between BAT pin and SENSE pin causes the efficiencyto drop. The Si9433's on-resistance is 0.0750. The
charge pump (C3/C4/CR5/CR6/R2) biases the gate of 01.
02 and R1 turn 01 off when the system operates from the
AC wall adaptor (VIN active). R8 is required if there is no
circuitry connected to VIN.
Switching Between AC and Battery Operation,
2-Diode Configuration
Most systems that employ battery chargers also require
glitch-free switching between AC operation and battery
operation. Figure 10 shows a way to connect the load
(switching regulator) to VIN (when it is present) for AC
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operation or to the battery when VIN is unavailable. When
VIN is active, CR1 conducts the load current, CR2 is
reverse biased and 01 is off. When VIN is removed, 01
conducts the load current from the battery. The voltage
drop across 01 is very low. Note that CR2 is in parallel with
the body diode of 01. The load has typically high input
capacitance and also demands high current if the battery
voltage is low. CR2 conducts at the transition to battery
operation when 01 is not fully on (the body diode has
excessive forward voltage drop). R1 is required ifthere is
no circuitry connected to VIN. Low voltage drop across 01
is essential for high efficiency when the system is operating from the battery. It was measured at 33mV with a load
of 0.5A and the battery at 3V.

system circuits "steal" charge current from the battery.
This can be circumvented by boosting the output current
by the same amount that is "stolen."

Switching Between AC and Battery Operation,
Current Boost Configuration

The next generation constant-voltage/constant-current
battery charger IC, the LT1511, performs like the LT151 0,
but has two additional features: input current limiting and
peak switch current of 4A.

Placing the system circuits in parallel with the battery
achieves glitch-free switching between AC wall adaptor
and battery operation. In AC operation, however, the

Figure 11 shows how the charge current can remain
constant regardless of the load. The system circuits'
current is sensed by Rs. 01, U2, R1, R2 and R3 boost the
LT1510's PROG pin current and thus the output current
increases with the system circuits' current so that the
current charging the battery remains unchanged. The
LT1510 based charger should be designed for an output
current that is the sum of currents into the battery and
the load.
The Next Generation Battery Charger IC, the LT1511
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Figure 11. LT1510 Charger System, Current Boost Configuration
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A control loop is provided to regulate the current drawn
from the power adapter. This allows simultaneous operation of the portable system and battery charging without
overloading the adapter. When system current increases,
the charging current is reduced to keep the adapter current
within the specified level.

integrator is reset every twenty seconds by the timer U2
and transistor 01. The output of the integrator is monitored by U1 C, acomparator and latch. When U1 B's output
voltage exceeds a threshold, the output of U1 Cis latched
high and turns 02 on, pulling the LT1510 Vc pin to ground
and shutting the charger off.

The internal switch of the LT1511 is capable of delivering
3A DC current (4A peak current) for charging the battery.
This is a 100% increase over the LT151 O.

The bias voltage (VB lAS) for the circuit is generated by
voltage divider (R13/R14) and buffer U1 D. The VB lAS level
chosen is close to the thermistor network (Rr/R1) output
voltage in order to minimize the turn-on time needed for
charging C1. This also minimizes the effect of C1 's leakage. C1 is a ceramic capaCitor.

CHARGING BATTERIES/TERMINATION METHODS
Any portable equipment that requires fast charge needs to
have proper charge termination. Commonly, the LT1510
is used in conjunction with a microcontroller that has an
internal analog-to-digital converter (ADC) or in conjunction with a microprocessor and an ADC IC.

R2 allows C1 to stabilize rapidly upon turn-on. R2, R3, R6
and R7 supply bias current to U1A and U1 B.
The design equations for the dT/dt termination circuit are
presented in the following box.

Sometimes, however, amicrocontroller is not available or
is not suitable for fast charge termination. The following
paragraphs describe solutions for both cases.
Charging NiCd BaHeries
dT/dt Termination: A safe and reliable way to terminate
fast charging of NiCd and NiMH batteries is based on
detecting the rate at which the battery temperature
increases during constant-current charging. With constant-current charging, the battery temperature increases
rapidly as the battery nears full charge status (see
Figure 12).
The circuit in Figure 13 monitors the battery temperature
with a negative temperature coefficient (NTC) thermistor
Rrand detects the rate atwhich the temperature rises over
a 20-second period.
The thermistor output is amplified by differentiator U1A
and integrator U1 B(which, together, form an AC coupled
amplifier). The differentiator is AC coupled and thus eliminates the DC voltage of the Rr and R1 network; the
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Application Note 68
For the design shown in Figure 13:
RT is a Ketema MSC1 03k, a10k thermistor with R25/R125
= 29.25.

Design Equations for dT/dt Termination
Thermistor Design
(1 )

~=(Tl}nBLJ
To- T RTO

(2)

R1

(3)

(16)

~ = [398 398-298
298 Vln29.25) = 4004
)\

RTO(~-2To)
(17)

~+2To

(2) R1 =:

~+~J

dVDlV - V,
[
dT - DlVTO 2T8 To

(18)

where:
~ is a constant depending on the thermistor material,
T is temperature in oK at which RT is characterized,
To is temperature in OK at which RTO is characterized,
dVDlv/dT is the rate of divider output voltage change vs
temperature and VDlVTO is the divider DC voltage at To

Integrator U1 A and Differentiator U1 B Gain
(4)

(1)

(19)

R1 is selected as 7.5k.
The gain of the RT, R1 network is:

J[

(~:}) ((~~)v)(G)
(20)

VIN is selected as 12V, R13 = RT = 10k, R14 = R1 = 7.5k

VTH = VB1AS or:
RB
R9

VB1AS = (VIN)(R14)
R13+R14

(26)

(5) VTH = (0.5)(0.33)(0.132)(47) = 1.023V

12(7.5)
10+ 7.5

=5.14V

(27)

R9 is selected as 100k.
(21)

(6) R8=:1.02 100 =19.9k
5.14

where:
(7)

(25)

The selected slope that will trigger termination is 0.5°C/
min. (a conservative half of the typical 1°C/minute). The
selected timer period is 20 seconds (0.33 minute).

(7) VB1AS =

(VTH)(~J
VB1AS

1

For C1 =4.7~ and C2 =0.1~, the gain of the integrator
and differentiator can be written as:

R8 and R9 Selection

RB ==

1
298

0.1~F

where:
dT/dt is the selected slope
t is the timer period

(6)

f

dVD1V 12[ 10
-4004
(3) (iT=
10+7.5 2(2982

(4) G= 4.7~F = 47

Threshold of the Latch U1 CStage
(5) VTH =

(24)

=-0.132V/oC

G=(R4)(S)(C1) (R5)(:)(C2)
for R4 = R5, G= ~~

1Ok [4004 - 2(298)]
( ) = 7.41k
4004+2298

(23)

(22)

(28)

R8 is selected as 20k.
Asecondary termination for the charger is recommended.
Depending on system reliability requirements, the secondary termination circuit may use existing components
such as RT or U1 for absolute temperature or time-out,
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respectively. Also, to avoid premature termination, the
temperature rise ratethat results from bringing the system
indoors from the lowest outdoor temperature should be
considered.
-/1V Termination: The internal battery temperature rise
towards the end of charge, coupled with the negative
temperature coefficient of NiCd and NiMH, causes the
battery voltage to drop. The drop can be detected and used
for terminating a fast charge with the LT151 O.
In the example shown, Figure 14, the charge current was
selected as O.SA. To determine the voltage droop rate for
-!:,v termination, afully charged 3-cell (Panasonic P140SCR) NiCd battery was connected to an LT1510 charger
circuit programmed for a O.SA rate. The negative slope in
voltage, as seen in Figure 14, is calculated to be
-0.6mVls. It can be seen that the total. voltage drop is
about 300mV (100mV per cell). Afterthe battery voltage
dropped 300mV from the peak of 4.93V (1 OOmV per cell),
the charger was disabled.
5.0
4.9
~ 4.8
w
~

4.7

~
~ 4.6

~

1=
«

/

/

/

-

capacitor to be charged to the input level. U2B and the
associated parts form a latch that requires a momentary
negative voltage at Pin 6to change state. R15 supplies the
negative feedback and 02, R16, R17 and C10 reset the
latch on turn-on.
U3's output voltage droops at a rate proportional to the
hold capacitor's internal leakage and the leakage current at
Pin 6 (10pA typical).This droop is very low and does not
affect the operation of the circuit.
The minimum negative battery voltage slope required to
trigger termination can be calculated from:
dV _ VTR1G
- dT - (tCLK)(G U2A)

(29)

where:
V G= (VREF)(R12) =5-1-=49.5mV

TRI

R11 + R12

101'

(30)

'

tCLK is the clock period, 15 seconds,
VNEGJVE---'---.
SLOPE

"-"'-

END OF
. / CHARGE

GU2A is the gain of the first stage = ~ = 11
R411R5'

(31)

hence:

4.5

'" 4.4

4.3

4.2

o

10
20
TIME (MINUTES)

---

(32)

30

Figure 14. -!:..v Test

At the heart of the circuit in Figure 15 is U3, asample-andhold IC, LF39S. The output of U3, Pin 5, samples the input
level, Pin 3, at every clock pulse at Pin S. When the battery
voltage drops, the inputto U3 also drops.lfthe update step
at the output of U3 is sufficiently negative, U2B latches in
the high state and 01 turns on and terminates the charge
by pulling Vc pin of the LT151 0 down and disabling it.
U2A and the associated passive components smooth,
amplify and level shift the battery voltage. The timer U4
updates the hold capacitor CS every fifteen seconds. The
timer signal stays high for 7ms, sufficient for the hold
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-dV = 49.5mV =0.3mV/s
dT (15)(11)

Charging Sealed-lead-Acid (SLA) BaUeries
Standard Charge: The LT1510 is ideal for standard charging of SLA batteries because of its constant-current and
constant-voltage features. To extend the battery life, the
float voltage can be temperature matched to the battery
specifications. The circuit in Figure 16 was designed for
the Panasonic SLC-214P, which is a 2-cell, 2.1AH SLA
battery with a maximum charge current of O.S amps.
The thermistor RT, selected for temperature matching, is
a Ketema MSC103K. Figure 17 shows minimum and
maximum float voltage vs. temperature, as recommended
by the manufacturer. The output voltage of the charger vs.
temperature fits in this range.
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Figure 16. Temperature Compensated Standard Sealed-Lead-Acid Battery Charger
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Figure 17. Output Voltage vs Temperature 01 SLA
Charger and MIN/MAX Float Voltage vs Temperature
(as Recommended by Panasonic)

tor is higher than the voltage across R7 or equivalentto the
charge current being above OAA. As long as U1 's output
is low, the charging voltage is boosted to 5V by changing
the OVP voltage divider ratio by switching R4 in parallel
with R3 .
Charging Li-Ion Batteries
Li-Ion batteries are charged with a constant-voltage/constant-current charger. Constant current is supplied until
the output voltage reaches 4.1 Vor 4.2V per cell (depending on the manufacturer) followed by constant-voltage
charging with required accuracy of ±50mV per cell. The
charging current then tapers down naturally.

Fast Charge: The circuit in Figure 18 is afast SLA battery
charger. It is based on the standard SLA battery charger
circuit in Figure 16. When the charge current is high, the
constant-voltage level increases from 4.5V to 5V. At a
constant voltage of 5V, the battery reaches a full charge
state faster than at a constant voltage of 4.5V.

IMIN + Timer Termination: To maximize battery cycle life,
several lithium-ion battery manufacturers recommend
termination of constant-voltage float mode 30 to 90 minutes after charge current has dropped below a specified
threshold level, IMIN. The float voltage is 4.1Vor 4.2V per
cell and the charge current threshold level is typically
50mA to 100mA. Check with the battery manufacturer
for details.

R9's value programs the constant current of the LT151 Oto
0.8A. R1, R2and R3 program the constant voltage to 4.5V.
U2, an open-collector voltage comparator, is at low state
when the voltage across the internal LT1510 sense resis-

Figure 19 shows a constant-current, constant-voltage
charger with IMIN + 30-minute termination. When the
LT1510 is charging, U2 compares the voltage across the
LT1510 internal 0.20 sense resistor to the voltage across
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Figure 18. Fast, Temperature Compensated SLA Charger

R7. When the voltage across the sense resistor is lower
than the voltage across R7 (or, alternatively, when the
charge current drops below 75mA), U2's output voltage
drops. When U2's output voltage drops, U21atches at low
state via CR5. U2's output is connected to the RESET pin
of U3; when switched, this signal releases the reset (active
high) of U3. U3, a timer, starts clocking and 30 minutes
later its DECODE output (Pin 13) changes to a high state.
The DECODE output is connected to the SET input of U3
(active high). This signal latches U3's DECODE pin high.
The high at the DECODE pin also terminates the charge by
pulling the LT151 O's Vc pin down via 02.
03, R14, ca, R15 and CR6 reset U2 and U3 on turn-on.
A secondary termination can be based on total charge
time.
Terminating with a Microprocessor
The LT1510 gives the designer an easy solution for the
power section of a battery charger and also a smooth

transition from constant-current to constant-voltage operation. When a sophisticated charging regimen is required, connecting adedicated or system microprocessor
to the charger is the solution of choice.
NiCd or NiMH Charger: The charger in Figure 20 has two
charge rates that depend on the HI_CHARGE signal and
are programmed by R1 and R7 (see the Component
Selection section). The microprocessor reads the battery
voltage by clocking U2, aserial data ADC. C7 smoothes the
ADC input, but averaging a number of ADC readings is
recommended. The voltage divider R4/R5/R6 divides the
voltage at the BAT pin for both the ADC and the OVP pin.
The LT151 0 is programmed to 5V in constant-voltage
mode. The microprocessor can terminate charge based
on -I1V, zero I1V or dV/dt. After termination, the low
charge can serve as trickle for NiCd type batteries; the
charger may have to shut down for NiMH cells. Check the
battery manufacturer's specifications.
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Controlling the LT1510 Charger with a Microprocessor
PWM Charge Current Control: Figure 21 shows how to
control the charge current with the PWM output of the
microcontrolier. The constant-current charge can be calculated from:

Where (N)1O is the decimal value of the data entered into
the PWM register of the microprocessor and 28 is the
maximum decimal value of an 8-bit register representing
0=1.

LT1510

__ (2.465)(2000)(0)
CaNST -- RpROG + 300n

R1
300n
PROG I---'W'v.................---,
IpROG
C1
T11'F
RpROG
01
L......... FROM PWM
VN2222 ~.---- OUTPUT OF
MCU

I

(33)

-=

Where RpROG is the value ofthe programming resistor and
ois the duty cycle of the PWM signal. The maximum value
of 0 is 1. 0 can be calculated from:

r

"':'"
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Figure 21. PWM Charge Current Control
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Parallel and Serial Control: There are many ways to
control the constant current and constant voltage of the
charger. Some of them are described here.
In the circuit in Figure 22, U2, U3 and Q1 form amicroprocessor-controlled current sink. The data on the microprocessor parallel bus controls the voltage at the OUT1 pin of
U2. U3 regulates the voltage across R2 to equal that at the
OUT1 pin of U2. The current through R2 flows out of the

PROG pin of theLT1510 and thus the charge current is
controlled by the microprocessor.
In the circuit in Figure 23, U2, U3 and Q1form amicroprocessor-controlled current sink. The data on the microprocessor serial bus controls the voltage at the OUT1 pin of
U2. U3 regulates the voltage across R2 to equal that at the
OUT1 pin of U2. The current through R2 flows out of the
PROG pin of the LT1510 and thus the charge current is
controlled by the microprocessor.

U1

LT1510

PROG

1--...----------------,

Figure 22. 12-Bit, Parallel Loading Microprocessor Charge Current Control
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Figure 23. 12-Bit Serial Interface Microprocessor Charge Current Control

AN68~26

Application Note 68
Figure 24 shows a circuit to control the constant-voltage
output of an LT151 O-based battery charger. U2, R1, and
R2 invert the polarity of the battery voltage. U3 and U4 act
as a voltage divider and also change the polarity of the
voltage back to positive. The divided voltage is fed to the
OVP pin ofthe LT1510.
U3 can be LTC7541A for parallel data interface with the
microprocessor or LTC7543 for serial data interface with
the microprocessor. The programmed voltage VCONSTcan
be calculated from the following:
212
VCONST = 2.465 (N)10

(35)

where (N)1O is the decimal value Of the microprocessor
bus data and 212 is the maximum data value based on
12-bit data.

CONCLUSION
The LT151 0 isa high efficiency charger building block that
relieves the designer of the burdens of switcher design,
heat sinking, and even power-transistor and sense resistor selection. In some cases, the LT151 0and afew passive
parts are all that is necessary to build a high efficiency
battery charger. Its high accuracy constant-voltage and
constant-current features make the LT151 0 an excellent
choice for U-Ion, NiCd, NiMH and SLA charging. Its
control over all charging parameters makes the LT151 0an
easy device with which to design.
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Figure 24. Microprocessor Voltage Control
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APPENDIX A: TEST RESULTS
Testing a statistically significant number of batteries and
charge/discharge cycles is essential for validating acharger
design. The circuits in the body of this document were
tested and the results are presented in this appendix.

tion times; otherwise it is regulated at O.SA. The LT1S10
control loop corrects the charge current at a rate of O.SA
per 1ms. If the load changes at a slower rate, it will not
affectthe charge current.

Output Current Boost Configuration Test
The purpose ofthis test is to see how stable the charge
current is with adynamic load. The O.SA charger circuit in
Figure 11 was connected to the constant-current load
(Figure 82), which was adjusted to O.SA and connected to
a function generator as shown in Figure A1. The function
generator switched the load between OAand O.SAat 100Hz
with a SO% duty cycle. The battery charge current was
monitored with an oscilloscope across a 0.1 Q sense
resistor connected in series with the battery.

OmV

Figure A2. Battery Charge Current 01 Current Boost System
with Dynamic Load

The test results are shown in Figure A2. The battery charge
current is affected by the dynamic load only at the transi-
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dT/dt Termination Test
The purpose of this test is to establish that the charger
circuit in Figure A3 is reliable and terminates consistently.
The circuit was connected to atest system that discharged
the battery to the same level after termination and reactivated the charger circuit. Data from nineteen charge/
discharge cycles was collected. The test conditions are
given in Table A1.

The test results are presented below. Figure A4 shows a
typical battery voltage during one charge/discharge cycle.
The data collected was analyzed and presented in Table
A2.
4.8
4.6

~

~

Table A1
Battery

3 NiCd Cells of Panasonic
P130-SCR in Series (1.3AH)

Constant Charge Current

1A

Discharge Current
Minimum dT/dt Slope That Will
Trigger Termination
Required Duration of the Above
Slope to Trigger Termination

/"

4.4

~

/'

4.2

4.0

\ .....

~ 3.8

~

3.6

~

3.4

lA

3.2

O.SoC/minute

3.0
o

0;30 1;00

20 seconds

II
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3;00 3;30

Figure A4. Typical Battery Voltage at Charge/Discharge
Cycle of NiCd Charger with dT/dt Termination
12V
R4
10M

RT'

R5
10M

Rl
7.5k

R2
lOOk

R3
lOOk

CR5
lN5819
lOOk

SW

Vee
C9
ll1J1F

CR3
lN5819
R13
10k

VBIAS

U2
CD4060

ClK 11
OUTI 10

R14
7.5k

R17
10k
R18
10k

+--+--i BOOST

PROG

U3
lT1510
GND

HH""""'1\rl
Cl0

~~1 O.l~F

Vss OU12

.".

• KmMA MSC103K. THERMAllY CONNECTED TO Bl
•• PANASONIC 3'(;Ell NICd P13D-SCR
t CERAMIC CAPACITOR
tt SOLDER TO GROUND PLANE FOR HEAT DISSIPATION

8

C6
O.l~F

1,7,8,9,10,16tt

.".

Figure A3. LT1510 NiCd Charger with dT/dt Termination
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Table A2 ,"
Average Charge Time

1:20:22 hours

Standard Deviation of Charge Time
Average Discharge Time
Standard Deviation of Discharge Time

0:01 :00 hours '(1 minute)
1:19:25 hours
0:00:58 hours (58 seconds)

The consistent discharge time (58 seconds standard deviation with constant-current load) proves that the charge
termination is repeatable and that the LT151 0 charger
performs well. Also, because there is no "top-off" ortrickle
charge, the charge efficiency (discharge ampere-hours
over charge ampere-hours) is close to 100%.
NiCd -l!..V Termination Test

performs well. Also, because there is no"top-oW' ortrickle
charge, the charge efficiency (discharge ampere-hours
over charge ampere-hours) is close to 100%. .
SLA Fast Charge Test
The purpose of this test is to establish that the SLA fast
charge circuit in Figure A7 is reliable and terminates
consistently. The circuit was connected to a test system
that, after about four hours of charging, discharged the
battery to the same level every cycle and then reactivated
the charger circuit. Data from seventeen charge/discharge
cycles was collected. Test conditions are presented in
Table A5.
TableA5

The purpose of this test is to establish that the charger
circuit in Figure A5 is reliable and terminates consistently.
The circuit was connected to atest system that discharged
the battery to the same level after termination and reactivated the charger circuit. Data from 68 charge/discharge
cycles was collected. Test conditions are given in Table
A3.
Table A3
Battery

3 NiCd Cells of Panasonic
P140-SCR in Series (1.4AH)

Constant Charge Current

0.8A

Discharge Current
-/:N That Will Trigger Termination

0.8A
4.5mV

End of Discharge Voltage

2.7V

The test results are presented below. Figure A6 shows
typical battery voltage during charge/discharge cycle. The
data collected was analyzed and presented in Table A4.

Battery

2-Cell SLA Panasonic
LSC-214P

Constant Charging Voltage

4.5V

Boosted Constant Charging Voltage (Until
Charge Current Drops Below OAA)

5V

Constant Charge Current

0.8A

Average Charge Time

3:53 hours

Standard Deviation of Charge Time
Discharge Current

0:04:15 hours

End of Discharge Voltage

1A
3.6V

The test results are presented below. Figure A8 shows
typical current during the charge and discharge (positive
and negative, respectively) of one cycle. The data collected
was analyzed and is presented in Table A6.
Table A6
Average Discharge Time

1:31:39 hours

Standard Deviation of Discharge Time

0:02:06 hours

TableA4
Average Charge Time

2:00:55 hours

Standard Deviation of Charge Time
Average Discharge Time

0:05:37 hours
1:59:14 hburs

Standard Deviation of Discharge Time

0:00:48 hours (48 seconds)

The consistent discharge time (48 seconds standard deviation with constant-current load) proves thatthe charge
termination is repeatable and that the LT151 0 charger

The consistent discharge time (standard deviation is 2
minutes) proves that the charger and regimen are reliable.
Charge current of 0.8A and charge level of 1.5AH (discharge time of 1.5 hours at 1A) are conservative for a
2.1AH battery. To reach full charge at the required four
hours, a higher charge current battery can De used, or a
current threshold lower than OAA can be programmed.
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Figure A6. Typical Battery Voltage During Charge/Discharge
Cycle of HiCd Charger with -~T Termination
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Li-Ion with Time-Out Termination Test

The purpose of this test is to establish that the charger
circuit in Figure A9 is reliable and terminates consistently.
The circuit was connected to a test system that, after
termination, discharged the battery to the same level and
reactivated the charger circuit. Data from thirty-two charge/
discharge cycles was collected. Other test conditions are
given in Table A7.

The test results are presented below. Figure A10 shows a
typical charge/discharge battery voltage. The test data is
analyzed and given in Table AB.
Table AS
Average Charge Time

2:14:12 hours

Standard Deviation of Charge Time
Average Discharge Time

0:01 :00 hours
1:11:33 hours
0:00:40 hours

Standard Deviation of Discharge Time

Table A7
Battery

2 Li-Ion Cells of Moli Energy
ICR1B650 in Series

Constant Voltage
Constant Charge Current
Discharge Current

B.2V
1.3A
1A

Charge Current That Will Trigger Timer

<100mA

Timer Duration

30 minutes

.L7lJn~

The consistent discharge time (40 seconds standard deviation with 1A constant-current load) proves that the
charge termination is reliable and that the LT1510 is a
good solution for Li-Ion charging.
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APPENDIX B: AUXILIARY CIRCUITS FOR TESTING
BATTERIES ANO CHARGERS

While working on battery charger design and testing, two
"home-brewed" circuits were frequently used: a battery
simulator and a controlled constant-current load. The
former was used for checking the operation ofthe charger
and the latter for charge/discharge tests. A variety of
timers, charge/discharge controllers and the like were
constructed as the need arose.
The Battery Simulator
There are two advantages to using the battery simulator
(Figure B1) over a battery in board tests. In case of an
accidental short, the power supply has current limiting,
whereas a shorted battery can conduct more than 20

..........

+o-~

In discharge mode, the battery simulator uses the current
limited lab power supply PS1 as the source and the
simulator circuit is inactive. In charge mode, current Is
forced through the battery input terminals. The low volt·
age that develops across R81s amplified by U1 and causes
Q1 to shunt the charge current while maintaining the
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amperes and vaporize everything, Including traces. Also,
the simulator voltage is static and controllable, which
makes It easy for testing (efficiency, for instance).
The user has to adJust the power supply to the desired
voltage and connect the positive and negative "battery
input" terminals of the simulator In place of the battery.
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Figure B1. Battery Simulator

AN68-35

Application Note 68
power supply PS1 voltage. U2, L1, CR1, C3 and C4
produce housekeeping 12V that is required to operate U1
and drive 01. The power supply range is 1.SV to 1SV: 01
requires aheat sink. R1 is used for measuring the charge
current. R1 0 and CS simulate the AC characteristics ofthe
battery.
Controlled Constant-Current Load
Although a constant-power load is a more realistic load,
the constant-current load (Figure B2) works better for
battery discharge testing because the discharge time
gives immediate data on the battery charge level. All that
needs to be done is to multiply the current by the discharge
time.

switch to BOOST. The minimum control voltage is then
3.3V. The user has to adjust the potentiometer to the
desired current. This can be done by connecting a power
supply or battery at above 2V in series with acurrent meter
to the (+) and (-) terminals and adjusting R4.
When the load is connected to abattery, 01 and 02 operate
in a negative feedback mode and maintain the VBE of 01 at
O.SV. The voltage across R6 must be between O.SV and
1.SV, depending on the wiper position of R4, a trim pot.
Since the value of R6 is 10, this translates to a constant
current of O.SA to 1.SA. 01 requires a heat sink.
Avoltage doubler (U1, C1, C2, C3, C4, CR1, CR2, R1 and
R2) boosts the voltage for the gate of 02.

For operation in DIRECT mode, the control input has to be
above ?V. If the cOntrol voltage available is less than ?V,
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Figure 82. Controlled Constant Current Load

Note: Linear Technology would like to thank Arie Ravid for
contributing the majority of the material in this application note.
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TECHNOLOGY

LT1575 UltraFast Linear Controller Makes
Fast Transient Response Power Supplies
Craig Varga
Introduction

The current generation of microprocessors places stringent demands on the power supply that powers the
processor core. Allowable supply voltage variations are as
low as ±1 OOmV and transient currents are in the range of
5A with 20ns rise and fall times. These requirements
demand very accurate, very high speed regulators. The
linear solutions employed to date rely on monolithic
regulators or PNP transistors driven by low cost control
circuits. Because, under the best of circumstances, the
response times of these circuits to transient loads are
measured in microseconds, these solutions depend on
the presence of several hundred microfarads of low ESR
decoupling capacitance surrounding the CPU. The cost of
these capacitors is a significant percentage of the total
power supply cost.
The LT®1575 is an UltraFast™ linear controller that drives
alow cost, N-channel, power MOSFET pass transistor and
does so with sufficient bandwidth thatthe bulkdecoupling
can be completely eliminated. As an example, a 200M Hz
Pentium® processor can operate with only the twenty-four
1!lf ceramic capacitors that Intel already requires for the
microprocessor. The design uses no tantalum or aluminum electrolytic capacitors on the output. By selecting a
sufficiently low on-resistance FET, the dropout voltage of
the regulator can be made arbitrarily low. In general, the
best performance is obtained with the highest on-resistance (hence, lowest cost) FET that will meet the dropout
requirement. Overall system cost and parts count are
significantly reduced compared to competing solutions.
Reference accuracy is specified as ±0.6% at room temperature and ±1 % over the full operating temperature
range. Line regulation is typically unmeasureable and load
regulation is approximately 1mV for a5A load change. The
LT1575 permits the addition of no-cost current limiting,
provides on/off control and has the ability to incorporate
thermal limiting for the cost of an external NTC thermistor.

The part is available with adjustable outputs or fixed
output voltages, in singles and duals (LT1577).
LT1575 Functional Description

Figure 1 shows a block diagram of the LT1575. The basic
control circuit consists of a precision bandgap reference,
a high gain, wide bandwidth error amplifier and a high
speed, low impedance gate-drive stage. The control circuitry is intended to be powered by a nominal12V (22V
absolute max) supply in atypical application, while alower
supply voltage, typically 5V or 3.3V, is used to provide the
main input power. The output can be set to any voltage
greater than or equal to the reference voltage by proper
selection of the feedback divider resistors. The reference
is trimmed to a nominal1.21V. An internal bias supply
regulator ensures that the reference will not drift as the
supply voltage varies.
Since the MOSFET pass transistor is connected as a
source follower, the power-path gain is much more predictable than that of designs that employ PNP bipolar
transistors as pass devices. Also, MOSFETs are very high
speed devices and are therefore more suitable than PNPs
for a wide bandwidth power stage. Another advantage of
the follower design is inherently good line rejection. Disturbances on the input supply are not propagated through
to the load.
The output driver is designed to be tolerant of capacitive
loads, which is precisely what aMOSFET gate will look like
to the driver. Driver output impedance is on the order of
20. If the MOSFET used is a very small geometry device
with less than approximately 2000pF gate capacitance, it
may prove necessary to add between 20 and 100 in series
with the gate. (See page AN69-7 for details.) The error
amplifier has an open-loop DC gain of greater than BOdB
l TC and l T are registered trademarks of linear Technology Corporation.
UltraFast is a trademark of linear Technology Corporation.
Pentium is a registered trademark of Intel Corporation.
OS-CON is a trademark of Sanyo Electric Co., ltd.

~

AN69-1

Application Note 69

NORMALLY
CLOSED

12V

GND

OUT
: 'VOUT=
: (1 + RS/R4)(VREF)

R3'

I

I
I
I

R4'

Figure 1, Simplified Circuit of the LT1575

and a typical uncompensated unity-gain frequency of
75MHz. This permits the loop to be crossed over at
frequencies on the order of 1MHz and still maintain good
phase and gain margins.

50mVthreshold, activates current limit. The 50mVthreshold was chosen as a good compromise between low
power loss in the sense resistor and reasonable noise
immunity.

Several additional features were included in the design.
There are two ways to obtain current limiting. One approach is to add a sense resistor in series with the pass
transistor's drain pin to sense load current. The other
technique doesn't even need asense resistor. Let's look at
the sense resistor approach first.

Several actions are taken when current limit is detected.
First, the current limit loop takes control over the output
stage. The gate drive voltage is reduced to regulate the
current sense voltage to 50mV. In other words, the regulator becomes acurrent source. Also, referring to Figure 1,
current source 12 (5~ sink) turns off and 11 (15~source)
turns on. This starts to charge eso with approximately
15~. eso charges linearly until comparator eOMP1 detects that eso's voltage has exceeded the 1.21 Vreference.
At this point the chip shuts down, reducing the pass
transistor dissipation to zero. This condition is latched.
The comparator has approximately 1OOmV hysteresis to
prevent chattering; (this hysteresis is also helpful when
using this pin for thermal limit).

The entire load current must flow through the MOSFET
drain pin. By connecting a sense resistor between the FET
drain and the input supply, the load current can be sensed
without reduCing the FET's gain. This sense resistordevelops a voltage equal to the load current times the sense
resistor value. A comparator in the LT1575 looks at the
voltage across this resistor, and if this voltage exceeds a
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There are two ways to restore normal operation after the
fault has been cleared. One option is to recycle the input
power. The other approach is to pull the Shutdown pin to
avoltage belowVREF. The time required to latch the output
off depends on the value of C1. Use the following formula
to select C1: C1 = (0.012)td, where td is delay time in
milliseconds and C1 is in W. By holding shutdown below
VREF, the latch-off feature may be disabled and the regulatorwill continue to outputa constant current into ashort.
This requires being able to sink more than 151JA from the
Shutdown pin at less than 1.2V.
The "senseless" current limit technique is activated by
grounding Pin 7, the negative current-sense pin. This
disables the current limit comparator. A circuit is now
enabled (COMP3) that looks at the output driver stage and
detects saturation at the positive rail. As soon as saturation is detected, the delay timer is activated, as in the
previous case. When the time-out occurs, the output is
shut down and latched off. Note that this approach does
not limit current while the timer is running. The output
current will only be constrained by the input supply and
MOSFET limitations. By keeping the timer period short,
less than 1ms, the temperature rise in the power FET can
be kept under control. Peak currents in this mode of
operation may be on the order of 50A to 100A.
There is a slight difference in the operation of this circuit
in the fixed-output and adjustable-output versions. In
fixed-output parts, comparator, COMP4 of Figure 1, monitors the input/output differential voltage. If this voltage is
less than 500mV, the timer will not be allowed to start. This
helps prevent false current limit trip-offs caused by turnon inrush currents, allowing use of avery fast current limit
timer. Adjustable parts don't have access to the actual
output voltage, only adivided-down version of the output,
so this feature is disabled on these devices.
In some cases this can cause a problem. The very large
short-circuit currents this circuit can deliver are capable of
"dragging down" the input supply in avery short time. The
LT1575 undervoltage lockout will then disable the timer
and prevent the desired shutdown from occurring.
There are several ways around this problem if it should
occur. One solution is to simply set a very short turn-off
delay time. As long as the circuit doesn'ttrip off atturn-on,
this is a viable solution. If nuisance tripping at turn-on
does occur, two possible solutions exist. The addition of

LT1575

IPOS

LT1575

+5V

OR

IPOS

I-T--MA- 5V

*"

AN69F02

Figure 2. Collapsed-Supply Survival Techniques

a small RC or a diode/capacitor at the IPOS pin will fix the
problem. See Figure 2.
The current into IPOS is approximately 1mAo The voltage
at IPOS must stay above approximately 2V until the timer
shuts the system down. The capacitor value is probably
going to be on the order of 5!1f to 10!1f with the diode
circuit for time delays of about 1ms. Alow cost aluminum
electrolytic capacitor is adequate. The RC circuit won't
easily accommodate as long a delay, but for short delays
is a little less costly than the diode circuit.
There are no unusual problems related to power sequencing. It makes no difference which supply comes up first. If
the 12V supply is late, there is no gate drive available, and
thus there is no output. If the main power supply comes up
late, there is an undervoltage lockout circuit (COMP2) that
ensures that the output remains off until the input rises to
approximately 1.2V. Due to the high speed nature of the
regulator, turn-on overshoot is virtually nonexistent in a
properly designed system.
Typical Applications
Figure 3 shows a typical application circuit. The input
voltage is a standard 5V "silver box" and the output is set
to 3.50V. This design uses a fixed voltage LT1575 and
requires no external feedback divider resistors. Nominal
output current is 7A. The current limit of 1OA is set by R1,
which is atrace on the PC board (see AppendixA for details
on designing with trace reSistors). The limit need not be
very accurate, since the timer circuitwililimittemperature
rise in the MOSFET. The output filter consists of twentyfour 1WX7R ceramic, surface mount capacitors. Proper
layout of the decoupling network is crucial to proper
operation of this circuit-see the Board Layout section
for details. C7 is set to 0.22!1f for approximately 10ms
delay time. The MOSFET chosen is an International Rectifier IRFZ24. The specified on-resistance is 0.10 and the
input capacitance is approximately 1OOOpF with 1V drain
to source. Minimum input voltage for 3.5VoUT is determined by the hot on-resistance, which is approximately
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Figura 3. 5V to 3.5V ±100mV Supply

1.5 times the room temperature ROS(ON). The dropout
voltage is therefore (0.100)(1.5)(7A) = 1.05V.
50mVlOIV

Minimum required input voltage is 3.50V +1.05V = 4.55V.
Figure 4 shows the output voltage transient response to a
load step of 200mA to 5A.
Figure 5shows acircuitthat provides a2.8Voutputat 5.7A
from a 3.3V input. An IRL3303 MOSFET with an onresistance spec of 0.0260 is used to meetthe low dropout
requirement. Decoupling capacitance is the same as in the
example above and transient response is similar.

2A101V
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Figure 4. Transient Response

Figure 6 shows the LT1577, adual regulator. All functions
are identical to those of the LT1575. One section is
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Figure 6. Dual Regulator lor "Split-Plane" Systems

configured for a 3.3V output and the other is set up for
2.8V. This circuit provides all the power requirements for
a split-plane system: 3.3V for logic and 2.8V for the
processor core supply. Both sections use the resistorless
current sense for minimum parts count. Note that both
Shutdown pins are tied to acommon time-delay capacitor.
This reduces the charging current from 15~ to 1O~.
If thermal limiting is desired, as might be the case in a
relatively low power system that uses a surface mount
pass transistor, a low cost NTC thermistor can be configured as shown in Figure 7 or Figure 8. The thermistor used
is a Dale NTHS-1206N02. As shown, the trip-off temperature is approximately 120°C for aI/ of these circuits.
In the first case, the design is configured so that the
thermal limit will shut the regulator down at 120°C and
return to normal operation when the temperature has
dropped to approximately 50°C. The regulator will turn
back on when the Shutdown pin's voltage has dropped by
100mV. Current limit latch-off is disabled in this case, but
ifacurrentsense resistor is employed, current limiting will
still be available. The regulator will operate in current limit
until the thermal limit is exceeded, then shut off.
Note that the thermistor temperature will be quite a bit
lower than the MOSFET tab temperature, even if they are

5V

SHUTDOWN

":'"

AN69F07

Figure 7. Basic Thermal Limit
5V.

RT1
10k
NTC

01
1N414B

I
R1
7150

I
l

SHUTDOWN
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o.221'F

Figure 8. Thermal Limit with Current Limit

in very close physical proximity. It will most likely be
necessary to empirically determine the value of the lower
divider resistor. This can be done by installing an approximate value for the divider resistor and attaching athermocouple to the FET drain tab. Run the circuit with normal air
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flow and adjust the load current to achieve the desired
maximum tab temperature. If the thermal design is good,
you may need to disable current limit (short the sense
resistor) and operate into a substantial overload to get to
the desired temperature. Measure the voltage at the divider center and calculate the thermistor resistance required to produce this voltage. Use this figure to recalculate the divider to get 1.21 V acrOSS the low leg of the
divider at the chosen trip-off temperature.
In the second example, currentlimit latch-off is enabled,
but the accuracy of the temperature limiting suffers due to
the variability in the diode VF. The 1N4148 diode shown
here has aVp of approximately 316mV with aSJ.(A forward
current at 4SoC.ln this configuration, thermal shutdown is
latched off, as is current limit. The Shutdown pin must be
pulled low to reenable the supply.
Figure 9 shows an overvoltage protection circuit. If the
output exceeds the desired trip level (in this case, 3.36V
for a 2.8V supply) the regulator latches off. Current limit
latch-off is still functional. Figure 9's circuit could just as
easily be connected to the input supply to prevent overheating from excessive input voltage. Figure 10 combines
current limit, overvoltage and thermal limiting in one
design.

comparator's operation may be helpful. Figure 12 is a
simplified schematic of the current limit comparator. The
SOmV trip level of the current sense comparator is determined by a 2S0J.(A current source and a 200n internal
resistor in series with the IPOS pin. This current does not
flow through the INEG pin. If resistors are added in series
with the current sense inputs, they will alter the nominal
current sense trip level Slightly. Any resistance in series
with IPOS will increase the trip threshold by an amount
equal to 2S0J.(A times R. This can be used to raise the trip
threshold above SOmV if desired. The fold back circuit
design minimizes alteration of the current limit threshold
by keeping the series resistance low (in this case, 10n).
The two 1N4148 diodes generate an offset voltage of
approximately 1.4V so that with a normal inpuVoutput
differential, the current limit onset is not significantly
altered.

R2
100

Q1

IRFZ24
D1
1N4148
D2
1N4148

Figure 11 shows how to implement fold back current
limiting. A short explanation of the current limit

R3
1.2k
R1
1.Sk
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2000
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Figure 10. Overvoltage, Thermal Limit with Currenl Limit
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Figure 12. Currenl Sense Comparator
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With VIN = 5V and VOUT = 2.BV, the nominal current
through R3 will be quite small, as long as the full output
voltage is present. However, when an overload exists, the
output voltage falls at the onset of current limit, causing
more current to flow through R3. This produces a small
offset voltage across the 1on resistor. In ahard short, this
offset is approximately 30mV; therefore, the voltage across
the current sense resistor need only be 20mV instead of
50mV to hold the regulator in current limit. As such, the
short-circuit current limit is only 40% of the maximum
current. The power dissipation of the pass transistor is
greatly reduced with this current limittechnique. Figure 13
shows the measured current limit curve for this circuit. Be
careful using fold back with nonlinear loads such as lamps
or current sources. It is possible for such loads to cause
the regulator to get stuck at less than full output voltage.
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transconductance, gfs. The higher this number, the less
the total gate voltage excursion required to force a given
change in output current; therefore, high gain devices are
desired. The FET's input capacitance, CISS, is less critical.
The LT1575's ultimate slew rate will generally be limited
by the loop compensation, not the output stage's load
capaCitance. In tests of typical applications, it was found
that a FET with very high gate capaCitance and high
transconductance will be faster to respond than avery low
capaCitance device with low transconductance. Higher
speeds can generally be obtained from logic-level FETs
than from conventional parts. This is due to the much
higher gfs specification of logic-level parts.
To reduce cost, select the MOSFET with the highest onresistance that will meet the dropout specification of the
system. There is an inverse relationship between onresistance and die size. The lower the ROS(ON) specification, the larger the die. More silicon will typically cost more
money. For most 5V input to 3.3V or 3.5V output designs,
a0.1 n MOSFET is sufficient. Astandard threshold device
such as an IRFZ24 has been shown to be adequate for
powering most current-generation processor loads. If
faster response is desired, the logic-level IRLZ24 or
IRL3303 may be substituted.

The secret to success for an LT1575-based design is the
ability to achieve very high speed closed-loop performance. As usual, Murphy's law conspires to make life
more difficult than we would like. The paraSitic elements
contained in the PC board traces, as well as the circuit
components themselves, conspire to degrade performance. If these parasitics are not properly managed,
circuit operation may be disappointing. A good understanding of the critical circuit elements is essential. The
following brief tutorial explains the major concerns.

MOSFET transconductance is not generally specified at
current levels useful for these applications. It may be
necessary to calculate a more realistic number from the
transfer characteristics of the FET at the current level of
interest. Atransfer curve plots drain current on the Y-axis
against gate source voltage on the X-axis. Find the points
on the curve that correspond to the minimum and maximum load conditions. The average incremental transconductance over the load range is ~loI~VGs. The gate
voltage will need to change by ~VGS as the load increases
from minimum to maximum. To estimate the slew rate of
the LT1575, assume amaximum current out ofthe COMP
pin of approximately 775~. The slew rate will be 775tJA1
CCOMP, where CCOMP is the capacitance from the COMP
pin to ground. If there is a series RC to ground, it may be
necessary to consider this in the calculation. As long as
~VGS/RCOMP is much less than 775~, the series RC can
be ignored.

In order to obtain high speed transient response, the
LT1575 must develop alarge voltage slew rate on the FET
gate. The key parameter for FET selection is the FET's

Be sure to look for very high frequency gate oscillations.
Small MOSFETs are the most susceptible to this problem.
Monitorthe gate voltage with an oscilloscope and vary the

.I

/

0.5
1.0
1.5
OUTPUT CURRENT (A)

2.0

Figure 13. Foldback Current Limit

High Speed Considerations and Component Selection
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load from zero to full load. Look for oscillations in the
range of 2MHz to 1OM Hz. Figure 14 shows an example of
a gate oscillation. If such oscillations appear, add a small
resistor in series with the FET gate, Start with about 20
and gradually increase the value until the oscillations stop.
It would be wise to increase the resistor value at least 50%
to ensure design margins. It may be possible to reoptimize
the loop compensation after adding the gate resistor. The
value of the capacitor from COMP to ground (C1 in
. Figure 3) maybe reduced somewhat, since the gate
resistor lowers the high frequency gain of the loop.

1V/DIV
lose = 8.19MHz
AI =O.2A TO 5A

Figure 14. Example of a Gate Oscillation
Th~

MOSFET exhibits several nanohenries of inductance,
which appear in series with the device's source and drain
leads. The source inductance is by far the most critical.
This inductance acts as ballast to degenerate the circuit's
high frequency gain. Unfortunately, there isn't anything
the user can do to minimize the internal package inductance of the MOSFET. Be careful,however, to minimize the
total inductance of the power trace between the FET and
the output decoupling capacitors. It appears in series with
the internal inductance and must be carefully controlled.
Be sure to connect the feedback divider after this inductance, close to the load rather than close to the FET source.
Place the FET as close to the load capacitors as possible,
and therefore as close to the processor as possible.
Unsatisfactory results will be obtained if the FET is placed
mora than afew centimeters from the load. The additional
inductance in the power path will force a significant
reduction in the loop crossover frequency to maintain
stability. Also, be sure to run a wide (at least 2cm) plane
from the FET to the load.
.
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Capacitor selection is very important for proper CPU
operation. The load decoupling capacitors must be low
impedance devices. They mustexhibit minimum levels of
ESR (equivalent series resistance) and ESL (equivalent
s:eries inductance). Test results on acleanly laid out board
with a 5A load step produced the following data:
Table 1
NUMBER OF
CAPACITORS

12
16
20
24

tJ.V FOR 5A LOAD STEP

85mV
70mV
60mV
50mV

This test used 1!!F, 0805 case surface mount capacitors
with X7R dielectric material. Ceramics such as Y5Vor Z5U
exhibit horrible temperature and bias voltage coefficients.
Because there is no bulk capacitance in LT1575 applications, the feedback-loop phase and gain characteristics
are largely determined by the value of these capacitors. If
the capacitance value changes radically as a function of
operating parameters, the chances of loop oscillation
increase. In applications where the capacitor temperature
is less than 45°C, the low cost Y5V ceramic is adequate.
If the temperature is expected to be substantially greater
than that, the temperature stability of the X7R material
makes it the best choice. The 0805 case parts are also
more cost effective than the 1206 case 1!!F capacitors. It
is preferable to use alarge number of low value capacitors
in parallel ratherthan afew larger value parts. The ESR and
ESL do not scale with the capacitance and these parasitics
will be the parameters that largely control the design. For
less demandingapplications, it may prove cost effective to
use 0.47!!F capacitors rather than 1!!F. The cost per
capacitor is less and the performance hit will not be .as
large as might be expected. For very cost sensitive applications it may be possible to use Y5Vor Z5U material, but
only ifthe expected temperature excursions are small. The
loop gain should also be reduced, since more design
margin will be needed to prevent oscillations. Use larger
capacitor values and asmaller resistor on the COMP node.
The transient recovery speed will be lower than can be
achieved with the better X7R capacitors.
.
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Board Layout
PC board layout is another critical consideration. Acareful
of the circuit's parasitics shows that the stray
Inductance ofthe power planes and the decoupling capacitors will introduce a double pole at 1MHz to 1.5MHz. The
loop must cross over prior to the frequency of this double
~ole if it is to be stable. Inadvertently doubling the parasitic
Inductance will make it impossible to stabilize the loop at
a frequency high enough to permit adequate transient
response. Moreover, the leading edge of the voltage transient due to nearly instantaneous load changes will have
excessive amplitude if total inductance isn't carefully controlled. The importance of clean layout cannot be overemphasized. Fortunately, it is not difficult to achieve the
required performance. Any layoutthat will not work with an
LT1575 will probably prove unreliable with any regulator.
~nalysis

It is essential to minimize the stray inductance in the
interconnects between the decoupling capacitors and the
power planes. It is recommended that the capacitors be
connected to power and ground islands brought up into
the processor socket cavity. These islands then connectto
the ~nner power and ground planes with aliberal sprinkling
of vias. In general, plan on a minimum of two vias per end
per capacitor. Therefore, in a 24-capacitor system, there
should be a total of 96 vias connecting the decoupling
capacitors to the power and ground planes.
If the island approach is not used and vias are connected
directly to the capacitors' pads, the connections between
pads and vias should be as short as possible. Many board
designers like to run a 3mm to 4mm length of trace from
apa~ to avia for good thermal relief. This is far longer than
reqUired and produces much more inductance than can be
tolerated. Apair of 0.25mm x 4mm traces used to connect
a capacitor to a couple of vias will exhibit approximately
1.6nH of inductance. That's more than the capacitor's own
ESL by at least afactor of two. It makes little sense to buy
a ~uality, lo~ ESL capacitor and then hook it up with an
unintended Inductor. Keep vias tangent to the capacitors'
solder pads and use two vias per pad.
The LT1575 should have its Ground pin connected directly
to the output ground. Run atrace from the LT1575 Ground
pin to t~e closest edge of the processor socket. Keep the
trace width at least O.Bmm wide and no more than 5cm
long. The controller's own bypass capacitors, feedback

divider return and loop compensation return should all
connect directly to the chip Ground pin. Do not just drop
these connections into the ground plane at the easiest
location. Also, be very careful to keep the gate lead far from
the Feedback pin. A very clean, high frequency oscillator
can be produced by routing these pins too close together.
Maintain a minimum of 3mm spacing between these
traces. A bit of ground trace placed between these two
signals is advisable.

Loop Compensation
Due to the wide bandwidth of the power stage and error
amplifier, care must be taken when compensating the
~eedback loop. The mathematics of the loop-gain analysis
IS rather complex and is well beyond the scope of this
article. Suffice it to say that rather small parasitiC elements
will cause migraines for the analytical types. An empirical
approach will ensure that the desired performance is
achieved. After extensive testing, the following recommendations were developed. These compensation values
are reasonably conservative and further optimization is
possible. However, it is unlikely that a carefully laid out
circuit will oscillate if these guidelines are followed. Refer
to the Figure 3 schematic:
Table 2
MOSFETTYPE

gil

C2

R2

C1

R3

IRFZ24

3.1 S

1500pF

7.5k

10pF

3.9n

IRLZ24

5.8 S

1500pF

5.6k

10pF

3.9n

IRFZ34

4.2 S

1000pF

6.2k

10pF

on

IRLZ34

5.9 S

1000pF

5.6k

10pF

on

IRFZ44

5.3 S

680pF

5.6k

OpF

on

IRLZ44

8.1 S

1000pF

5.6k

10pF

on

IRL3303

6.4 S

1000pF

4.7k

22pF

on

Transconductance numbers used in the above table are
average values obtained from stepping the load from
approximately 500mA to 5A. The load was changed and
the change in gate voltage recorded. gls was calculated
from the results. Capacitor C2 is in series with resistor R2
from the COMP pin (Pin 5) to ground. C1 is connected
dir~ctly from the COMP pin to ground. R3 is a series gate
resistor connected from the gate-drive pin (Pin 6) to the
MOSFET gate lead. All of these compensations assume
twenty-four 1~, OB05 case ceramic capaCitors with X7R
temperature coefficient.
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If asmaller quantity of capacitors is used, the value of R2
can be decreased in proportion to the capacitor decrease.
This will prove valid down to approximately 50% of the
specified capacitor quantity. For example, if an IRFZ24
MOSFET is used with sixteen capacitors, the value of R2
will be (7.5k)(16/24) = 5.0k. Use only the compensation
capacitor values in the table.
The circuit should be tested for transient response performance to ensure proper behavior. In order to get a valid
test of the design's performance, it is necessary to generate load steps with fast enough edges to excite the loop
beyond the crossover frequency. If the edge rates are too
slow, the loop will simply track the disturbance without
exhibiting its true high frequency behavior. The load steps
produced by commercially available electronic loads are
completely inadequate fortesting this type of circuit. Afast
load step generator, such as Intel's PowerValidator, which
is designed to simulate Pentium processor type load
steps, is required. Another approach is to use a power
MOSFET to switch a load resistor into and out of the
circuit. The load should consist of several surface mount
resistors connected in parallel and then connected in
series with the FET, as in Figure 15. Drive the FET gate with
a square wave from a low impedance driver. Keep the
connections between the load pulse circuit and the board
as short as possible. Short foils are best used for these
interconnects. The inductance of even short wires is
excessively high and will produce agreat deal of ringing on
the output voltage waveform.
It is also desirable, if the equipment is available, to run
Bode plots of the open-loop gain and phase. The design
should show a minimum of 45° of phase margin under
worst-case conditions to ensure stability.

r---t
T'~~_.~
12V

TO

OUPUT

DRIVE
12V-nr
OV-

L...-+--+--'
1

2N7000

":"

Figure 15. Pulse Generator
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Input Filter Considerations
In most 5V input, 3.3V to 3.6V output, monolithic linear
regulator designs, the headroom margin is quite small. As
a result, a large amount of input filter capacitance is
required to ensure that the regulator does not drop out of
regulation during aload transient event. Another problem
arises because the input source is also likely to be a5V TTL
logic power supply. If large perturbations are induced on
the input supply, logic circuits powered by this 5V supply
will become unreliable. All of this is still true with LT1575based designs, but now the designer has an additional
option.
Since the dropout voltage of an LT1575-based regulator
can be made arbitrarily low by selecting an appropriate
MOSFET, the option of adding an input LC filter is now
available. Only avery small inductor is required to limitthe
rate of current rise seen by the input supply. The capacitance on the 5V supply can be greatly reduced as a result
of the lowered edge rates. The penalty incurred is a little
extra droop at the input to the regulator. However, as was
already mentioned, it's a simple matter to meet a lower
dropout spec. Figure 16 shows a5V supply's response to
a 5A load step with two 330~ OS-CON capacitors at the
regulator input. As would be expected, the instantaneous
droop is equal to the capacitor's ESR times the load delta
(in this case, 0.0150 x 5A = 75mV). The MOSFET in this
circuit is an IRFZ24. In Figure 17, the MOSFET has been
changed to an IRFZ34, which, for a5A supply, lowers the
dropout voltage by about 250mV. A 1j.iH inductor was
added in series with the input supply line, forming an LC
lowpass filter. Only one OS-CON capacitor is used on the
FET drain. This circuit is shown in Figure 18. The perturbation on the 5V supply is essentially gone. Only the static
load regulation error appears on the input supply. The
MOSFET drain voltage is now greatly perturbed, as seen in
Figure 19. The improved dropout afforded by the larger
MOSFET allows for the additional drop at the input without
affecting transient response.
The inductor need not be acostly, closed magnetic structure. A very low cost rod core structure is adequate.
Magnetic field radiation is limited by the extremely low AC
flux swing this type of application induces in the core. In
general, this approach can be implemented for the same
or slightly less cost than brute force, "throw capacitors at
the problem" designs, while affording significantly better
system performance.

Application Note 69
200mVlDlV

2AlDIV

Figure 18. Input Filler Configuration
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Figure 16. 5V Supply Voltage@:Two OS-CONs

200mV/DIV

200mV/DIV

2ND IV
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Figure 19. Voltage at FET Drain@:
One OS-CON + Small Inductor

Figure 17. 5V Supply Voltage@ :
One OS-CON + Small Inductor

APPENDIX A
Using PC Board Material as Low Value Resistors
Producing low value resistors for current sense applications is afairly straightforward process, but a few details
must be observed to achieve good results. To obtain the
design value of a sense resistor, it is essential that the
board's resistivity be well controlled. This is best accomplished by designing the resistors into inner layers rather
than outer layers. In a normal board fabrication process,
several plating steps deposit additional materials, typically
copper and tin, on the outer trace layers. These plating
processes are rather poorly controlled. As a result, the
resistivity of the outer layers can vary substantially. The
inner layers, on the other hand, do not undergo multiple
plating operations. The resistivity is quite well defined and
is determined largely by the sheet resistance of the starting copper laminate.

The size of the resistance element is determined by several
parameters. One must consider the magnitude of the
current and the copper sheet thickness to determine the
width of the trace. The length is then determined by the
desired resistor value.
Recommended Trace Width as a Function of Load
Current for a 20·C Rise
Table A1
O.50z Cu

10z Cu

20zCu

1A

0.015" (0.3Smm)

0.007" (0.1Smm)

0.004" (0.10mm)

2A

0.03S' (0.91 mm)

0.01S' (O.4Smm)

0.009" (0.23mm)

4A

0.100" (2.54mm)

0.050" (1.27mm)

0.025" (0.S4mm)
0.040" (1.02mm)

SA

0.1S0" (4.0Smm)

O.OSO· (2.03mm)

SA

0.250' (S.35mm)

0.125' (3.1Smm)

0.OS5" (1.S5mm)

10A

0.3S0' (9.14mm)

0.1S0· (4.57mm)

0.090" (2.29mm)
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After selecting the appropriate trace width from Table A1,
calculate the required length using the formula below. This
equation assumes a trace temperature of 70°C. Also, a
generalized formula is presented to use with an arbitrary
sheet thickness and temperature.
L = (RsH1.667)(Tw)(p)

Rcu is the resistivity of Cu: fB.22!J.O· mm
TMAX is the maximum trace temperature, °C
Tc is the temperature coefficient of Cu, O.00393/o C
The calculated length is the mean path length of the trace,
in other words, the length measured along the trace center
line. A serpentine trace may be used to save space if
desired.

where:
L is the trace length
Rs is the desired resistance

The resistor should be tied in to the power plane with
multiple vias if it is on a different layer than the plane. The
best approach is to use afairly large diameter via (O.Bmm
to 1mm). If the solder mask is then pulled back from the
edge of the hole, the via will solder fill, allowing quite a bit
more current carrying ability than an unfilled hole. Allow
2A/via for filled holes and 1A/via for unfilled holes.

Tw is the chosen trace width and
p is the sheet weight in oz.
The general equati.on is:
L=

Tw is the trace width (mm)

(Rs)(Tw)(.sr)

If accuracy is desired, Kelvin sensing must be employed.
To do this, extend the resistor beyond the calculated length
by approximately 2mm on each end, then add avia inboard
from each end of the trace such that the distance between
these vias is the calculated length. Connect a signal trace
to each via. An alternative is to liT" off of the resistor trace
with sense leads. See the following sketches.

RCU{1+ (TMAX -25°C)(Tc)]
where:
Sr is the sheet thickness (mm):
for O.Soz Cu: Sr = O.017mm
for 10z Cu: Sr =O.034mm
for 20z Cu: Sr = O.069mm

_

POWER PLANE ON
SAME LAYER AS
RESISTOR

SERPENTINE

[fi~~~~ RESISTOR
POWER PLANE ON
ANOTHER LAYER
ANII9FA01

Figure A1. Trace Resistor Configurations
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DESIGN
NOTES
A Broadband Random Noise Generator Jim Williams
Filter, audio and RF communication testing often requires a random noise source. The circuit in Figure 1
provides an RMS amplitude regulated noise source with
selectable bandwidth. The RMS output is 300mV with a
1kHz to 5MHz bandwidth selected in decade ranges.
The A1 amplifier, biased from the LT1004 reference,
provides optimum drive for D1, the noise source. AC
coupled A2 takes a broadband gain of 100. The A2
output feeds again control stage via asimple selectable
1M
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lowpass filter. The filter's output is applied to LT1228
A3, an operational transconductance amplifier. A3's
output feeds LT1228 A4, a current feedback amplifier.
A4's output, the circuit's output, is sampled by the A5
based gain control configuration. This closes a gain
control loop back at A3. A3 's ISET input current controls
its gain, allowing overall output level control.
To adjustthis circuit, place the filter in the 1kHz position
and trim the 5k potentiometer for maximum negative
bias at A3, pin 5.
O.lI'F
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>'----0_--_------510a

11'F

1Vp,p

OUTPUT

NONPOLAR

10k
loa

22!1F
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Figure 1. Random Noise Generator with Selectable Bandwidth and RMS Voltage Regulation
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Figure 2 shows noise ata1MHz bandpass while Figure 3
plots amplitude vs RMS noise in the same bandpass;
Figure 4 plots similar iriformation at f1,J1I bandwidth. RMS
output is essentially flatto t5MHz with about±2dB control
to 5MHz before sagging badlY:
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Figure 3. RMS Amplitude vs Frequency for the Random
Noise Generator Is Essentially Flat 10 1MHz.
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Sagging Beyond 5MHz

For literature on our Voltage References,
call (800) 637-5545. For applications help,
call (408) 432-1900, Ext. 525
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DESIGN
NOTES
Regulator Circuit Generates Both 3.3V and 5V Outputs
from 3.3V or 5V to Run Computers and RS232 - Design Note 71
David Dinsmore and Richard Markell
Many portable microprocessor-based systems use amix
of 3.3V and 5V circuits. Some are still using only 5Vand
inevitably some systems will end up being solely 3.3V
based. If accessories are to be plugged into, or connected
to any of these systems, a voltage conversion/power
generation problem presents itself. The circuit shown in
Figure 1 addresses the situation where either5V or 3.3V
power is available from the bus, but the accessory needs
both 5V and 3.3V power.
The circuit consists oftwo sections, one being a DC/DC
converter and the other being a pair of dual N-channel
MOSFETs and their associated high-side drivers that
effectively form a DPDT switch.
When first powered up, acomparator inside ofthe LT1111
(IC2) determines the state ofthe circuit. The comparator's
output (IC2, pin 6) is wired to the input of the LTC1157

MOSFET driver (IC1). The LTC1157 internally generates a
gate drive voltage which is 8.8V above the supply voltage
and efficiently turns on and off the appropriate MOSFETs.
IC2 also forms a flying capacitor buck/boost DC/DC converter circuit. This topology is used so that no transformers are necessary. 01 is used to control this section's
voltage (Vl). When VIN is at 5V, 01 is off, forcing this
section to operate as a step-down converter. It produces
3.3V which is sentto the 3.3V output ofthe circuitthrough
IC4B.ln this state, 5V power is sent directly through IC3A
while IC3B and IC4A are off.
When VIN is at 3.3V, IC1 turns on 01 shorting out the 140k
resistor and forcing the DC/DC converter into step-up mode
so that it generates 5V at V1 which is sent to the 5V output
through IC3B, while 3.3V power is sent from input to
output through IC4A. IC3A and IC4B are off.

3.3VOR5V_-----1>----.._-----!-----_-=.....

+ 100~F
~6V
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When the entire system can be operated on 3.3V, an
LT1331 may be directly substituted for the LT1330. The
LT1331 can be operated at- 120k Baud with the only
limitation being transmitter output levels are -3.5V to 4V.
Overall efficien~y ot'the circuit exceeds 80% with VIN =
While these levels are not RS232 compliant, they can be
3.3Vand 86% With VIN =5V. All components are available
used to interface with all known RS2321RS562 systems. In
in surface moimt.
all cases the LT1331 operated at 3.3V would provide a
Mixed 3.3V and 5V RS232 Operation
reliable communications link. The table below shows the
details
of 3-driver/5-receiver RS232 transceivers for 3.3V
Portable computers also require RS232 interfacing circuitry for inter-computer and mouse interfacing applica- and mixed 5V/3.3V systems.
tions. Most portable computers now use a mix of 3.3V
LT1342
LT1330
LT1331 LTC1327
and 5V logic. Linear Technology offers a wide variety of
ESD
Protection
±10kV
±10kV
±10kV ±10kV
interfacing circuits that can, not only work with these
./
./
./
./
voltages, but upgrade to single 3.3V supplies when that 3V Logic Interface
3V15V
3V,5Vor
Power Supply
3V/5V
3V
is required.
No load quiescent current is about 500~. By replacing the
LT1111 with the lower frequency LT1173 this could be
reduced t0315~, at the expense of alarger inductor size.

Figure 2 shows the LT1330, a 3-driver/5-receiver, PC
compatible, RS232 interface running on both 3.3V and
5V supplies. The LT1330's charge pump power is taken
from the 5V supplies maximizing the RS232 transmitters
load driving capability. The center trace of the photo
demonstrates the ability of the transmitters to drive a
3000n/2500pF load at 120kBaud. The drive level shown
here are -6V to 7V when fully loaded.

3V/5V
Supply Current in
SHUTDOWN
Receiver Active in
SHUTDOWN
Driver Disable

v'

1

./

601lA

601lA

./

./

./

./

11lA

External CapaCitors 0.1,0.21lf 0.1,0.2, 11lf 0.1, O.21lf O·V
Rx Output (Typ)
0.2V-2.7V 0.2V-2.7V 0.2V-2.7V OV-3.3V

The LT1330's receivers are powered by the 3.3V supply RS232 Tx
on pin 14. This allows the logic levels to be compatible Compliant
with either TIL or 3.3V logic since the output logic levels RS232 Tx
are typically 0.2Vto 2.7V. Logic inputstothetransmitters Compatible
respond to TIL levels, so they can be driven from either
3.3V or 5V logic families.

1.0,",

11lA

./

./

./

./

./

./
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Figure 2. LT1330 Mixed 5V/3V Operation

For literature on our Interface products,
call (800) 637-5545. For applications help,
call (408) 432-1900, Ext. 453
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DESIGN
NOTES
Single LTC 1149 Delivers 3,3V and 5Vat 17W Peter Schwartz
This Design Note shows how one LTC1149 synchronous
switching regulator can deliver both 3.3Vand 5V outputs.
The design's simplicity, low cost, and high efficiency make
it a strong contender for portable, battery-powered applications. The circuit described accepts input voltages from
8Vto 24V, to power any combination of3.3Vand 5V loads
totalling 17W or less. For input voltages in the 8V to 16V
range, the LTC1148 may be used, reducing both quiescent
current and cost. For operation at input voltages below 8V,
please contact the factory.

Design Note 72

lation between the two outputs (a measure of their interdependency) is quite good (Table 1). At low power levels, the
LTC1149 cleanly enters Burst Mode™ operation with a
quiescent current of only 0.7mA.

Theory of ·Operation
The complete circuit is shown in Figure 2. To develop the 3.3V
output, the LTC1149 acts as a synchronous step-down
(buck) converter. L1A and L1Bin series form the 3.3V buck
inductor, and the C1/C2 combination is the 3.3V output filter
capacitor. When 01/02 are ON, the currentthrough L1ramps
For convenience, the test circuit was built using mostly up. When 01/02 turn OFF, 03 is turned ON to provide the
through-hole components. A follow-on Design Note will current in L1with alow resistance recirculation path. This use
give details on building this circuit with surface mount parts. of 03 as a synchronous rectifier increases efficiency by
virtually eliminating conduction voltage drop.
Performance
Efficiency of this circuit is excellent, generally approaching
and frequently exceeding 90% (Figure 1). The cross- regu100
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In addition to simplicity, this topology offers some more
subtle advantages over other dual output techniques:

Figure 1. Efficiency vs VIN and POUT

1) The 3.3V and 5V outputs are inherently synchronous
to each other.

Table 1. Cross-Regulation vs VIN and lOUT
VIN

13.3V

V3.3V

15V

V5V

BV

OmA
5A
2A
OmA
OmA
5A
2A
OmA

3.43V
3.27V
3.42V
3.52V
3.42V
3.26V
3.32V
3.42V

OmA
OmA
2A
3A
OmA
OmA
2A
3A

5.14V
5.19V
4.95V
4.B4V
5.14V
5.12V
4.97V
4.93V

24V

The 5Voutput is produced by L1, L2, 04, and C3/C4. Since 03
has essentially zero voltage drop when turned ON, the voltage
across L1 is fixed at 3.3V during that time. With the voltage
across L1 known, transformer action develops apredictable
voltage across L2. If 04 is turned on for the same interval as
03 (forming asecond synchronous rectifier), currentwillflow
from L2 into C3/C4. Using aturns ratio of 2:1 between L1AI
L1Band L2, C3/C4 will charge to atotal voltage of (0.5 x 3.3V)
+3.3V =5V. Feedbackto the LTC1149's error amplifier comes
from the 3.3V and 5V outputs through R1 and R2 (this "split
feedback" enhances cross regulation).

2) Both outputs achieve their rated voltage at the same
time atter power-up or atter a short circuit.
3) Ashortte ground on either output will automatically
disable the other output. This is difficult to achieve
with techniques employing two independent controlloops.
Burst Mode'" is a trademark of Linear Technology Corporation.
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Circuit Particulars
The values and sizes ofthe input and output capacitors are
There are three areas of this circuit which require special determined by ESR.and ripple current ratings. The followattention. They are the transformer (LlA, L1B, L2), the input ing lists critical parameters. Specific vendors and types
.are suggested in Figure 2.
and output capacitors, and the layout.
Cl, C2: Total parallel ESR S; 0.0350
The transformer must be trifil~r-wound. Trifilarwinding is a
TotallRMsrating;?: 2.5A
standard production technique in which three wires are
C3, C4: TotallRMS rating;?: 2.5A
wound at the same time on the same magnetic core. The
C5, C6: TotallRMS rating;?: 1.6A
three resulting coils form a transformer with excellent
magnetic coupling. In this circuit these attributes improve In general, layout practices should follow those for other
cross-regulation and efficiency. Two of the three coils are switching power supplies. Some examples are: keep sepaconnected in series to form L1. The third coil becomes the rate types of grounds separate (e.g., signal ground, main
boostwinding, L2. This inherently provides the required 2:1 power ground), and return the various grounds to a single
tu rns ratio between L1 and L2. The test transformer was common point. Power and ground leads should be kept
made by using three windings of ten turns #23 wire, on a short and isolated as much as possible from signal traces.
Kool M~®77050-A7toroid (finished size: 0.625" diameterx Detailsforthesuccessfullayoutofcircuits using the LTCl1481
0.25" high). If an off-the-shelf transformer is desired, LTCl149 can be found on the data sheets for these parts,
Coiltronics, Inc. and Hurricane Labs both carry suitable which should be consulted for routing recommendations.
parts. Coiltronics can be reached at (305) 781-8900; As noted above, a surface mount layout for this circuit will
Hurricane's number is (801) 635-2003.
appear in the follow-on Design Note.
Kool

M~ is a registered

trademark of Magnetics. Inc.
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Figure 2, Dual Dulput LTC1149 Supply Provides High Elliciency at Low Cost

For literature on our Switching Regulators,
call (800) 637-5545. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
A Simple High Efficiency, Step-Down Switching Regulator
Design Note 73
San-Hwa Chee
The new LTC1174 requires only 4 external components to current is increased to 425mA. Figure 3 shows the resulting
construct a complete high efficiency step-down regulator. circuit. Note that all components remain the same as in
Using Burst Mode™ operation, efficiency of 90% is achiev- Figure 1. The new efficiency curve is shown in Figure 4.
able at output currents as low as 10mA. The LTC1174 is
100
protected against output shorts by an internal current limit
IIIII
95
which is pin selectable to either 340mA or 600mA. This
VIN.6~
I-current limit also sets the inductor's peak current. This
~90
VIN=9V
allows the user to optimize the converter's efficiency dei<3 85 /
pending upon the output current requirement.
it 80
To help the user get the most out of their battery source, the
L.100,,"
75
VOUT= 5V
internal 0.90 (at supply voltage of 9V) power P-channel
IpGM =ov
MOSFET switch is turned on continuously (DC) at dropout. In
70
1
10
100 200
addition, an active low shutdown pin is included to power
LOAD CURRENT (rnA)
down the LTC1174, reducing the no load quiescent current
from 130J,JA to just 1J,JA. An on-chip low battery detector is
Figure 2. LTC1174 5V, 175mA Efficiency
also included, with the trip point set by two external resistors.

//
/

Figure 1 shows a typical LTC1174 surface mount application. It provides 5V at 175mA from an input voltage range of
5.5V to 12.5V. Figure 2 shows the circuit's efficiency approaching 93% at an input voltage of 9V. Peak inductor
current is limited to 340mA by connecting pin 7 (lPGM) to
ground. The advantages of controlling the inductor's current include: excellent line and load transient response,
short-circuit protection and controlled startup current.
For applications requiring higher output current, connect
pin 7 (lPGM) to VIN. Under this condition, the maximum load

5.5VT012~e---1~---'---~--'71

1,:<......--''YV''I''--~_5V, 425mA

• AVX TPS0156K025
"AVXTPS0107K010

100

IIIIII

95

5.5VTO 12~~-~---<P-----'----'

IJ,~I~6V

!:90
~
it
<3

1.:!----''YV''I''--~_5V, 175mA

L..-_-+__-'-____-I

10V

Figure 3. LTC1174 5V, 425mA Surface Mount

Burst Mode'" Is a trademark of Linear Technology Corporation.
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Figure 1. LTC1174 5V, 175mA Surface Mount
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Figure 4. LTC1174 5V, 425mA Efficiency
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.
To have good control of inductor ripple current, aconstaJlt
off-time architecture is used for the LTC1174. This scheme
allows the 'ripple current to remain constant while the input
voltagevaries, easillgthe inductor's sele.ction. However, the
switching frequency is afunction of input voltage. Foran input
voltage range of 6V to12V with an outpulvoltage of 5V, the
operating frequency varies from about 42kHzto 146kHz.
Figure 5 shows anormalized plot of the switching frequency
as a function of the differential inpuVoutput voltage. The
normalized value of 1 is equivalent to 111 kHz.
)',

,"

Positive-to-Negative Converter
The LTC1174 can easily be set up for a ne'gative output
voltage. If -5V is desired, the LTC1174-5 is ideal for this
application as it requires the least components. Figure 7
shows the schematic for this application including low
battery detection capability. The LED will turn on at input
voltages less than 4.9V. The corresponding efficiency curve
is shown in Figure 8.
VIN
4VTO 7.5V

2.0
VOUT",5V

4.7k

¢

u:1:

~
o

~

l-

270k

LOW
BATTERY
INDICATOR

I-

~ VT': 70~C

39l<

'AVX TPS0336K016
'COILTRONICS ClJ(1oo-4

0123456789
(VIN - VOUT)VOLTAGE (V)

Figure 7. Positive to -5V Converter with
Low Battery Detection

Figure 5. Operating Frequency vs VIN - VOUT
90

100% Duty Cycle in Dropout
When the input voltage decreases, the switching frequency
decreases. With the off-time constant, the on-time is
increased to maintain the same peak-to-peak ripple current
in the inductor. Ultimately, a steady state condition will be
reached ·where Kirchoff's Voltage .Law determines the
dropout voltage. When this happens, the P"channel power
MOSFET is turned on DC (100% duty cycle). The dropout
voltage is then governed by the load current multiplied by
the total DC .resistance of the MOSFET, inductor, and the
internal 0.1 n current sense resistance. Figure 6 shows the
dropout voltage as a function of load current.
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For literature on our Switching Regulators,
call (800) 637-5545. For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
Techniques for Deriving 3.3V from 5V Supplies -

Design Note 74

Mitchell Lee
Microprocessor chip sets and logic families that operate
from 3.3V supplies are gaining acceptance in both desktop and portable computers. Computing rates, and in
most cases, energy consumed by these circuits show a
strong improvement over5Vtechnology. The main power
supply in most systems is still5V, necessitating alocal5V
to 3.3V regulator.
Linear regulators are viable solutions at lower (10 ~ 1A)
currents, butthey must have alow dropout voltage in order
to maintain regulation with aworst case input of only 4.5V.
4.5VTO 5.5V

5fiINN--mOUITT111_,.............- 3.3V OUT
700mA
LT1129·3.3
4 SHUTDOWN SENSE 2
GND
'-_+_....1

DlII74·Fi)1

Figure 1. Low Dropout Regulator Delivers
3.3V from 5V Logic Supply

Figure 1 shows a circuit that converts a 4.5V minimum
inputto 3.3V with an outputtolerance of only 3% (1 OOmV).
The LT1129-3.3 can handle up to 700mA in surface mount
configurations, and includes both 161lA shutdown and
501lA standby currents for system sleep modes. Unlike
other linear regulators, the LT1129-3.3 combines both low
dropout and low voltage operation. Small input and output
capacitors facilitate compact, surface mount designs.
For the LT1129-3.3, dissipation amounts to a little under
1.5W at full output current. The 5-lead surface mount DD
package handles this without the aid of a heat sink, provided the device is mounted over at least 2500mm 2 of
ground or power supply plane. Efficiency is around 62%.
Dissipation in linear regulators becomes prohibitive at
higher current levels where they are supplanted by high
efficiency switching regulators. A2A, 5V to 3.3V switching
regulator is shown in Figure 2. This synchronous buck
converter is implemented with an LTC1148-3.3 converter.
The LTC1148 uses both Burst Mode™ operation and continuous, constant off-time control to regulate the output
Burst Mode'" is a trademark of Linear Technology Corporation.
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Figure 2. 94% Efficiency Synchronous Buck Regulator Pumps Dut2A at3.3V from 5V Logic Supply
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voltage,and maintain high efficiency across a wide range Table 2summarizes the practical current range of anumber
of output loading conditions. Efficiency as a function of of switching regulators for 5V to 3.3V applications, along
output currentis plotted in Figure 3.
with their typical efficiencies.
A 5V to 3.3V converter circuit collection is presented in
Application Note 55, covering the entire range of currents
listed in Tables 1 and 2.
\I
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Table 1. linear Regulators lor 5V to 3.3V Conversion
LOAD CURRENT
150mA

DEVICE
LT1121-3.3

FEATURES
Shutdown, Small Capacitors

700mA

LTl129-3.3

Shutdown, Small Capacitors

800mA

LTl117-3.3

SOT-223
DO Package

1.5A
3A to 7.5A
OUTPUT CURRENT
DN74.F03

lOA

LT1086
LT1083
LT1084
LT1085
2 x LT1087

High Current, Low Quiescent
Current at High Loads
Parallel, Kelvin Sensed

Figure 3. LTC1148-3.3: Measured Efficiency

All of the components used in the Figure 2 switching
regulator are surface mount types, including the inductor
and shunt resistor, which are traditionally associated with
through hole assembly techniques.

Table 2. Switching Regulators 'or 5V to 3.3V Conversion
LOAD
CURRENT
DEVICE
EFFICIENCY .FEATURES
200mA
t0400mA

LTC1174-3.3

90%

Internal P-Channel
Switch, lIlA Shutdown

Depending on the application, a variety of linear and 0.5A to 2A LTC1147-3.3
switching regulator circuits are available for output currents ranging from 150mA to 20A. Choices in linear regu- lAt05A LTC1148-3.3
lators are summarized in Table 1. There are some cases,
LT1158
such as in minicomputers and workstations, where higher 5A to 20A
dissipations may be an acceptable compromise againstthe
circuit complexity and cost of a switching regulator, hence
the> 1Aentries. Heat sinks are required.

92%

8-Pin SO,
High Efficiency Converter
Ultra-High Efficiency
Synchronous Converter

94%
91%

Ultra-High Current
Synchronous Converter

For literature on our Voltage Regulators,
call (800) 637-5545. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
RS232 Interface Circuits for 3.3V Systems -

Design Note 75

Gary Maulding
The rapid, widespread use of 3.3V logic circuits complicates
the selection of RS232 interface circuits. The optimum
choice of an interface circuit should be based upon several
application dependent factors:
1) Logic circuitry connected to interface chip
2) Power supply voltages available
3) Power consumption constraints
4) Serial interface environment
5) Mouse driving requirements

RS232 transceiver choices for systems with both 5V and 3V
power. Typical performance waveforms for the LT1342 operating with Vcc= 5Vand VL =3.3Vare shown in Figure 2.
RECEIVER
OUTPUT

DRIVER OUTPUT
RL = 3k
CL = 2500pF

As Figure 1illustrates, 5V interface circuits cannot be used to
directly connect to 3.3V CMOS logic circuits. The receiver
INPUTS
output level will forward bias the logic circuit's input protection diode, causing large current flow. In the worst case the
ON7S° F02
CMOS logic circuit may latch up. Resistorvoltage dividers or
Figure
2.
LT1342
Outputs
for
Vee
=
5V
and
VL
=
3.3V
level shift buffers may be used to prevent forward biasing the
CMOS input diode, but an RS232 transceiver designed for 3V Systems with only a 3V power supply are unable to use 5V
logic application prevents this problem without extra compo- powered RS232 interface circuits. Charge pump triplers (or
nents or power dissipation.
quadruplers) have losses too great for generating RS232
Many oftoday's systems have both 5Vand 3V powersupplies. voltage and current levels from a3.3V supply. The LT1331 and
In these systems, an RS232 interface chip which uses the 5V LTC1327 provide solutions for 3V only systems. The LT1331
supply for charge pump and driver operation and the 3V supply circuit is usable in both 5V13V mixed or3Vonlysystems. When
for receiver output levels, provides the best performance. The the charge pump is operated from 3V supplies, it powers the
5V operation of the charge pump and drivers gives full RS232 driver circuitry to provide RS562 output levels (see Figure 3).
output levels and sufficient current drive for operating aserial RS562 is a newer serial data interface standard than RS232
port mouse. The LT1342, LT1330, and LT1331 are all good with lower (±3.7V) driver output levels and extended (64k
baud vs 20k baud) data rates. RS562 systems and RS232
------------ ..
: RS232 RECEIVER OUTPUT :
systems are universally interoperable.
I

I
I
I
I
I
:

:
I
I
I
I

:
I

VCG,,5V

I

I
I
I
I
I
I

~~-r--~~

~~,-,~-+----~
I

I ___________ JI
L

I
IL _ _ _ _ _ _ _ _ _ _ _ _
":'"_ _ _ J

Figure 1. 5V Receiver Forward Biases Logic Input Diode

The LTC1327 also provides RS562 output levels from a 3V
supply. This circuit features ultra-low 300)JA supply current
to maximize battery life. An advanced CMOS process makes
this low current operation possible without compromising
the rugged overvoltage and ESD protection available on
Linear Technology's bipolar interface circuits.
VPP Switcher Drives 3V RS232
When fully RS232 compliant operation or mouse driving is
required in a 3V only system, the LT1332 provides the
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reduce power consumption when communications needs
allow the transceiver to be partially or fully turned off. Keepalive receivers, available on some transceivers, consume little
power (601lA) while monitoring a data line. When data is
detected, the system can be fully powered up to accept and
process the incoming data.

RECEIVER
OUTPUT

DRIVfR OUTPUT
Rl=3k

C.l =2500pF

ESD Protection
ESD transient protection of data lines is essential for equipment reliability. Traditional protection measures using
TransZorbs® and diodes are a large percentage of total
interface port component costs. Linear Technology's RS232
and RS562 interface circuits reduce this cost by providing
10kV "Human Body Model" ESD protection on the RS232
data lines without external components. This level of protection is adequate in most applications, but when even higher
levels of protection are needed, a simple RC network (see
Figure 4) may be used. The RC network raises the ESD
protection level to 10kV "Machine Model" discharges at a
lower cost than TransZorb® based protection networks.

INPUTS

Figure 3. LT1331 Outputs lor Vee = VL = 3.3V
solution. The LT1332 is specifically designed to be used in
conjunction with a micropowerswitchingnigulator like the
LT1109A. The switcher provides 12V needed for flash
memory Vpp'and. the RS232 V+. A,capacitor from the
switcher's drive pin'(Vsw) to on-chip diodes in the LT1332
form acharge pump to generate the V- neeaed forthe RS232
drivers. This two chiP50lutidn forVPP generation and RS232
interface isa very econornicalsolution in 3V systems where
both these needs coexist. Theciutput driver levels of the
LT1332 a,re fully RS232 cornpliant and capable of driving
serial mice, a capability which cannot be met by other 3V
Operating circuits: ' . "

Table 1. RS232/RS562 Transceivers lor 5V13V
and 3V Systems
5V/3V
3V
10kV
RS232 RS562 ESD Comments
LT1342
.t
.t LT1137APin Compatible
LT1330
.t
.t Low Power Burst Mode™
LT1331
.t
.t
.t Vce Not Used in SHUTDOWN
LT1327
.t
.t 3001lA Supply Current
LT1332
3V RS232 Used with LT11 09A VPP Generator
Burst Mode™ IS atrademark of Linear Technology Corporation

Part No.

Battery-powered 3V systems can use the RS232
transceiver's SHUTDOWN and Driver Disable controls to
maximize battery charge life. These operating mode controls

r--~-----~-~~-----------------------------STANDARD FlASH MEMORY VPP GENERATOR
SWITCHER VIN
2 AA BATTERIES
UPTD6V

12V
VPP OUTPUT

ll"
33.H

:
I
I

--:'f"':'-:1r-.....rvVV'l---+---+f-..-----<~___+-----I

+

SW 3

oNliffi'-........-..!.I

'::'

-r
-

I
22• F' :
I
I
I
I
I
I
I
I
I 10kY "MACHINE

_________________________________________ J

20
4--t:.o---I-!!19 lOGIC· SIDE
18

~~giE~i~~

17

16
15

• AVX TAJE226K035
"SUMIDA CD54-330N (708-956-0666)

Figure 4.LT1t09A-12 an~ LT1332 Provide VPP Supply and RS232 Interlace
TransZorb" is a registered trademark of Gene.rallnstruments, GSI

For literature on our RS232 Interface Products,
call (800) 637-5545. For applications help,
call (40~) 432-1900, Ext. 453
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DESIGN
NOTES
PC Card Power Management Techniques -

Design Note 76

Tim Skovmand
Most portable computers have sockets built in to accept
small PC cards for use as extended memories, datalfax
modems, network interfaces, wireless communicators, etc.
The Personal Computer Memory Card International Association (PCMCIA) has released specifications, 1.0 and 2.0,
which outline the general voltage and power requirements
for these cards.

gate drive voltages above the positive rail to fully enhance
low ROS(ON) N-channel MOSFET switches. Two back-toback MOSFET switches, 02 and 03, isolate the parasitic
body diode in 02.

Power is provided by the host computer to the PC card
through the card socket via the main Vee supply pints) and
the VPP programming supply pins. Both supplies can be
switched to different voltages to accommodate awide range
of card types and applications.

The LTC1165 drives the three MOSFET gates at roughly the
same rate producing a smooth transition between supply
voltages. Further, the LTC1165 provides a natural breakbefore-make action due to the asymmetry between the turnon times and the turn-off times; i.e., no external delays are
required. A noninverting version, the LTC1163, is also
available. Both devices are available in a-lead surface mount
packaging.

The Vee supply can be switched from 5V to 3.3V and must
be capable of supplying upwards of 1Afor short periods of
time and hundreds of milliamps continuously. Three low
resistance MOSFET switches are typically used to select the
card Vee poweras shown in Figure 1. The LTC1165 inverting
triple MOSFET driver accepts active-low logic commands
directly from a common PCMCIA controller and generates

The second path for card power is via the two VPP programming pins on each card socket which are typically tied
together. These two pins were originally intended for programming flash memories but are sometimes used as an
alternate power source for the card. The VPP supply voltage
is therefore capable of being switched between four operating
states: 12V, Vee, OVand Hi-Z. Figures 2and 3are two different

5V--_--_-----_

PCMCIA
CONTROLLER

Vs

Vee 5V 1---<JIINl
Vee 3V

oun

ee ~RD
t -_ _ _..-__V""-I

LTCl165Csa
IN2
OUT21---ri
IN3

SOCKET

OUT3 1---+-1

GND

Figure 1. Card Vee 5V. 3.3V Switch
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approaches to solvingth~ four state outplit problem. Figure
2 shows a circuit that produces 12V "locally" by converting
the incoming Vee supply through· astep~up converter for
programming flash memories, etc. This circuithasthe unique
capability of supplying up to 500mA when the VPP pin is
programmed to Vee. Figure 3 is a switched output voltage

linear regulator which is powered from aauxiliary 13V to 20V
unregulated supply. This circuit supplies 120mA at 12V and
protects the card slotJrom overcurrent damage. The supply
currents are listed in the truth table to the right of. each
schematic. Allcomponents shown, including the integrated
circuits, are available in surface mount packaging.

1

3

1N4148

7,8
---------
Vee = 3.3V OR 5V - T
..........:.:..:~,!-.'l
.:!:.L 100W I

1'16V

5V---+----------..
1M

1N4148

VPP = OV (lOon)
Vee (500mA)
12V(60mA)
HI-Z(430k)

!

.-

432k
1%
49.9k
1%

r-----

1N4148
SUPPLY CURRENTS
loon

EN1

~ 2N7002

-e.-----+-J

L ____ .J NOR = 74HC02

'"l
.".

..

ENO ENl VPP 'Isv {J.tA 'Iv (
lN4148
o 0 OV
10
0
1 0 12V 150
400
o 1 5V
380
300
1 1 Hi-Z
5
0
'UNLOADED
DT3316-473 CDILCRAFT (708) 956-0666
OR CD75-470 SUMIDA (708) 693-2361
DN76·F0:2

Figure 2_ Step-Up Regulator VPP Power Management

-mmJl...,.I----......~.......- - - VPp.= 0V·(100n)

VAUX _ _ _ _. . - - - - - - - - - - ! 8 f i I N N
13V TO 20V

+

-::C-.". lOW

r------I

5V(30mA)
12V(120mA)
OR HI-Z (150k)
ILlM=250mA .

5V

:
ENO - 1 - - - - - - r - " I ,

lOon
SUPPLY CURRENTS

ENl

-t--+-+-+-11
56.2k
1%

ENO ENl VPP 'I v (flA) 'IVAUX flA)
o 0 OV
0
15
1 0 12V
15
105
o 1 5V
15
45
1 1 Hi-Z
10
15
'UNLOADED

DN780F03

Figure 3_ Current-Limited Linear Regulator VPP Power Management

For literature on our Power Products,
call (800) 637-5545. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
Single LTC 1149 Provides 3.3V and 5V in Surface Mount
Design Note 77
Peter Schwartz
100

This Design Note describes a circuit which uses one
LTC1149 to regulate both a 3.3V and a 5V output with a
17W capability. The circuit presented is an improved
version of the one detailed in Design Note 72 (DN72).
Enhancements include an emphasis upon the use of
surface mount components and an extended input voltage
range (6V to 24V vs 8V to 24V).

L

98

I

96

~

as
~

94
92

VIN"'SV

/ ~ b.
VIN",12V

90

88

as

I

84

f"': ~
~ I;;::::,

...d::
VIN-2OV

r

I

~
82
The schematic diagram is given in Figure 3. For the
I
80
principles of operation, please refer to DN72 (copies are
o 2 4 6 8 10 12 14 16 18
TOTAL POWER OUTPUT
available from any LTC representative). One significant
difference between this circuit and that of DN72 is that
Figure 2. Efficiency VS POUT and VIN
QN2's gate drive is AC-coupled, ensuring full enhancement of QN2 even at low input voltages. The circuit as Table 1. Cross-Regulation vs VIN and lOUT
shown operates down to VIN = 7V. Adding two 2201lf
VIN
V3.3V
'3.3V
'5V
capacitors in parallel with C3/C4 extends minimum VINto
6.00V
OmA
3.36V
OmA
6V or less.
5A
3.23V
OmA

The assembled circuit (Demo Circuit 027A) measures
only 2.15" x 1.63" (Figure 1). This compact and inexpensive design provides excellent efficiency, generally approaching and often exceeding 90% (Figure 2).1 Crossregulation between the two outputs is also quite good
(Table 1).1 Additionally, network D1/D2IC7 ensures that
the 3.3V and 5V outputs both reach their rated voltages at
the same time following power-up.

B.OOV

24.00V

2.12A
OmA
OmA
5A
2.12A
OmA
OmA
5A
2.12A
OmA

3.41V
3.55V
3.36V
3.24V
3.39V
3.47V
3.3BV
3.24V
3.31V
3.36V

2A
3A
OmA
OmA
2A
3A
OmA
OmA
2A
3A

V5V

5.03V
5.06V
4.BOV
4.6BV
5.04V
5.07V
4.90V
4.B1V
5.14V
5.12V
4.98V
4.93V

Customizing the Circuit
The circuit of Figure 3is the result of asignificant R&D effort
by LTC, providing a 3.3V/5V power solution combining
performance and price benefits with manufacturability and
reliability. At the same time the circuit flexible enough to
accommodate a number of variations. Some of these are:

Figure 1. Demonstration Circuit Board
10ata at V1N =6Vtaken with C5V =(4x 2201'f).

1. Peak Power> 17W: Useful for starting disk drives and
other "surge" loads, increased peak power is obtained
by lowering the value of R3, and if necessary adding
capaCitance to the 3.3V output to meet equivalent
series resistance requirements. Under most conditions, the total ripple current rating of the 3.3V output
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capacitance is determined by maximum continuous 2. Pin 10 ofthe LTC1149 is sensitive to switching noise. The
PCB layout should take this into account.
power, (capacitor current ratings are determined by 12R
heating and have an associated thermal time constant). 3. The Demonstration Board uses tantalum input filter caFor additional details and assistance, contact the factory.
pacitors (C5/C6 and C17/C18) for space reasons. For best
life, specific voltage and current derating criteria apply to
2. Lower Power Output: When the full17W capability featured
tantalum devices.lfthese capacitors are to be subjected
here is not needed, some input and output finer capacitors
to voltages in excess of 18V DC, contact the capacitor
can be removed from the circuit. Frequently QP2 can be
vendor. For applications where the input will be subdeleted as well, and a smaller transformer used. Please
jected to high dv/dt or high di/dt surges (e.g., switch
consult LTC for further information.
closure to a battery pack), aluminum electrolytic input
3. Lowest Cost: Circuit cost can be reduced by using alumicapacitors are definitely preferred due to their higher
num electrolytic capacitors for C1 to C6 and C15 to C18.
reliability under such conditions.
The Nichicon "PL" or United Chemi-Con "LXF" series are
good choices. On the outputs, Sanyo 1OSA220M OS-CON Other:
capacitors (220J,lf, 10V) provide excellent performance in Linear Technology has a Gerber file of this Demonstration
asmall case size. Deleting D5 will save area and cost with Board (DC027A) available along with a complete parts list.
only a slight efficiency reduction. In low voltage applica- For this Demonstration Board, a Hurricane Electronics Lab
tions, the LTC1148 can be substituted for the LTC1149, through hole transformer (HL-8700) was used to reduce
with quiescent current and price advantages. For applica- overall height. Beckman Industrial Corporation has develtions where VIN <:: 12V, QP2 can often be removed with little oped avery low profile, surface mount transformer suitable
or no effect on efficiency.
for applications where VIN <:: 9V (HMOO-93839). Capacitors
C1 to C6 and C15 to C18 are AVX "TPS" series capacitors
Construction Notes:
and should not be casually substituted. For more informa1. Figure 3shows several ground lines. These should be run
tion, Hurricane can be reached at (801) 635-2003, Beckman
separately (single point ground). Heavy line widths in the
at (714) 447-2656, and AVX Application Assistance at (800)
schematic indicate wide power and ground traces on the 282-4975.
PC board.
avTO

n~'1~'='=1==~i=t=~~~:l
+

VIN::""
24V

C5

22",

(1)

1: CAPACrrORS PARALLED TO MEET ESR

AND RIPPLE CURRENT REQUIREMENTS
2: 11 TTRIFlLAR AWG #23WlRE ON
MAGNEncs, INC. 770SD-A7 CORE.
BOLD LINES INDICATES HIGH CURRENT PATH (SHORT LEADS)

~-----------~~--~--~~
m-+_----fJI-----"I

+C4
22.,.'
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+ C15
22~
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+ Cl.
22~

••

(1)

1021<
1%
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124k
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1%

lk

Figure 3. Single LTC1149 Provides 3.3V and 5V in SMT
For literature on our Switching Regulators,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
Triple Output 3.3V: 5V: and 12V High Efficiency
Notebook Power Supply - Design Note 78
Randy G. Flatness
The new LTC1142 is adualSVand 3.3V synchronous stepdown switching regulator controller featuring automatic
Burst Mode™operation to maintain high efficiencies at low
output currents. Two independent regulator sections,
each driving a pair of complementary MOSFETs, may be
shut down separately to less than 20JJA/output. This
feature is an absolute necessity to maximize battery life in
portable applications. Additionally, the input voltage to
each regulator section can be individually connected to
different potentials (20V maximum) allowing awide range
of novel applications.
The operating current levels for both regulator sections are
user programmable, via external current sense resistors,
to set current limit. A wide input voltage range for the
LTC1142 allows operation from 4Vto 16V. The LTC1142HV
extends this voltage range to 20V, permitting operation
with up to 12-cell battery packs.

100

LTC1142
VIN",8V
5VSECTION

95
90

~ 85

~

"~

80

I

75
70
65
60

i"..

LTC1142
VIN",av
3.3V SECTION

/
1

10
100
10002500
OUTPUT CURRENT (rnA)

Figure 1. LTC1142 Efficiency

RSENSE monitors the inductor current and is used to set the
output current according to the formula lOUT = 100mVI
RSENSE. Advantages of current control include excellent
line and load transient rejection, inherent short-circuit
protection and controlled start-up currents. Peak inductor
Both regulator blocks in the LTC1142 and LTC1142HV use currents for L1 and T1 of the circuit in Figure 2 are limited
a constant off-time current mode architectures with Burst to 1S0mVlRSENSE or 3.0A and 3.7SA respectively.
Mode™ operation. This results in a power supply that has
very high efficiency over a wide load current range, fast When the output currentforeither regulator section drops
transient response, and very low dropout. The LTC1142 is below approximately 1SmVlRSENSE, that section autoideal for applications requiring SV and 3.3V output volt- matically enters Burst Mode™ operation to reduce switchages with high conversion efficiencies over a wide load ing losses. In this mode the LTC1142 holds both MOSFETs
off and sleeps at 160JJA supply current while the output
current range in a small amount of board space.
capacitor supports the load. When the output capacitor
The application circuit in Figure 2 is configured to provide discharges SOmV, the LTC1142 briefly turns this section
output voltages of 3.3V, SV, and 12V. The current capabil- back on, or "bursts" to recharge the output capacitor. The
ity of both the 3.3V and SV outputs is 2A (2.SA peak). The timing capacitor pins, which go to OV during the sleep
logic controlled 12V output can provide 1SOmA (200mA interval, can be monitored with an oscilloscope to observe
peak), which is ideal for flash memory applications. The burst action. Asthe load current is decreased the circuit will
operating efficiency shown in Figure 1 exceeds 90% for burst less and less frequently.
both the 3.3V and SV sections.
The timing capacitors CT3 and CT5 setthe off-time accordThe 3.3V section of the circuit in Figure 2 is comprised of ing to the formula tOFF = 1.3 x 104 x CT. The constant offthe main switch Q4, synchronous switch QS, inductor L1, time architecture maintains aconstant ripple currentwhile
and current shunt RSENSE3. The current sense resistor the operating frequency varies with input voltage. The 3.3V
Burst Mode'" is a trademark of Linear Technology Corporation.
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section has an off-time of approximately 5!1S resulting in a
operating frequency of 120kHz at 8V input voltage. The 5V
section has an off-time of 3.5!1S and aswitching frequency
of 107kHz at 8V input voltage.

inductor winding in order to extract power from the
auxiliary winding. With synchronous switching the auxiliary 12V output may be loaded without regard to the 5V
primary output load· providing that the loop remains in
continuous mode operation.

The operation of the 5V section is identical to the 3.3V
section with inductor L1 replaced by transformer T1. The When the 12V output is activated by a TTL high (6V
12V output voltage is derived from an auxiliary winding on maximum) on the 12V enable line, the 5V section of the
the 5VinductorT1. Theoutputfromthisadditional winding LTC1142 is forced into continuous mode. A resistor
is rectified by diode 03 and applied to the input of an divider composed of R1 , R5 and switch Q1 forces an offset
LT1121 regulator. The 12V output voltage is set by resis- subtracting from the internal 25mV offset at pin 14. When
tors R3 and R4. A turns ratio of 1:1.8 is used for T1 to this external offset cancels the built-in 25mV offset Burst
ensure thatthe input voltage to the LT1121 is high enough Mode™ operation is inhibited.
to keep the regulator out of dropout while maximizing
For additional high efficiency circuits see Application
efficiency.
Note 54.
The LTC1142 synchronous switch removes the normal
limitation that power must be drawn from the primary 5V
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+
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Figure 2. LTC1142 Triple Output High Efficiency Power Supply

For literature on our Switchirig Regulators,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
Single 4-lnput IC Gives Over 90dB Crosstalk Rejection
atl OMHz and is Expandable - Design Note 79
John Wright
Introduction
Professional video systems need to multiplex between
many signals.without interference from adjacent video
sources that; are not selected. Final system crosstalk
rejection of all non-selected or "Hostile" signals of 72dB
is regarded as "professional quality." This level of isolation is very difficult to achieve because every doubling in
the numberof inputs degrades the crosstalk by 6dB.ln the
past because no single IC was good enough, cascades of
discrete switches and amplifiers were used to achieve the
necessary isolation. An additional requirement of some
video multiplexers is the ability to switch quickly and
cleanly so the sources can be changed in picture without
visible lines or distortion. New emerging multimedia
systems require the performance of professional systems
in the PC environment.
The new LT1204 four-input video multiplexer IC speeds
the design .of high performance video selection products.
It features easy input expansion, and over 90dB crosstalk
rejection on aPC board up to 1OM Hz even when expanded
to 16 inputs. Additionally, this new multiplexer has low

switching transients and includes a 75MHz current feedback amplifier to drive 750 cables. Figure 1 shows the
LT1204 in a typical application.
Expanding the Number of Inputs
To expand the number of MUX inputs LT1204s can be
paralleled by shorting their outputs together. The Disable
feature ensures that amplifier outputs that are not selected do notalterthe cable termination. When the LT1204
is disabled (pin 11 low), the output stage is turned off and
the feedback resistors are bootstrapped, effectively removing them from the circuit. This has the effect of raising
the "true" output impedance to about 25k in Figure 1. The
LT1204 disable logic has been designed to prevent shootthrough current when two or more amplifiers have their
outputs shorted together. The LT1204 also has a logic
controlled shutdown (pin 12 low) that drops the supply
current from 19mA to 1.5mA. When shut down, the
feedback resistors load the output because the
bootstrapping is inoperative. Figure 2 shows this loading
effect for a 16-to-1 MUX made with four LT12045 using
the Disable feature vs the Shutdown feature.
VS=±15V
RL = loon

V' 16 15V
Va 15

V- 14 -15V

750

R,
1k

FB 13

SiD

12

A1

10

DISABLE

CABLE

RG
1k

a;-

:s

0

SHUTDOWN

'"

-

:;;:
'" -2
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Figure 1. 4-lnpul Video Multiplexer wilh Cable Driver
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100

Figure 2. 16-to-1 Multiplexer Response USing Disable
Feature vs Shutdown Feature
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PC Board Layouls
Crosstalk is a strong function of the IC package, the PC
board layout, as well as the IC design. Layout of a PC
board that has over 90dB crosstalk rejection at 1OMHz is
not trivial. PC boards have been fabricated to show the
component and ground placement required to attain this
level of performance. It has been found empirically from
these PC boards that capacitive coupling across the
package of greater than 3fF (0.003pF) will diminish the
rejection. Keys to the layout are: placing ground plane
between inputs, minimizing the feedback pin trace length,
putting feedback resistors on the back side of the surface
mount PC board, and guarding pin 13 with ground plane.

40mV error at the input of the CFA. The time of this 40mV
error can be reduced by adjusting the voltage on the·
Reference (pin 8). The Reference pin is used to trade off
positive input voltage range for switching time. On ±15V
supplies, settling the voltage on pin 8 to -6.8V reduces
the switching transient to a 50ns duration, and the positive input range reduces from 6V to 2.35V. The negative
input range remains unchanged at -6V. Included are
photos of the switching transients for the new LT1204 as
well as competitive CMOS and bipolar MUXs.
LT1204 Output Switching Transients

M
PINg

Crosstalk In P-DIP and SOL vs Frequency

Your

PIN 15

VIN oAND VIN 1 CONNECTED TO A 2MHz SINEWAVE
VREF=-6.8V

10

100

FREQUENCY (MHz)

Switching Transients
Multimedia systems switch active video "in-picture" to
create special effects and this requires fast clean transitions with low "glitch" energy. In the past video source
selection was made during the blanking period and switching transients were not visible. The LT1204 has input
buffers that isolate the internal make-before-break
switches. These buffers ensure glitches are minimized at
the inputs. This is important because loop-through connections send these glitches to other equipment. When
two channels are on momentarily the more positive
voltage passes through; if both are equal, there is only a

DN79'AI02

Competitive MUXs

CMOS
MUX

BIPOLAR
MUX

VIN 0 AND VIN 1 CONNECTED TO A 2MHz SINEWAVE

For literature on our High Speed Amplifiers,
call 1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 456
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DESIGN
NOTES
ESD Testing for RS232 Interface Circuits -

Design Note 80

Gary Maulding
In 1992 Linear Technology introduced the first RS232
interface circuits capable of surviving in excess of
±1 OkV ESO transients. Since that time, LTC has introduced more than 30 products with this level of protection. The inherent ruggedness of these products eliminates the need to use external protection devices in
most applications. Not one unit has been returned from
the field to Linear Technology for an ESO related failure
analysis s,ince the enhanced ESO protected devices
were introduced.
The ±10kV ESO voltage rating is based on the Human
Body ESO Model. When evaluated with other standard
ESO test methods, the superior ESO ruggedness of
LTC's transceivers gives equally impressive results
when compared to older conventional designs.

The Human Body Model is the most commonly used ESO
test in the United States and is the test method prescribed
by Mil-Std-883. This method simulates the ESO discharge waveform seen form human contact to a piece of
electronic equipment. The source capacitor is 100pF,
limited by 1.5kO for the human body model. Linear
Technology's RS232 transceivers can withstand in excess of ±1 OkV when tested with the Human Body Model.
The machine model, commonly used for ESO testing in
Japan, is a more severe ESO test. This model simulates
metallic contact between the device under test and a
charged body. The source capacitor is 200pF with no
limiting resistor. The higher source capacitance and the
absence of a limiting resistor causes the device under
test to be subjected to more voltage, energy, and
current than human body model testing. Therefore
failures occur at lower test voltages with machine
model than with human body model testing. LTC's
RS232 transceivers can withstand ±3.5kV when tested
with the machine model.

The various ESO test methodologies all share a common configuration as shown in Figure 1. A source
capacitor is first charged to ahigh voltage, then the high
voltage power supply is disconnected from the capacitor, and the capacitor is connected to the device under
test through a limiting resistor. The value of the test The IEC-801 test method fits between the human body
capacitor and the limiting resistor differ among the and machine methods in severity. The source capacitor
is 150pF with a 3300 limiting resistor. LTC's RS232
various test standards.
transceivers pass test voltages of ±7.5kV with the IEC801 method.

ESD Tesl Model
Human Body
Machine
IEC-B01

Cs
100pF
200pF
150pF

Figure 1. ESO Test Standards

RS
1.5k

o

3300

The performance of LTC's±1 OkV protected RS232 transceivers to each of these test conditions is summarized
in Table 1. Also included are protection levels achieved
to machine model testing by including a simple RC
network on the RS232 line pins. The RC network used
is a "T" network formed with two 2000 resistors and a
220pF capacitor to ground. The added resistance and
capacitance are small enough to have negligible effect
on RS232 signals, but provide a great increase in ESO
protection at a lower cost than using TransZorbs®with
a diode network, which is commonly used for ESO
protection. Test voltages higher than those shown in
TransZorb@is a registered trademark of General Instruments, GSI

DNBO-1

Table 1 sometimes cause device damage. The damage Figure 2 is a scope photograph ofthe data transmission
seen most commonly is an increase in driver output interruption and recovery seen when a -10kV ESD
leakage with functionality failures occurring at even transient strikes a communications line. The test circuit
higher voltages.
of Figure 3 was used to record this event. The ESD strike
is applied to the driver output of an LT1180Aand the
Table 1. LTC RS232 Transceiver ESO Test Results
receiver input of an LT1331. The ESD transient is of too
Driver Pin
Receiver Pin
short a duration to be recorded on the photograph, but
ESD Test Model
Protection
Protection
the effectsofthe transient can be seen by the co'rruption
Human Body
±10kV
±10kV
of data after the strike. The circuits require about 20118
Machine
±3.5kV
±6kV
to recover from the event, after which data transmission
continues normally.
IEC-B01
±7.5kV
±BkV
Machine Model with
RC Network on RS232 Pins

±10kV

±10kV

ESO Transients During Powered Operation

The test methods discussed so far· involve testing for
permanent damage to the integrated circuit from ESD
transients. Iii today's portable electronics, interconnection of cables to the communications ports may occur
while the equipment is operating. This makes it imperative that the circuit can tolerate the ESD transient with
minimal disruption of system operation. LTC's RS232
interface circuits can withstand 10kV ESD transients
while operating, shut down, or powered down. Disruption of data transfer is unavoidable during the ESD
transient event, but data transmission may resume
upon the completion of the event.

LT1331 RX5 IN
10VlDIV

LT1331 RX5 OUT
5VIDIV

Figure 2. Effects of ESO Transient on Data Transmission
Through an LT1331

.-----iL18~V-_·----1rc
5V
17

23
22

21
20 .
19

18 RX5 OUT PROBE TO
OSCILLOSCOPE
16
15
17

ESO ~~~ATOR I------t
·1000:1
HIGH VOLTAGE PROBE
TO
OSCILLOSCOPE

+

:::¥' 0.1""

Figure 3. Operating Condition ESD Test Circuit

For literature on our Interface Products,
call1-800-4-lINEAR. For applications help,
call (408) 432-1900, Ext. 453
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DESIGN
NOTES
4 x 4 Video Crosspoint Has 1OOMHz Bandwidth
and 85dB Rejection at 1OMHz - Design Note 81
John Wright
3. Route V+ and V-forthe LT1205s on the component
4 x 4 Crosspoint
(top) side and under the devices (between inputs
The compact high performance 4 x 4 crosspoint shown
and outputs).
in Figure 1 uses four LT1205s to route any input to any
or all outputs. The complete crosspoint uses only six SO 4. Use the backside of the PC board as a solid ground
plane. Connect the LT1205 device grounds and
packages, and less than six square inches of PC board
bypass capacitor's grounds as vias to the backside
space. The LT1254 quad current feedback amplifier
ground plane.
serves as a cable driver with a gain of 2. A ±5V supply
is used to ensure that the maximum 150°C junction
Surround the LT1205 outputtraces by ground plane
temperature of the LT1254 is not exceeded in the SO 5. and route them away from (-) inputs of the other
package. With this supply voltage the crosspoint can
three LT1254s.
operate at a 70°C ambient temperature and drive 2V
(peak or DC) on to a double-terminated 750 video Each pair of logic inputs labeled SELECT LOGIC OUTcable. The feedback resistors ofthese output amplifiers PUT is used to select a particular output. The truth table
have been optimized for this supply voltage. The -3dB is used to selectthe desired input, and is applied to each
bandwidth of the crosspoint is over 1OOMHz with only pair of logiC inputs. For example, to route Channel 1
0.8dB of peaking. All Hostile Crosstalk Rejection is Input to Output 3, the fourth pair of logic inputs labeled
85dB at 10MHz when a shorted input is routed to all SELECT LOGIC OUTPUT 3 is coded A =Low and B =
outputs. Keys to attaining this high rejection include: High. To route Channel 3 Input to all outputs, set all 8
logic inputs High. Channel 3 is the default input with all
1. Mount the feedback resistors for the surface mount logic inputs open. To shut off all channels, a pair of
LT1254 on the backside of the PC board.
LT1259s can be substituted forthe LT1254. The LT1259
2. Keep the (-) input traces of LT1254 as short as is adual current feedback amplifier with a shutdown pin
that reduces the supply current to 0!-tA.
possible.
4 x 4 Crosspoint All Hostile Crosstalk
; -40
z
o

~

Ul

-60

4 x 4 Crosspoint Response
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-5V

~
G~O

Jl

..,LCl
TO.l!1f
":'

~~

1~1

":' ,,:,750
~

~

3
4
5
6
7
8

CHl
J2

1~2

,
":' ,,:,750

15

+1

~
11
Ul
LT1205

+1
+

21~T1~~1-~~~,,:,

.. ,

.
R5
10k

V!1~_
8200

Rl0
8200

r--2~7
6~~1254
~.-~~~

10
9

R18 OUTPUT
750
J6

RS
10k

.1.§.

":'
Rll
8200

15 .
R12
14
8200
C5
13
':"
4.7JlF
12
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11
10
~+
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8
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~
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14
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+

~
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11.
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~
R14
8200

....

CS
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R8
10k
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TRUTH TABLE
SELECT LOGIC
A

B

L
L
H
H

L
H
L
H

INPUT
CHANNEL
CHO
CHl
CH2
CH3

"'"
AB

AB

AB

AB

SELEGTLOGIG SELECTLOGIC SEL.ECTLOGIC SELECTLOGIC
OUTPUT 0
OUTPUT 1
OUTPUT 2
OUTPUT 3

Figure 1. 4 x 4 Crosspoint and Truth Table

For literature on our High Speed Amplifiers,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900; Ext. 456
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DESIGN
NOTES
5V to 3.3V Regulator with Fail-Safe Switch over -

Design Note 82

Mitchell Lee
Newer microprocessors designed for replacing existing a 5V processor is inserted into the socket. VOLDET is
5V units operate from lower voltage supplies. In the pulled low on 3.xx processors; it is buffered by transispast a processor swap was simply a matter of removing tor 02 which grounds the gate of a bypassing switch
one Ie and replacing it with an updated version. But now (01).01 is turned off leaving the LT1 085 to regulate the
the upgrade path involves switching from a 5V chip to microprocessor's Vee line.
one that requires 3.xxV.
For 5V microprocessors the VOLDET pin is high; 02 is
One means of changing supply voltage from 5V to 3.xxV turned off allowing 01 's gate to pull up to 12V, turning
isto clip ajumperthat bypasses alocaI3.xxVregulator. itself on. With the LT1085 shorted from input to output
This is not a good solution since it leaves too much to by the MOSFET, 5V flows directly to the microproceschance. Failure to remove the jumper can result in the sor. No service intervention is required to ensure corinstant destruction of the new microprocessor upon rect Vee potential.
application of power. Ameans of automatically sensing
The circuit in Figure 1 is fine for cases where 12V is
the presence of a 3.xxV or 5V processor is necessary.
available to enhance the MOSFET switch. However, in
Intel microprocessors include a special pin called portable applications, 12V is frequently not available or
"VOLDET" which can be used to determine whether or available only on an intermittent basis. Figure 2 shows
not a particular chip needs 3.xxV or 5V. Figure 1 shows a second solution using a high-side gate driver to
a simple circuit that takes advantage of this pin to control the MOSFET. A VOLDET pull-up resistor is
automatically "jumper Qut" a3.xxV regulator whenever required in both figures because in some cases VOLDET
sv
12V

SV

R4
lOOk

R4
lOOk
Q2
2N2222

VOLDET
(H =SV. L =3.4SV)

Ql

VOLDET
(H = SV, L = 3.45V)

MTB30N06EL

MICROPROCESSOR
5V

3.45V,5V
5V

+ Cl

"'f"

lOIlF

IN

LT108S OUT

+ C2
R2 T221lF
11sn ":' TA
1%

ADJ

Vee
DNB2'Rll

+ Cl

"'f"

101'f

IN

MICROPROCESSOR
3.4SV, SV
LT10SS OUT 1-+--+
.....-C2~ Vee
ADJ

R3
200n

R3

~~ • FOR BEST PERFORMANCE, PLACE 4 EACH 471'f, 9 EACH O.lJLfAND
":'

1%

9 EACH O.OlJLf BYPASS CAPACITORS ON THE Vee PINS OFTHE
INTEl4SS™ MICROPROCESSOR. ESR OF THE 47JLf < O.ln.
INTEL 486 IS A TRADEMARK OF INTEL CORPORATION

Figure 1. Bypass Circuit lor 3.xxV and 5V Microprocessor
Swaps Using Transistor Buffer

..L7YfJ~

-=

R2 -,-221'f
1150
TA
1%
-

Figure 2. Bypass Circuit lor 3.xxV and 5V Microprocessor
Swaps Using High-Side Gate Driver (No 12V Supply Required)
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is an open circuit or a shorting link, and in other cases
it is an open-drain output.
.

the top side P-channel MOSFET to turn on 100%,
effectively shorting the output to the5Vinput. If the
open collector isturnedoff, the LTC1148 operates as a
VOLDET is pulled up to 5V in both circuits. This could
high efficiency buck mode .power converter, delivering
pose a problem for3.xxV PrOcessors with open-drain
a regulated 3.45V to the load. For 3.3V applications a
VOLOET pins, but for 3.xxVtlevices VOLDETis always
fixed 3.3V version of the LTC1148 is available.
polled low and 5V rrever reaches it. The 5V reaches
VOLDET only on 5V devices.
Table 1. Linear Regulators for 5V to 3.3V Conversion
For certain families of microprocessors, 3.3V is required. The circuits shown in Figures 1 and 2 are fully
compatible with 3.3V applications by simply substituting afixed 3.3Vversion ofthe regulator (usean LT1 0853.3). Higher current operation is also possible. The
LT1 085 is suitable for 3A applications; use an LT1 084'
and an MTB50N06EL for upto 5A. Table 1 shows the
wide range of linear regulators available at currents of
up to 10A.
.

DEVICE
LT1121-3.3

FEATURES
Shutdown, Small CapaCitors

700mA

LT1129-3.3

Shutdown, Small Capacitors

SOOmA
1.5A

LT1117-3.3

SOT-223
DD Package

3A to 7.SA

LT10S3
LT10S4
LT10S5
2 x LT10S7

LOAD CURRENT
150mA

10A

LT10SS

High Current, Low Quiescent
Current at High Loads
Parallel, Kelvin Sensed

In some applications the complexity of ahigh efficiency
switching regulator may be justified for reasons of The topic of powering low voltage microprocessors in
battery life. Figure 3 shows a switcher that not only a 5V environment is covered extensively in Application
converts 5V to 3.45V but also acts as its own bypass Note 58, available on request. Both linear and switching
switch for applications where a 5V output is required. solutions are discussed.
An open drain or collector pulling the VFB pin low causes
5V
INPUT

P-ORIVE
NC

. C1:Ta
C3: SANYO (OS-CON) 20SA100M.
ESR = 0.0370. IRMS = 2.2SA
C7: SANYO (OS-CON) 10SA220M.
ESR =0.03SO. IRMS = 2.36A
al: SILICONIX PMOS. BVoss = 20V.
OCRON =0.1 oon. ali = SOnC
02: SILICONIX NMOS BVOSS =30V.
OCRON = O.OSOO. Og = 30nC
01: MOTOROLA SCHOTTKY VBR =30V
R2: KRL NP-2A-C1-OR02OJ. Po = lW
L1: COILTRONICS CTX1().4

N-ORIVE

,VIN

NC
LTCl148
P-GND

CT

S-GNO

INTVcc

SHON

CS

T

200PF
NPO

ITH
SENSE-

R4
20k
1%

':"
!-'--+-'VOLDET

VFB
SENSE+
C6
0.01 ~F

R2
0.033 0

R3
3S.7k
1%

'--______-+__+-_ _...,::;;.....___"_,,.'" ~:SV
Figure 3

For literature on our Linear Regulators,
cal.11-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
C-Load™ Op Amps Tame Instabilities -

Design Note 83

Richard Markell, George Feliz and William Jett

Introduction
By taking advantage of advances in process technology
and innovative circuit design, Linear Technology Corporation has developed a series of C-Load op amps which
are tolerant of capacitive loading, including the ultimate,
amplifiers which are stable with any capacitive load.
These amplifiers span a range of bandwidths from 1MHz
to 140MHz. They are suited for a wide range of applications from coaxial cable drivers to capacitive transducer
exciters.
The Problem
The cause of the capacitive load stability problem in most
amplifiers is the pole formed by the load capacitance and
the open-loop output impedance of the amplifier. This
output pole increases the phase lag around the loop which
reduces the phase margin of the amplifier. If the phase lag
is great enough the amplifier will oscillate.
External networks can be used to improve the amplifier's
stability with a capacitive load but have serious drawbacks. For instance, most designers are familiar with
the use of a series resistor Rs between the load and the
amplifier output. The optimum value of Rs depends on
the load capacitance, so this approach isn't useful for illdefined loads. Further disadvantages of the external
approach include reduced output swing and drive current, and increased component count.
An Example
Figure 1 shows an example of a competitor's medium
speed device which is sensitive to capacitive loading.
When 50pF is paralleled with a 5kn load, the response
exhibits considerable ringing. With a75pF load the device
oscillates. By comparison, the transient responses of the
50MHz LT1360 voltage feedback amplifier (Figure 2) shows
the improvement in stability achieved in the latest generation of C-Load op amps. In fact the LT1360 maintains a
stable transient response for any capacitive load.

CL = 50pF

Vs=±15V
Av = 1

DN83'f01

RL=5k

Figure 1. Medium Speed Non-LTe Op Amps

CL = 100pF
50nsJDIV

CL = 1.000pF
200ns/DIV

VIN = 100mVp_p Av = 1
Vs =±15V
RL = 5k

Figure 2. LT1360

The Solution
LTC's new family of voltage feedback amplifiers adjusts
the frequency response of the op amp to maintain adequate phase margin regardless of the capacitive load
thus, the amplifiers cannot oscillate. These C-Load amplifiers are great in systems where the load is not fixed or is
ill-defined. Examples include driving coaxial cables that

C-Load is a trademark of Linear Technology Corporation
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mayor may not be terminated, driving twisted-pair transmission lines, and buffering the inputs of sampling NO
converters that present time varying impedances.
Table 1 lists LTC's unconditionally stable voltage feedback C-Load amplifiers. Table 2 lists other voltage feedback C-Load amplifiers that are stable with loads up to
10,000pF. Figure 3 shows overshoot as a function of
capacitive load being driven for a wide variety of LTC op
amps. Note that the unconditionally stable amplifiers
(LT1355, LT1358 and LT1363) have the greatest overshoot for CL = 10nF. Overshoot actually declines as CL is
increased beyond 10nF.

All LTC op amps with adjustable bandwidth can be
stabilized for arange of capacitive loads. The bandwidth
of current feedback amplifiers is set by the external
feedback resistor. Graphs which allow selection of the
proper feedback resistor for CL values to 10,000pF
appear in the data sheets of most LTC current feedback
amplifiers. As an example, Figure 4 shows the LT1206,
a60MHz current feedback amplifier with 250mA output
current, driving loads of 1000pF and 10,000pF while
remaining stable.

Table 1. Unity-Gain Stable C-Load Amplifiers Stable with All
Capacitive Loads
Singles
LT1200
LT1220

GBW
(MHz)

Is/Amp
(rnA)

11

1

Duals
LT1201

Quads
LT1202

-

'-

45

8

45
12

7
1

LT1224
LT1354

LT1208
LT1355

LT1209
LT1356

LT1357

LT1358

LT1359

25

2

LT1360

LT1361

50

4

LT1363

LT1364

LT1362
LT1365

70

6

Table 2. Unity-Gain Stable C-Load Amplifiers Stable with
CL::; 1D.DDDpF
Singles

Duals

Quads

LT1012

-

-

-

LT1114

LT1097

LT1112
-

-

LT1457

-

GBW
(MHz)

Is/Amp
(rnA)

0.6
0.65

0.4
0.32

0.7

0.35

2

1.6

100 r---r--,---,---r----,

80

t----t--:--t----j;;o.-..+------I

Vs=±15V
RF=RG=3k

RL=OO

Figure 4. LT12D6

Conclusions
Linear Technology has developed families of medium
and high speed amplifiers which are much easier to
apply than their predecessors. Stable operation with
capacitive loads can be achieved without critical external components or loss of output drive. Amplifiers
which are stable with any capacitive load are ideal for
applications where the load is not well defined. These
amplifiers can simplify even low frequency designs by
insuring stability under all conditions of loading. For
more information on C-Load op amps see the February
1994 issue of Linear Technology Magazine.
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For literature on our Operational Amplifiers,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 456

DESIGN
NOTES
Source Resistance Induced Distortion in Op Amps
Design Note 84
William H. Gross
Introduction
Almost all op amp data sheets have Typical Characteristic Curves that show amplifier total harmonic distortion (THD) as a function of frequency. These curves
usually show various gains and output levels but almost
always the input source resistance is low, typically 50n.
In some applications, such as active filters, the source
impedance will be much larger. If the input impedance
of the op amp is nonlinear with voltage, the resulting
distortion will be significantly higher than the values
indicated in the data sheet.
Test Circuit
It is quite easy to evaluate source resistance induced
distortion. Connect the amplifier as a unity-gain buffer
operating on ±15V supplies. Feed a low distortion
20Vp_p signal to the noninverting inputthrough asource
resistor and measure the output signal distortion. The
setup is shown in Figure 1. The readings at 1kHz and
10kHz were recorded for various values of source
resistance from 100n to 100k. The measured results
for several op amps are plotted in Figures 2 and 3.
15V
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Figure 2. 1kHz Distortion vs Source Resistance
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Figure 3. 10kHz Distortion vs Source Resistance

Results
Unfortunately there is no easy way to predict which
amplifiers will have the lowest source resistance induced distortion from the data sheets. There are two
main causes of the distortion: nonlinear input resistance and nonlinear input capacitance. At first thought,
one would not expect the small input capaCitance of an

op amp to cause distortion at a few kHz. But a 10k
source is loaded 0.01 % by 1pF at 1.6kHz! Therefore a
change in input capacitance of 1pF will cause measurable distortion at 1kHz. For lowest distortion we want an
amplifier with low input capaCitance as well as very high
(and constant) input resistance.
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FET input op amps have the highest input resistance but
they also have a significant nonlinear input capacitance. The LF356 is a typical FET input op amp; the
distortion is 5 to 20 times worse with a 10k source
compared with a low source resistance. The LT1169 is a
new dual FET input op amp with very low input capacitance
(1.5pF) and therefore has about three times lower distortion than the LF356.
The OP27 is a popular high speed precision op amp that
has very low distortion when driven from a50n source.
Unfortunately the input bias current cancellation circuit
works well only at very low frequencies; at 1kHz the
input resistance is very nonlinear. The distortion from
the OP27 is 50 times worse with a 10k source than with
a 100n source. The LT1124 is a dual low noise precision op amp that uses a different input bias current
cancellation circuit. The LT1124 has the least source
resistance induced distortion at 1kH of any of the op
amps tested. The LT1355 is a member of a new family
of low power, high slew rate op amps that have outstanding high frequency performance. The LT1355 has
the least source resistance induced distortion at 10kHz
of any op amp tested.
Figure 4 shows a 20kHz Butterworth active filter as
might be used for anti-aliasing or band limiting in adata
acquisition system. Figure 5 shows the frequency re-
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Figure 5. Filter Frequency Response

sponse ofthe circuit. Notethatforsignals well below the
cutoff frequency, the capacitors have no effect and the
op amp seesa 6.2k source resistance. Distortion was
measured with several op amps in the circuitto confirm
the data shown in Figures 2 and 3. Table 1 shows the
results of the best op amps.
Table 1. Filter Distortion
Amplifier

LT1124
LT1355
LT1169

100Hz
1kHz
2kHz
5kHz
10kHz
0.0004% 0.0005% 0.0008% 0.0021% 0.0090%
0.0005% 0.0006% 0.0010% 0.0035% 0.0052%
0.0005% 0.0012% 0.0024% 0.0080% 0.0100%

C2
0.0078!iF

VOUT

Source resistance induced distortion usually limits the
dynamic range of unity-gain RC active filters. An interesting high performance alternative is the LTC1 063 and
LTC1065. These fifth order, switched-capacitor lowpass filters are not only smaller and easier to use, their
distortion is less than 0.01% even with 10k source
resistance.

Figure 4

For literature on our Operational Amplifiers,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 456
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DESIGN
NOTES
Interfacing to Apple LocalTalk® Networks
Design Note 85
Robert Reay
LocalTalk Overview
Of the many connection technologies available for linking an AppleTalk<il> network, LocalTalk is one ofthe most
common because it is designed to connect local work
groups using inexpensive and easily configurable plugand-play cabling. LocalTalk is laid out in a bus topology
with all devices joined in a line with no circular connections. LocalTalk conforms to the EIA RS422 electrical
standard to provide a balanced differential voltage signal transmitting at 230.4kbs over a maximum distance
of 300 meters with up to 32 devices connected to a
twisted-pair network. The balanced configuration provides good isolation from ground noise currents and is
not susceptible to fluctuating potentials between system grounds or common-mode electromagnetic interference (EM I}.
LTC1323
The original LocalTalk hardware design uses an
AM26LS32 chip for the receivers and an AM26LS30
chip forthe drivers of aLocalTalk port. The drawback of
the design is that it requires two chips per port and an
LTC1323

external-5V supply. The bipolar chips also draw large
supply currents, making them undesirable for batterypowered applications. A better solution is to use the
LTC1323CS24 which provides a complete low power
serial 110 interface while generating it's own -5V supply
as shown in Figure 1.
The LTC1323 uses the differential driver output stage of
Figure 2. The driver swings between ground and Vee
when adifferential LocalTalk load is connected between
TXO+ and TXO-while meeting the EIA RS422 differential voltage swing requirement of ±2.0V into 1000.
When a single-ended load is connected from TXO + to
ground or TXO- to ground, the driver will swing between VEE and Vee while meeting the EIA 562 voltage
swing requirement of ±3.7V into 3kO. Because the
differential LocalTalk load requiresa large current drive,
the charge pump that generates VEE would be unreasonably large if the driver were to swing to VEE with a
differential load. By limiting the currentflowing into VEE
to 15mA, the charge pump can easily be integrated into
the chip.

5V

~

5!.lT010!.l

5!.lT01on

~=~

"X" 100pF

1",

:.:.:=......:.t-tt-ilx.4.._IL.t------! ~

.,.
EMI FILTER

Figure 1. Single Supply LocalTalk Pori
AppleTalk and LocalTalk are registered trademarks of Apple Computer. Inc.
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For applications where the single-ended control signals
are not required, such as PhoneNet@, the LTC1323CS16
can be used as shown in Figure 3. The differential driver
is still able to drive a single-ended load to VEE when not
connected to a LocalTalk network.
LTC491
For PhoneNet-type applications where the differential driver
is not required to drive asingle-ended load below ground,
the LTC491 can be used as shown in Figure 4. Only RS485
drivers will work in this application. RS422 drivers will not
work because they load the cable when the chip power is
removed.

EMI Filter
Most LocalTalk applications use an electromagnetic interference (EMI) filter consisting of a resistor-capacitor T
network between each driver and receiver and the connector (Figure 5). Unfortunately, the resistors significantly
attenuate the driver's signal applied to the cable. Because
the LTC1323 and LTC491 are single supply drivers, the
resistor values should be reduced to 50 to 100 to insure
enough voltage swing on the cable. In most applications,
removing the resistors completely does not cause an
increase in EMI as long as ashielded connector and cable
are used. With the resistors removed, the only DC load
becomes the primary of the LocalTalk transformer. This
will increase the DC standby current when the drivers are
active, but does not adversely affect the drivers because
they can handle a direct short circuit indefinitely. For
maximum swing and EMI immunity, a ferrite bead and
capacitor could be used.

Figure 2. LTC1323 Differential Drive Output Stage

Figure 4. PhoneNet Application

LTC1323CS16
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511 TO 1011
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Figure 3. PhoneNet Application

PhoneNet Is a registered trademark of Farallon, Inc.
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DllfI5Fl6.5

Figure 5. EMI Filters

For literature on our Interface Products,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 453

DESIGN
NOTES
Ultra-Low Power: High Efficiency DC/DC Converter
Operates Outside the Audio Band - Design Note 86
Mitchell Lee
Portable communications products are densely packed currents, easing shielding and filtering requirements and
with signal processing, microprocessor, radio frequency, decreasing component stresses. Output currents of up to
and audio circuits. Digital clock noise must be eliminated 450mA are possible with this device by connecting the
not only from the audio sections, but also from the antenna IpGM pin to VIN. This increases the peak current to 600mA,
which, by the very nature of the product, is located only allowing for a high average output current.
inches from active circuitry. If a switching regulator is
To conserve power and maintain high efficiency at light
used in the power supply, it becomes another source of
loads, the LTC1174 uses Burst Mode™ operation. Unfornoise. The LTC117 4 step-down converter is designed
tunately, this control scheme can also generate audio
specifically to eliminate noise at audio frequencies while
frequency noise at both lig~t and heavy loads. In addition
maintaining high efficiency at low output currents.
to electrical nOise, acoustical noise can emanate from
Figure 1 shows an all surface mount solution for a 5V, capacitors and coils under these conditions. A feed-for120mA output derived from 5 to 7 NiCd or NiMH cells. ward capaCitor (C2) shifts the noise spectrum up and out
Small input and output capacitors that are capable of of the audio band, eliminating these problems. C2 also
handling the necessary ripple currents help conserve reduces peak-to-peak output ripple to approximately 30mV
space. In applications where shutdown is desired this over the entire load range.
feature is available (otherwise short this pin to VINl.
A toroidal surface mount inductor (L 1) is chosen for its
The LTC1174's internal switch, connected between VIN excellent self-shielding properties. Open magnetic strucand Vsw, is current controlled at a peak of approximately tures such as drum and rod cores are to be avoided since
340mA. Low peak switch current is one ofthe key features they inject high flux levels into their surroundings. This can
that allows the LTC117 4 to minimize system noise com- become a major source of noise in any converter circuit.
pared to other chips which carry significantly higher peak Burst Mode'" is a trademark of linear Technology Corporation.
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CI: PANASONIC SP SERIES (201) 348-4630
C3: AVX TAJ SERIES (803) 956-0690
L1: COILTRONICS OCTAPAK (407) 241-7876

Figure 1. Low Noise, High Efficiency Step-Down Regulator
for Personal Communications Devices
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The interactions of load current, effiC;iency, and operating
frequency are shown in Figure 2. High efficiency is maintained at eVen low current levels, dropping below 70% at
around 800/lA. No load supply current is less than 200/lA,
dropping to approximately 1/lA in shutdown. The operC)ting frequency rises above the telephony bandwidth of
3kHz at a loadof 1.2mA. Most products draw milliampere
range load currents only in standby with the audio circuits
squelched, when low frequency noise is not an issue.
The frequency curve depicted in Figure 2 was measured
with aspectrum analyzer, not acounter. This ensures that
the lowest frequency noise peak is observed rather than a
faster switching frequency component. Any tendency to
generate subharmonic noise is quickly exposed using this
measurement method.
100

100

mental disappear into a 10llV "mud" between 1MHz and
2MHz. Noise in the critical 455kHZ region ranges from
10llV to 300IlV,depending on operating frequency. At
10.7MHz, an important and sensitive intermediate. frequency, the noise is broadband and well belowlOIlVRMS.
IL= 50mA
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Figure 3. Noise in the 100kHz to 10MHz Band
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Figure 2. Parameter Interaction

A spectrum analysis of noise from 100kHz to 10MHzis
shown in Figure 3. The fundamental switching component
in this test was approximately 85kHz, and the second
harmonic shows up at twice that frequency. It measures
approximately 3mVRMS. Harmonics of the 85kHz funda-

Further noise reduction is possible by adding an output
filter (see Figure 4). A small surface niount ferrite bead is
placed in series with the 5V output, close to the LTC1174
and bypassed by a 11J.F surface mount ceramic capacitor.
Noise attenuation at 1OMHz exceeds 20dB.
FB

~

"*

FB: DALE ILB-1206 31 25% (605) 665-9301
11lf: AVX 12063Gl05ZAT (803) 448-9411

DN86'F04

Figure 4. An Effective Filter for Attenuating Noise
Components Above 1MHz

For literature on our DC/DC Converters,
call1-800-4-UNEAR. For applications help,
call (408)432-1900, Ext. 361
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DESIGN
NOTES
Fast Regulator Paces High Performance Processors
Design Note 87
Mitchell Lee and Craig Varga
New high performance microprocessors require a fresh
look at power supply transient response. Pentium™ processors, for example, have current demands that go from
a low idle mode of 200mA to a full load current of 4A in
20ns. A transition of the same magnitude occurs as the
processor reenters its power saving mode. In addition, the
overall supply tolerances have been narrowed significantly from the traditional ±5% for 5V supplies and
include transient conditions. When all possible DC error
terms are accounted for, the transient response of the
power supply when subject to the load step mentioned
above must be within ±46mV!
To address this problem LinearTechnology has developed
the LT1585 linear regulator.ltfeatures 1%initial accuracy,
excellent temperature drift and load regulation, and virtually perfect line regulation. Complementing superb DC
characteristics, the LT1585 exhibits extremely fast response to transients. The regulator is offered as an adjustable regulator requiring tw() resistors to set the operating
point, as well as fixed versions which have been trimmed
and optimized for 3.3V, 3.38V, 3.45V, and 3.6V outputs.
Fixed versions are fully specified for worst-case DC error
bounds; in adjustable designs the effects of the external
voltage-setting resistors must be taken into account.
.THERMALLOY
7020B-MT

4.7~V2~e

Transient response is affected by more than the regulator
itself. Stray inductances in the layout and bypass capacitors, as well as capacitor ESR dominate the response
during the first 400ns of transient. Figure 1 shows a
bypassing scheme developed to meet all of the requirements for the Intel P54C-VR microprocessor. Multiple
capacitors are required to reduce the total ESR and ESL,
which affect the transient response.
Input capaCitors C1 and C2 function primarily to decouple
load transients from the 5V logiC supply. The values used
here are optimized for a typical 5V desktop computer
"silver box" power supply input. C5 to C10 provide bulk
capacitance at low ESR and ESL, and C11 to C20 keep the
ESR and ESL I.ow at high (> 100kHz) frequencies. C4 is a
damper and it minimizes ringing during settling.
A good place to locate the surface mount decoupling
components is in the center of the Pentium socket cavity
on the top side of the circuit board. Consider using
concentric rings of power and ground plane on the top
layer of the board within the socket center for bussing the

.cr

and LTC are registered trademarks and LT is atrademark of
Linear Technology Corporation.
Pentium and Power Validator are trademarks of Intel Corporation.
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capacitorn'together. Tiethe main power and ground planes
to these cavity planes with a minimum of two vias per
capacitor. This will minimize parasitic inductance. The
regulator and damper capacitor should be located close to
« 1") the microprocessor socket to minimize circuit trace·
inductance.
.
Verifying the regulator and microprocessor layout can be
accomplished with a controlled load such as the Power
Validator™ manufactured by Intel. This device plugs directlyintothe microprocessor socket and simulates worstcase load transients conditions.
An oscilloscope photograph of the LT1585's response to
aworst-case 200mA to 4A load step is shown in Figure 2.
Trace Cis the load current step, which is essentially flat at
4A with a 20ns rise time. Trace A is the output settling
response at 20mV per division. Cursor trace B marks

-46mV relative to the initial output voltage. Atthe onset of
load current, the microprocessor socket voltage dips to
-38mV as a result of inductive effectsjn the board and
capacitors, and the ESR of the capacitors. The inductive
effects persist for approximately 400ns. For the next 3~
the output droops as load current drains the bypass
capacitors. The trend then reverses as the LT1585 catches
up with the load demand, and the output settles after
approximately 50~.
Running 4A with a 1.7V drop, the regulator dissipates
6.8W. The heat sink shown in Figure 1, with 100ft/min air
flow is adequate for worst-case operating conditio~s.
The adjustable version of the LT1585 makes it relatively
easy to accommodate multiple mircoprocessor. power
supply voltage specifications (see Figure 3). To retain the
tight tolerance of the LT1585 internal reference, 0.5%
adjustment resistors are recommended. R1 is sized to
carry approximately 1OmA idling current (:;; 1240), and R2
is calculated from:
R2 = Vo - VREF

20mV/DIV

A

VREF + IADJ
R1

8

where:

C

lA/DIV

IADJ = 60~ and VREF = 1.250V
l~IV

Figure 3 shows the connections for R1 and R2. Note that
C5 to C10 are reduced in value from Figure 1 without
compromising the transient response. The addition of C3
makes this possible and also eliminates the need for C4.

DN87f{}2

Figure 2. Transient Response. at Onset 01 4A Load
Current Step
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For literature on our Linear Regulators,
call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
New 500ksps and 600ksps ADCs Match Needs of
High Speed Applications - Design Note 88
Kevin R. Hoskins
Introduction

Combining high speed analog-to-digital conversion with
low power dissipation, the 500ksps LTC®1278 and 600ksps
LTCt27912-bit ADCs solve major challenges confronting
designers of high speed systems: conversion performance, power dissipation, circuit board real estate, complexity, and cost. Applications for the LTC1278/LTC1279
include telecom, communication, PC dataacquisition board,
and high speed and multiplexed data acquisition systems.
In addition to requiring no external references, crystals, or
clocks the LTC1278/LTC1279 offer system designers the
following significant system-enhancing improvements:
• Power Shutdown: 5mW
• Wakes Up in a Scant 300ns
• Single 5V or ±5V Supply Voltage Operation
• Low Power Dissipation: 150mW (Max), 75mW (Typ)
• Small 24-Pin SO or 24-Pin Narrow DIP Packages·
The LTC1278/LTC1279's DC performance includes
±1LSS INL and DNL, no missing codes, and an internal
voltage reference with afull-scale drift of only 25ppm/ oC.
The AC performance includes 70dS (Min) SINAD, -78dS
(Max) THD, and -82dS (Max) spurious-free dynamic
range. These specifications were measured atfs =500ksps
(LTC1278) or fs =600ksps (LTC1279), fiN =100kHz, and
are guaranteed over the operating temperature range. The
plot of effective-number-of-bits (ENOS) shown in Figure 1
clearly indicates that the LTC1278/LTC1279 can accurately sample signals that contain spectral energy beyond
the Nyquist frequency.

o '--'-~~.u.JJ.J.1IL...J.w..u~
1k

10k
100k
INPUT FREQUENCY (Hz)

1M 2M

Figure 1. The LTC1278 Can Accurately Digitize Input
Signals Up to the Nyquist Frequency and Beyond

interface's flexibility eases connection to external latches,
FIFOs, and DSPs. Table 1 shows more members of the
high speed 12-bit ADC family.
Table 1. LTC's High Speed ADC Family Includes 5V and 3V
Devices
Sampling S/(N + D)
Input
Device Frequency @ Nyquist Range
LTC1272 250kHz
65dB
OVto 5V
LTC1273 300kHz
lOdB
OVto 5V
LTC1275 300kHz
lOdB
±2.5V
lOdB
±5V
LTC1276 300kHz
LTC1278 500kHz
70dB
OV to 5V
or±2.5V
LTC1279 600kHz
70dB
OV to 5V
.or±2.5
LTC1282 140kHz
68dB ·OVto2.5V
or ±1.25V
*5mW power shutdown With lOstant wake-up

Power
Power
Supply Dissipation
5V
l5mW
5V
l5mW
±5V
l5mW
±5V
75mW
5V
75mW
or±5V
5mW'
5V
75mW
or±5V
5mW'
3V
12mW
or±3V

The LTC1278/LTC1279 convert input signals in the OV to
Newest High Speed ADC Family Members
5Vor-2.5Vto 2.5V ranges atfull speed when operating on
The LTC1278/LTC1279 are self-contained ADC systems a 5V or ±5V supply voltage, respectively. The ±2.5V input
composed of a fast capacitively-based charge redistribu- range complements the new generation of operational
tion Successive Approximation Register (SAR) sampling amplifiers that operate on ±5V.
ADC, internal reference, power shutdown, and internally
Cand LTC are registered trademarks and LT is atrademark of
generated and synchronized conversion clock. The digital Linear Technology Corporation.
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Important Applications
Figure 2 also. shows that by taking advantage of surface
mount
devices, this simple configuration occupies only
The LTC1 ~78's features benefit at least four different
application areas: telecom, communication, PC data ac- 0.431N2 of circuit board real estate.
q~isition boards, and high speed and multiplexed data PC data acquisition cards are another broad application
acquisition.
.
.
area. The LTC1278's high sampling rate, simple and comTelecom digital-data transmission applications such as plete configuration, small outline package, and low cost
Hi~h-bit-rate Digital Subscriber Line (HDSL) with its high make this converter ideal for these applications. Additionspeed T1 data rate benefit from the LTC1278's low power ally, the LTC1278's synchronized internal conversion clock
dissipation since these telecom systems usually derive their minimizes conversion noise that results when the converpower from the phone line. While the LTC1278's 500ksps sion clock and the sampling command are not synchroconversion rate easily covers T1 data rates, the LTC1279's nized. This internal clock and sampling synchronization
BOOksps is ideal for HDSL's faster E1 data rates. Further, overcomes what, in PC environments, can be a cumberthese applications use noise and echo cancellation that some task.
require excellent dynamic performance from the ADC's Both single channel and multiplexed high speed data
sample-and-hold. The LTC1278 satisfies this requirement acquisition systems benefit from the LTC1278/LTC1279's
as indicated by the device'sexcellent dynamic performance dynamic conversion performance. The 1.B!lS an~ 1.4!lS
shown in Figure 1.
conversion and 200ns and 180ns S/H acquisition times
Communication applications also benefitfrom the LTC1278/ enable theUC1278/LTC1279 to convert at 500ksps and
LTC1279's wide input bandwidth and undersampling capa- BOOksps, respectively. Figure 4 shows a500ksps 8-chanbility. The application shown in Figure 2 uses the LTC1278 nel data acquisition system. The LTC1278's high input
to undersample (at 227.5ksps) a 455kHz I.F. amplitude- impedance eliminates the need for a buffer amplifier bemodulated by a 5kHz sinewave. Figures 3A and 3B show, tween the multiplexer's outputand the ADC's input.
respectively, the 455kHz I.F. carrier and the recovered 5kHz
sinewave that results from a 12-bit DAC reconstruction.
LTC1278
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Figure 2. The LTC1278 Undersamples the 455kHz Carrier
to .Recover the 5kHz Modulating Signal

A

Figure 3. Demodulating an I.F. by Undersampling

Figure 4. The High Input Impedance of the LTC1278 Allows
Multiplexing Without a Buffer Amplifier

Concillsion
The LTC1278/LTC1279'snew features simplify, improve,
and reduce the cost of high speed data acquisition systems. This makes them the converters of choice fortelecom,
communication, PC data acquisition board, and high speed
and multiplexed data acquisition system designers.

For literature on our AID Converters,
For applications help,
call (408) 432-1900, Ext. 525
c!l1l1·800·4·LI~~AR.

DESIGN
NOTES
Applicatons of the LTl366 Rail-to-Rail Amplifier -

Design Note 89

William Jett and Sean Gold
The LT1366 is Linear Technology's first bipolar dual operational amplifier to combine rail-to-rail input and output
operation with precision Vos specifications. The LT1366
maintains precision specifications over a wide range of
operating conditions. The device will operate with supply
voltages as low as 1.BV and is fully specified for 3V, 5V, and
±15V operation. Offset voltage is typically 200~V when
operating from asingle 5V supply. Open-loop gain, AVOL, is
2 million driving a 2kn load. Supply current is typically
375J,IA per amplifier. The combination of precision specifications and rail-to-rail operation makes the LT1366 aversatile amplifier, suitable for signal processing tasks that
demand the widest possible common-mode range.

change appreciably with supply or load. All components are
available in surface mount packages.
The regulator's main loop consists of A1 and a logic level
FET, Q1. The output is fed back to the op amp's positive
input because of the phase inversion through Q1. The
regulator's frequency response is limited by Q1 's roll-off
and the phase lead introduced by the output capacitor's
effective series resistance (ESR). Two pole-zero networks
compensate for these effects. The pole formed with R5 and
C2 rolls off the gain set with the feedback network, while
the pole formed with R7 and C3 rolls off A1 's gain directly,
which is the dominant influence on settling time. The zeros
formed with R6 and C2, and RB and C3 provide phase boost
near the unity-gain crossover, which increases the
regulator's phase margin. Although not directly part of the
compensation, R9 decouples the op amp's output from the
Q1 's large gate capacitance.

Precision low Dropout Regulator
Microprocessors and complex digital circuits frequently
specify tight control of power supply characteristics. The
circuit shown in Figure 1provides aprecise 3.6V, 1A output
from a minimum 3.BV input voltage. The circuit's nominal A second loop provides afold back current limit. A2 comoperating voltage is 4.75V ±5%. The voltage reference and pares the sense voltage across R1 with 50mV referenced
resistor ratios determine output voltage accuracy, while the to the positive rail. When the sense voltage exceeds the
LT1366's high gain enforces 0.2% line and 0.2% load LTand LTC are registered trademarks and LT is atrademart< of
regulation. Quiescent current is about 1mA and does not Unear Technology Corporation.
4.50V < VIN = 4.75V <5.00V
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Figure 1. Precision 3.6V, 1A Low Dropout Regulator
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reference, A2's output drives Q2's gate positive via A1.ln
current limit, the output voltage collapses and the current
limit LED (01) turns on causing about 30mV to drop across
R3. A2 regulates Q1 's drain current so that the deficit
between the 50mV reference and the voltage across R3 is
made up across the sense resistor. The reduced sense
voltage is 20mV, which sets the current limit to about
400mA. As the supply voltage increases, the voltage across
R3 increases, and the current limit folds back to a lower
level. The current limit loop deactivates when the load
current drops below the regulated output current. When
the supply turns on rapidly, C1 bypasses the fold back
circuit allowing the regulator to start-up into a heavy load.

The DC bias applied to A2 and A4, half supply, is not needed
when split supplies are available. The circuit swings rail-torail in the passband making it an excellent anti-aliasing filter
for AIDs. The amplitude response is flat to 1kHz then rolls
off at 80dB/decade.

Buffering AID Converters
Figure 3 shows the LT1366 driving an LTC1288 twochannel micropower AID. The LTC1288 can accommodate
voltage references and input signals equal to the supply
rails. The sampling nature of this AID eliminates the need
for an external sample-and-hold, but may call for a drive
amplifier because of the AID's 12~ settling requirement.
The LT1366's rail-to-rail operation and low input offset
Q1 does not require a heat sink. When mounted on atype voltage make it well suited for low power, low frequency
a
FR4 PC board, Q1 has athermal resistance of 50 CIW. At AID applications. In addition, the op amp's output settles
1.4W worst case dissipation, Q1 can operate up to 80 a C. to 1%in response to a3mA load step through 1OOpF in less
than 1.5~.
Single Supply, 1kHz, 4th Order Butterworth Filter
1James Hahn, ·Slate Variable FitterTrims Predecesso~s Component Count", Electronics,
The LT1366 is also available as a quad op amp (LT1367), April
21, 1982.
which is used in Figure 2 to form a 4th order Butterworth
Vee
filter. The filter is a simplified state variable architecture
consisting of two cascaded 2nd order sections. Each
section uses the 360 degree phase shift around the 2 op
amp loop to create a negative summing junction at A1's
positive input.1 The circuit has low sensitivities for center
frequency and Q, which are set with the following equations:
000 2

=1/(R1 x C1 x R2 x C2)

where,
R1 = 1/(000 x Qx C1) and R2 = Q/(ooo x C2).
Figure 3. Two-Channel Low Power AID

Cl
10,OOOpF
Rl
29.5k"

VoUT

....:.:4-------'-J-!::....-.J---:-:-::-:-1

3.3V---..JtAfov-.......
10k

-:1 Ok

"*1""

Figure 2. Single Supply Stage Variable Filter Using the L11367

For literature on our Operational Amplifiers,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 456
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DESIGN
NOTES
High Efficiency Power Sources for Pentium™ Processors
Design Note 90
Craig Varga
In many applications, particularly portable computers, the When the processor draws large transient currents, the 5V
efficiency of power conversion is critical both from the supply will be perturbed. In all "buck" type switching
standpoint of battery life and thermal management. Desk- regulators there is an inductor in the path between the raw
top machines may also benefit from higher efficiency, input supply and the load. This has the effect of limiting the
particularly a"green PC." While linear regulators can offer rise time of the input currents and minimizing the disturlow cost and high performance solutions, they can only bance to the 5V supply. However, the typical cheap off-line
offer 67% efficiency in 5V to 3.3V applications. Switching "brick" supply has terrible transient response, and the 5V
regulators are more efficient and minimize or even elimi- Oand LTC are registered trademarks and LT is atrademark of
nate the need for heat sinks at a higher cost for the Linear Technology Corporation.
components. Efficiencies around 90% are routinely ob- Pentium is a trademark of Intel Corporation.
tained with Linear Technology's best regulator designs
(see Figure 2). The LTC1148 based circuit (Figure 1) meets
5V,.
the requirements of the P54-VR specification for output
-;;;;IN
voltage transient response with the indicated decoupling
--~
~ 80
network.
~
Selection of Input Source
~ 70
Several options exist as to where to derive raw power for
50
the regulator input. In most desktop systems a large
50
amount of 5V power is available. Also, there is usually a
o
2
3
reasonable source of 12V at hand. The 5V supply will most
OUTPUT CURRENT (A)
likely have the highest power output capability since it is
called upon to power the bulk ofthe system logiC. This logiC
Figure 2. Efficiency vs Load
can be sensitive to voltage changes outside of ±5%.
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Figure 1.
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supply may still be disturbed enough to cause logic problems. This is especially true as the load currents rise to the
levels expected in multiprocessor systems.
If this is the case, using the 12V supply may prove advantageous. Since the 12V supply is not directly regulated,
nothing that is terribly sensitive to voltage level is normally
powered off the 12V bus. Moreover, with switching regulators, as afirst order approximation, as the supply voltage
rises the input current drops. As such, even though the
input power is nominally the same whether running from
a5V or 12V supply, the current requirement is much lower
if 12V is utilized for the input source.
The downside of 12V operation is lower light load efficiency
than 5V operation. The efficiency with a5V input powering
a 3.3V switcher is likely to be several percentage pOints
better than at 12V due to a reduction in switching losses.
Every situation is somewhat different and a thorough
analysis of the trade-ofts must be undertaken to optimize
the design. The schematic shown in Figure 1 offers the
option to run from several supply choices. Each circuit was
optimized for the specified input voltage, but will function
well over a fairly wide range of supply voltages.

output voltage would rise by about 50mV at low load
currents. If added low load efficiency is desired and the
slightly higher low load output voltage can be tolerated,
this resistor can be omitted.
To meet the transient requirements of the P54-VR, afairly
large amount of capacitance is needed beyond what is
required to make the regulator function correctly. Aviable
decoupling scheme is to use 10 each, 1,.u: surface mount
ceramics and 7 each, 2201lf, 1OV surface mounttantalums
at the processor socket. In addition to the socket decoupiing, two pieces of a330,.u:, 6.3V surface mounttantalums
are required at the power supply.
The input capaCitors were selected for their ability to
handle the input ripple current. At a5A load current this is
alittle over 4A with a5V input and 2.6A for a12V input. The
capacitors are rated at slightly over 1A each at 85°C. Ifthe
input can be switched on very rapidly, the input capaCitor
voltage rating should be at least two times the supply
voltage to prevent dV/dt failures.

By running the operating frequency at 150kHz, the small
inductor used is sufficient. Also, since the design is
synchronous, the ripple current may be permitted to get
Transient Response Considerations
quite high without causing any problems for the regulator
As with a linear regulator, the first several microseconds control loop. This would not be true in anon-synchronous
of a transient are out of the hands of the regulator and design. A major advantage of high ripple current is the
dropped squarely in the lap of the decoupling capaCitor regulator's ability to ramp output current rapidly. The rate
network. In the case ofthe switcher, the ultimate response of rise of output current is directly proportional to input!
of the regulator will be quite slow compared to a linear output differential and inversely proportional to the inducregulator. In the circuits shown, the approximate time tor value. Using a small inductor aids in achieving fast
required to ramp the regulator current to equal the high response to transients.
load condition is 11 J..lS, about 2.4 time that of an LT1585
5V Input, O.2A to 4A Load Slep
high speed linear regulator in the same application. This
means in layman's terms, that the LT1585 linear regulator
requires less bulk capacitance than the LTCl148 switcher
solution.
Circuit Operation
Figure 1 is a schematic of the two regulators. For the 12V
input, omit QP2 and C4. The design is astandard synchronous buck regulator that is discussed in detail in several
Linear Technology Application Notes as well as the
LTCl148 data sheet. Since the required output voltage is
not the standard 3.3V, which is available factory set, an
adjustable regulator is used. R5 and R6 set the output
voltage to the desired level, in this case 3.38V. R7 is used
to inhibit Burst Mode™ operation at light loads. If the
system were permitted to operate in Burst Mode, the
.
Burst Mode is a trademark of Linear Technology
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VOLTAGE
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For literature on our Switching Regulators,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
5V to 3.3V Circuit Collection -

Design Note 91

Richard Markell and Craig Varga
High Efficiency 3.3V Regulator
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.uand LTC are registered trademarks and LT is atrademark of Linear Technology Corporation.
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DESIGN
NOTES
An Adjustable Video Cable Equalizer Using The LTl256
Design Note 92
Frank Cox
This design note presents avoltage controlled cable equalizer based on the LT1256 video fader. The circuit features
ease of adjustment, simplicity and the capability for remote
control. The amount of equalization can be adjusted continuously from the maximum allowed by the passive components to none at all. While the example shows video, this
high performance equalizer can be used in any system
using long runs of coaxial cable or twisted pair to transmit
analog signals.
A voltage or current controlled equalizer is essential in
systems which automatically set cable compensation. In
systems where cable equalization is set manually, avoltage
controlled equalizer is still preferred as it does not require
routing the signal path to the control. Instead, only a DC
control voltage passes from the front panel tothe equalizer.
Automatic equalization is possible for properly characterized video cables. Maximum equalization is set to coincide
with the maximum length of cable expected; the equalizer
is controlled by aservo loop. One method of generating the
necessary control voltage is to sample the color burst

amplitude and compare this with areference voltage using
a summing integrator. Since the frequency roll-off of the
cable is known (and fixed fora given cable) only the amount
of equalization needs to be adjusted.
In many applications color video is transmitted down long
runs of coaxial or twisted-pair cable. Losses in the cable
increase with signal frequency and cable length. The type
of cable will determine the rate of high frequency loss.
Color information in NTSC video is contained primarily in
the high frequency portion of the spectrum. Besides causing a loss of detail in the picture, excessive high frequency
loss will make reliable decoding of the composite color
signal more difficult or impossible. Most commercial distribution amplifiers have provisions for equalizing the cable
losses, but many times these units come at a high cost.
Figure 1isa complete schematic ofthe cable equalizer. The
LT1256 (U1) is a two input, one output 40MHz current
feedback amplifier with alinear control circuitthat sets the
.uand LTC are registered trademarks and LT is atrademarK of
Linear Techno!ogy Corporation.
1.5k

10k

+-----..- v" (LT1256 PIN 12)
Vc (LT1256 PIN 3)
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Figure 1. LT1256 Cable Equalizer
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amount each input contributes to the output. One amplifier
(input pins 13 and 14) ofthe LT1256 is configured as again
of one with no frequency equalization. The other amplifier
(input pins 1 and 2) has freqiJeQcy equalizing components
in parallel with the 12k gain resistor. The equalization
components for this demonstration circuit where chosen
empirically as no data on the cable was available. As the
control voltage is varied the output contains a summation
of the two separate input channels; one containing the
input video with no compensation and the other with the
maximum depth of equalization. By adjusting this mix it is
possible to smoothly adjust the equalizer depth. An additional amplifier (U2, LT1227) is used to setthe overall gain.
Two amplifiers were used here to make setting the gain a
single adjustment, but in a production circuit the LT1256
can be configured to have the necessary gain and the whole
function can be done with one chip.
In this demonstration a spool of over 250 feet1 of good
quality coax was used to transmit NTSC video. The LT1256
equalizer is placed at the receive end 2 and is adjusted with
the use of atest pattern and avideo waveform monitor (or
oscilloscope). Figure 2 shows the video after transiting the
cable and without equalization. Three standard video test
signals were used; the mulitburst, the 2T and the 12.5T.
The 2T and the 12.5Ttest signals are sensitive indicators of
phase and amplitude distortion in the Video signal. The
effect of the equalization circuit is shown in Figure 3. The

resultant frequency response is flat and the time domain
behavior is also excellent. Networkanalyzerplots of gain vs
frequency for various settings of equalizer depth are given
in Figure 4.
, It should also be noted that the LT1256 can be used to equalize much longer
coaxial and twisted-pair cable than the one in this demonstration.
2 Since the equalizer provides gains at high frequencies there is a possibility of
overload if the circuit is placed at the transmit end of the cable rather than the
receive end of the cable. especially if there is a need for a great deal of equalization.
For example, 2000 feet of Belden 8281 precision video cable will have about lldB of
loss at5MHz. This requires the driving amp to swing 3.5 times normal if the
transmit end is boosted to compensate for the cable.

For literature on our Video Faders
call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 456
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DESIGN
NOTES
PCMCIA Socket Voltage Switching -

Design Note 93

Why Your Portable System Needs SafeSlot™ Protection
Doug La Porte
Introduction
Most portable systems have built-in PCMCIA sockets as
the sole means of expansion. The requirements of the
PCMCIA specification have led to some confusion among
system designers. This Design Note will attempt to lessen
the confusion and highlight other practical system issues.
Host power delivery to the PC card socket flows through
two paths: the main Vee supply pins and the VPP programming pins. Both supplies are switchable to different voltages to accommodate awide range of card types. The Vee
main card supply must be capable of delivering up to 1Aat
either 3.3V or 5V. The 1A rating is an absolute maximum
derived from the contact rating of 500mA per pin for both
Vee pins and assumes that both pins are in good condition
and current is shared equally. One of the most stringent
actual current requirements is during hard drive spin-up.
Present hard drives require 5V at 600mA to 800mA for a
short duration during spin-up. Current draw drops to
300mA to 420mA during read and write operations. A low
switch resistance on the 3.3V switch is critical to assure

that the specified 3.0V minimum is maintained. The VPP
supply must source 12V at up to 120mA and 3.3V or 5V at
lesser currents. The VPP supply is intended solely for flash
memory programming. The 120mA current requirement
allows writing to flash devices and simultaneously erasing
two other parts as required by many flash drives.
The host PCMCIA socket designer also has several other
practical aspects of the design to consider. The exposed
socket pins are vulnerable to being shorted by foreign
objects such as paper clips. In addition the users will
attempt to install damaged cards. In short, once in the
hands of the consumer, the designer and manufacturer
have little control over use and abuse. To ensure a robust
system and a satisfied customer, switch protection features such as current limiting and thermal shutdown are a
necessity. The nature ofthe PC cards and portable systems
requires the card being powered on and off as needed to
conserve power. Many PC cards have large input capac iLT . LTC and LT are registered trademarks of Linear Technology Corporation.
SafeSlot is a trademark of Linear Technology Corporation.
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Figure 1. Typical LTC1472 Application with the LT1301 3.3V Boost Regulator
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tance (Ind draw over 2W. The power up/down sequencing
can put demanding transient requirements on you~ system
power supply. To make the transient response of the
system supply manageable, the PCMCIA switch should
have break-before-make switching, controlled rise and faU
times and current limiting. The slowed rise tirne coupled
with current limiting are critical in controlling the immense
in-rush current difficulties seen when charging the large
input capacitance of many cards

and fall times for minimal system supply impact. In-rush
current, from even the largest card input capacitance, is
kept under control by the LTC1472's slowed rise-time
switching and currerit limiting.
The LTCt472 has on-chip charge pumps for switch driving. For this reason, the device does not require acontinuous 12V source. Most of the time the LT1301 is in shutdown mode, consuming only 10/lA. The LT1301 becomes
operational only during flash memory programming. The
LTC1472 itself conserves power by going to a low 1/lA
stand by mode when Vcc and VPP outputs are switched off.
The use ofthe LT1301 is optional. Any suitable 12V supply
can be directly connected to the VPPIN pin. Caution should
be exercised when using a general pu rpose 12V supply;
make certain that it does not have spikes or transients
exceeding the flash memory 14V maximum voltage rating
and that the regulation is within the 5% flash memory
tolerance.

LTC4il1472: Complete Vee and VPP PCMCIA Switch
Matrix with SafeSlot Protection
The LTC1472 is a complete, fully integrated Vcc and VPP
switch matrix that addresses all of the PCMCIA socket
switching needs. Figure 1 shows a typical LTC1472 application used in conjunction with the L~1301 to supply 12V
for flash memory programming. The LTC1472's logic
inputs allow direct interfacing with both logic high and logic
low industry standard controllers without any external glue
logic. The LTC1472 is available in the space saving narrow Conclusion
16-pin SOIC package. The Vcc switch's RDS(ON) is 0.140 to PCMCIA sockets are the preferred method of expansion in
support the 1A current requirement. The Vcc output is
portable systems. As these devices proliferate to less
switched between 3.3V, 5V and high impedance. The VPP sophisticated users, there will be greater opportunity for
output pin is switched between OV, Vcc, 12V and high
abuse. To counter this trend the portable system design
impedance. Table 1 shows the Vcc and VPP truth tables.
must take safeguards to protect the system. The high level
of integration, SafeS lot protection features and controlled
Table 1. LTC1472 Truth Table
rise and fall switching make the LTC1472 the ideal solution
Vee Switch
for portable systems.
VeeENO
0
1

VeeEN1
0

Vee/oun
off

0
1

5V
3.3V

1

off

VPPENO

VPPEN1

0
0
1

0
1

VPPOUT
OV

1

1

0
0
VPP SWitch

0

Vee(lN)
VPPIN
Hi-Z

The LTC1472 features SafeSlot protection. The built-in
SafeSlot current limiting and thermal shutdown features
are vital to ensuring a robust and reliable system. The Vcc
current limit is above 1Ato maintain compatibility with all
existing cards yet provide protection. The VPP current limit
is above 120mA to also maintain compatibility. All switches
are break-before-make type with controlled, slowed rise

Linear Technology has a family of PCMCIA socket voltage
control products to suit abroad range of customer's needs.
Table 2 lists the present part offerings. For assistance on
your specific design needs, call Linear Technology.
Table 2. Linear Technology's PCMCIA Host Socket Voltage
Control Products
Part Number Remarks
LT1312
VPP Linear Regulator
LT1313·
LT1314

Dual Slot VPP Linear Regulator
Low Cost Vee and VPP Switch Matrix

LT1315

Dual Low Cost Vee and VPP Switch Matrix

LTC1470
LTC1471

Complete SafeSlat Protected Vee Switch Matrix
Dual Complete SafeSlot Protected Vee Switch
Matrix
Complete SafeSlat Protected Vec and Switch
Matrix

LTC1472

For literature on our PCMCIA Power Management
devices call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
Interfacing to V.35 Networks -

Design Note 94

Y. K. Sim and Robert Reay
What is V.35?
impedance specification of 150Q ±15Q because the output
V.35 is a CCITT recommendation for data transmission at impedance of the driver is not well controlled. For the
48kbs. The electrical interface between data communica- interface to meet the CCITT specifications under all condition equipment (DCE) and data terminal equipment (DTE) tions, another approach is needed.
includes a set of balanced differential circuits conforming LTClD>1345
to Appendix" of Recommendation V.35 and aset of control
The LTC1345 is a single 5V V.35 transceiver with three
circuits conforming to Recommendation V.28 (equivalent
drivers and three receivers that are fully compliant with
to RS232). A typical V.35 interface uses five differential
the V.35 electrical specifications. The chip can be configsignals and five single-ended handshaking signals. The
ured for DTE or DCE operation or shutdown using two
V.35 electrical specifications are summarized in Table 1.
select pins. In the shutdown mode, supply current is
Table 1
reduced to 1!lA.
Speciflcalion
Condilion
TransmiHer Receiv"r
Source Impedance Differential
500 to 1500 1000 ±100
Measurement
Common-Mode
Terminals
1500±150 1500 ±150
Impedance
Shorted
Voltage Swing
1000 load
0.55V±20%
Common-Mode
1000 load
0.6V Max
Swing
Common-Mode
Between Dx and
±4V
±4V
Range
Rx Grounds

Problems with Traditional Implementations
The tight tolerance of the transmitter's impedance and
voltage swing specifications makes the implementation of
the transmitter a little tricky. The traditional approach is to
use an RS422 differential driver such as the AM26LS30
(Figure 1). Because the chip has avoltage output, the signal
must go through aresistive divider to meet the 0.55V swing
specification. The problem is that the output voltage is a
function of supply voltage, temperature and IC processing,
making the 20% tolerance of the swing hard to meet for all
conditions. Another problem is meeting the common-mode

Each driver or receiver is terminated by an external Y or I!
resistor network (Figure 2), guaranteeing compliance with
the V.35 impedance specification. The transmitter output
consists of complementary switched-current sources of

11m~Rg~X:terminatiOfl

Figure 2. Y and A Termination Networks
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Figure 3. Simplified TransmiHer Schematic
Figure 1. Traditional V.35 Implementation

..£T,LTC and LT are registered trademarks of Linear Technology Corporation.
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resistor, the differential output voltage is set at '0.55V receiver is deselected. The negative supply is required to
(11 mAx 50n}, and the common-mode voltage is setto OV, meet the ±4V common-mode operating range requirethus meeting the V~35 voltage swing sp'ecifications under ment. A charge pump generates the negative supply voltall conditions. A five V-termination resistor network ina .age (VEE) with three external 1!If capacitors allowing single
single narrow body S14 package is available from Beckman 5V operation.
Industrial (part number: Beckman 627T500/1250, phone:
Complete V.35 Port
714-447-2357).
Figure 4 shows the schematic ota complete single 5VDTE
The differential input receiver has a40mV input hysteresis and DCE V.35 port using three ICs and eight capacitors per
to improve noise immunity and a common-mode range port. The LTC1345 with the Beckman 627T500/1250 resisfrom -7V to 12V, allowing the receivers to be used for V.11 tor network is used to transmit and receive the differential
(RS422) applications, The output can be forced into high clock and data signals. The L~1134 is used to transmit and
impedance by an output enable (OE) pin or when the receive the single-ended control signals.
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Figure 4. Complete Single 5V V.35 Interlace

For literature on our Interface Products,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 453
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DESIGN
NOTES
Capacitor and EMI Considerations for New High Frequency
Switching Regulators - Design Note 95
Carl Nelson and Bob Essaff
The L"f'ID1372 family of boost and flyback converters and
the LT1376 buck converter form a new line of high frequency switching regulators offered by Linear Technology. Up to 10 times faster (250kHz to 1MHz) than older
devices, these new converters are actually more efficient
than older designs. Several design considerations for high
frequency switchers are discussed here.
CapaCitor Technology Considerations
At lower frequencies, magnetics dominates the size of
DC-to-DC converters, but at frequencies above 200kHz the
largest component is typically the input and output bypass
capaCitors. This makes it important to pick the right
capacitor technology in critical size applications. The most
important parameter in choosing the capacitor is cost
versus size and impedance. The input and output capacitors must have low impedance at the switching frequency
to limit voltage ripple and power dissipation.

0.3

FREQUENCY (MHz,

Figure 1. CapaCitor Impedance

Solid tantalum capaCitors offer small size, low impedance, and low Q(to prevent loop stability problems). The
down side of tantalum is limited voltage, typically 50V
maximum, and atendency for a small percentage of units
to self-destruct when subjected to very high turn-on surge
currents. AVX addresses the problem with their TPS line
which features more rugged construction and special
It is also desirable to have low impedance at much higher surge testing. Even TPS units must be voltage derated by
frequencies because high amplitude narrow spikes are 2:1 if high turn-on surges are expected, limiting practical
created if the capaCitor has even a few nH of inductance. operating voltage to 25V. Even with their shortcomings,
The amplitude of these spikes is determined by the rate-of- solid tantalum seems to be the technology of choice for
rise of current (dl/dt) fed to the capacitor. For ahigh speed medium to high frequency DC-to-DC converters.
converter, dl/dt may be as high as 0.5A1ns. Even 3nH of
OS-CON capacitors from Sanyo and Marcon are made with
capacitor lead inductance will create (0.5 e9) (3 e-9) = 1.5V
a semiconductor-like dielectric that gives very low impedspikes. The second part of this Design Note shows how to
ance per unit volume. They greatly outperform aluminum
attenuate these spikes using paraSitic PC board elements.
units, but have a few pitfalls of their own. Maximum
Figure 1 details the impedance characteristics of the most voltage is 25V, height is significantly greater than solid
popular switching regulator capacitors. These are alumi- tantalum, and most units are not surface mount. The very
num electrolytic, solid tantalum, OS-CON, and ceramic. low ESR (effective series resistance) of OS-CON capaCiWithin one technology, impedance at lower frequencies tors can also cause a problem with loop stability in
tends to closely track physical volume of the capaCitor, switching regulators.
with larger volume giving lower impedance.
Ceramic capacitors offer the lowest impedance at 500kHz
Aluminum electrolytics perform poorly and are rarely and beyond, butthey sufferfrom high cost, large footprint,
used at frequencies above 100kHz, but their low cost and and limited temperature range. They are probably best
higher voltage capability may cause them to be used for suited for input bypassing at higher voltages, and very
input bypass applications.
high frequency (~1 MHz) applications.
D. LTC and LT are registered trademarks of Linear Technology Corporation.
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Note that at high frequencies, most of the. capacitors capacitor impedance. For instance, an OS-CON 33/lf, 20V
approach an inductive line of about 1nH to 5nH. Smaller capacitor has an impedance of about 0.02Q at 500kHz. If
units in parallel will reduce effective inductance, but cost the supply lines have an effective length of six inches
goes up.
(input plus return), the line reactance will be about 0.6Q at
500kHz. The fundamental of the ripple current will be
Controlling EMI: Conducted and Radiated
attenuated by the ratio of line impedance to capacitor
EMI strikes terror into system designers because its impedance =0.6/0.02 =30:1. Higher harmonics will virtucauses and cures are not well understood. There are two ally disappear.
separate issues involved; meeting external FCC standards
and avoiding internal system malfunctions. Higher freCONVERTER INPUT
quency switching regulators would seem to make the
CURRENT RIPPLE
whole problem much worse, but there are several mitigatV = 500mNDIV
OA
ing circumstances that have allowed nearly all systems to
SMOOTHED RIPPLE CURRENT
use high frequency converters with few problems.
AT INPUT SUPPLY
Contrary to popular misconceptions, older switching
regulators rarely were a major contributor to overall
system noise problems if the system contained reasonable amounts of logic chips. The noise created by a
microprocessor, databusses, clock drivers, etc. usually
swamps out switcher noise. This can be seen very simply
by connecting a linear regulator temporarily in place of
the switcher. Radiated noise using standard FCC methods, and supply line noise often show almost no change
when the switcher is turned off.

V=500mNOIV
OA
H = 500nsIDIV

Figure 3.

Output ripple can be filtered by utilizing the reactance of
output lines in conjunction with load bypass capacitors as
shown in Figure 4. With two inches of output trace (0.16Q
at 500kHz) and 0.15Q capacitor impedance, fundamental
ripple will be attenuated by two-to-one and output noise
spikes virtually eliminated. The Fourier components of
these spikes start above 25M Hz where line reactance is 4Q
The second reason for reduced high frequency switcher per inch.
noise problems is thatthe components used are physically
smaller. Radiated noise is proportional to radiating line
length, so smaller, tightly packed components radiate
CONVERTER OUTPUT
VOLTAGE RIPPLE
significantly less.
.
WITH SPIKES
V = 200mVlOlV
Conducted EMI usually makes its appearance as ripple
REDUCED VOLTAGE
current fed back into the input supply, or as ripple voltage
RIPPLE AND SPIKES
ATTHE LOAD
at the regulator output. Figure 2 shows how both of these
V = 200mVIDIV
effects can be virtually eliminated by using parasitic inducH =500nslDIV
tance in input or output lines. At 500kHz each inch of board
Figure
4.
trace represents nearly 0.111 of reactance, and for the
higher harmonics the impedance is much higher. This A common cause of radiated noise is the use of "open
impedance can be used in combination with existing core" magnetics. The lowest cost high frequency induccapacitors to create "free" filter action.
tors are wound on ferrite rods or barrels, which do not
At the input, as shown in Figure 3, the switching ripple have a closed magnetic field path. This generates large
current will all disappear into the input bypass capacitor if local B fields that can play havoc with sensitive low level
the reactance in the input lines is large compared to the circuitry such as disk drives, A~to-D converters, and IF
strips. Each application needs to be evaluated separately,
HIGH FREQUENCY CONVERTER
but in situations where low signal levels exist in close
LUMPEO
LOW
LUMPEO
INPUT
proximity to the converter, closed core magnetics such as
RIPPLE
SOURCE
CURRENT INOUCTANCE
toroids or Ecores should be used until extensive system
fr=---;'.Y-t-ff
level testing has proved out a cheaper solution.

Figure 2. Free High Frequency Fillers Using Parasitics
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For literature on our Switching Regulators,
call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
LTC1451/52/53: 12-Bit Rail-to-Rail Micropower DACs in an SO-8
Design Note 96
Hassan Malik and Jim Brubaker
The LTC®1451, LTC1452 and LTC1453 are complete,
single supply, rail-to-rail voltage output 12-bit digital-toanalog (DAC) converters. They include an output buffer
amplifier and a space saving SPI compatible three-wire
serial interface. There is also adata output pin that allows
daisy-chaining multiple DACs. These DACs use a proprietary architecture which guarantees a DNL (Differential
Nonlinearity) error of less than O.5LSB. The typical DNL
error is about O.2LSB as shown in Figure 1. There is a
built-in power-on reset that resets the output to zero
scale. The output amplifier can swing to within 5mV of
Vec when unloaded and can source or sink 5mA even at
a 4.5V supply. These DACs come in an 8-pin PDIP and
SO-8 package.
5V and 3V Operation
The LTC1451 has an on-board reference of 2.048V and a
nominal output swing of 4.095V. It operates from asingle
4.5Vto 5.5V supply dissipating 2mW (lcC(TYP) = 400J.IA).
The LTC1452 is a multiplying DAC with no on-board reference and a full-scale output of twice the reference input. It
operates from a single supply that can range from 2.7V to
5.5V. It dissipates 1.125mW (lCC(TYP) = 2251JA) at a 5V
supply and amere O.5mW (lec(TYP) =1601JA) ata 3V supply.

The LTC1453 has a 1.22V on-board reference and a
convenient full scale of 2.5V. It can operate on a single
supply with a wide range of 2.7V to 5.5V as shown in
Figure 2.lt dissipates O.75mW (lCC(TYP) =220J.IA) ata 3V
supply. The digital inputs' can swing above Vee for easy
interfacing with 5V logic.
True Rail-to-Rail Output
The output rail-to-rail amplifier can source or sink 5mA
overthe entire operating temperature range while pulling
to within 300mVofthe positive supply voltage or ground.
The output swings to within a few millivolts of either
D, LTC and LT are registered trademarks of Linear Technology Corporation.
2.7VTO 5.5V

MICRO·
PROCESSOR

OUTPUT
OVTO 2.5V

TO NEXT OAC
FOR DAISY·CHAINING

1.22V

Figure 2. The 3V lTC1453 is SPI Compatible
and Talks to Both 5V and 3V Processors
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supply rail when unloaded and has.an equivalent output
resistance of 50n when driving to either rail. The output
can drive a capacitive load of up to 1000pF without
oscillating.
Wide Range of Applications
Some of the applications for this family include digital
calibration, industrial process control, automatic test
equipment, cellular telephones and portable battery-powered applications where low supply current is essential.
Figure 3 shows how to use an LTC1453 to make an optoisolated digitally controlled 4mA to 20mA process controller. The controller circuitry, including the opto-isolator, is powered by the loop voltage that can have a wide
range of 3.3V to 30V. The 1.22V reference output of the
LTC1453 is used for the 4mA offset current and VOUT is
used forthe digitally controlled OmA to 16mA current. Rs
is a sense resistor and the LT®1 077 op amp modulates
the transistor Q1 to provide the 4mA to 20mA current
through this resistor. The potentiometers allow for offset
and full-scale adjustment. The control circuitry consumes well under the 4mA budget at zero scale.

Flexibility, True Rail-to-Rail Performance and
Micropower; All In a Tiny 80-8
The LTC1451, LTC1452 and LTC1453 are the most flexible micro power, stand alone DACs that offer true rail-torail performance. This flexibility along with the tiny SO-8
package allows these parts to be used in awide range of
applications where size, power, DNL and single supply
operation are important.
Table 1. LTC Serial Voltage Output DACs
Full Scale
Reference
Vcc Range
LTC1451 4.5Vto 5.5V 2.048V-lniernal 4.095V
LTC1452 2.7V to 5.5V
External
2xREF
2.5V
LTC1453 2.7Vto 5.5V 1.22V-lnternal

Part

LTC1257

4.75Vto
15.75V

2.048V-lnternal
(2.5V to 12VExternal)

2.048V
(2.5Vto
12V)

Icc
400~at5V
225~at5V
250~at3V
350~at5V

VLQOP

3.3VT03OV

1¢

1

eLK

Vee

DIN

LTC1453

FROM

OPTO-ISOLATED
INPUTS

VREF

OUT }-'V\I~~t----1

CSlLD

RS

3.3V

-+ 10n

L -_ _ _ _ _

~

lOUT

eLK
DIN

CSlLD

Figure 3. 4mA to 20mA Process Controller Has 3.3V Minimum Loop Voltage

For literature on our Digital-to-Analog Converters,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 525
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DESIGN
NOTES
Flash Memory VPP Generator Reference Designs
Design Note 97
Mitchell Lee
The VPP generator circuits shown here cover a range of
30mA to 240mA with 3.3V or 5V inputs as noted. Table 1
summarizes these circuits for quick reference.
30mA from 5V Input

INP~~

60mA from 5V Input

_ _ _ _......,

INP~~

LTc;@1262
SHUTDOWN'

CC

220nF

470nF
LTC1263

220nF

SHDN

_ _ _ _......,

SHUTDOWN'

470nF

SHDN

GND

GND

'0 = PROGRAM. 1 = SHUTDOWN

'0 = PROGRAM. 1 = SHUTDOWN

Charge pump design uses no inductors. This is aminimum
component count, minimum size solution.

Charge pump design uses no inductors. This is aminimum
component count, minimum size solution.

60mA from 3.3VJ5V Input

60mA/120mA from 3.3VJ5V Input
L1'
331lH

01

3.3V~g~----",,--""'VY'Y"-_-I~--'

I---+----~~A
VPP VALID

ON97°F02

t----_+_ VPP VALID

+VIN
3.3V/5V
Cl
221lF

VIN

+

MBRS130T3

y~~T

SENSE

LT1109ACS8·12

10V~

+

C2

r'::'

471lF
20V

3t5

3/5 DETECT

DN91°F03

FOR TYPE I CARDS:
L1: DALE ILS·3825·01
01: 4 BAT54Cs IN PARALLEL (PHILIPS). 1.1mm MAXIMUM HEIGHT
FOR TYPE II CARDS:
L1: MURATA ERIE LQH3Cl00K04MOO
01: MOTOROLA MBRS0520. 2.1mm MAXIMUM HEIGHT

, COILTRONICS CTX33·2
SUMIDA CD54·330LC
•• 1 = PROGRAM
O=SHUTDOWN

All surface mount, minimum component
count solution.

'I = PROGRAM. 0 = SHUTDOWN

Designed for PCMCIA Type I or Type II in"Gard use. The LT11 06
includes VPP bypass switching for sockets supporting flash
cards.

LT. LTC and LT are registered trademarks of Linear Technology Corporation.
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60mA/120mA from 3.3VI5V Input

w

120mA from 12.7V to 17V Input
1~

m

OR-.-----..J"t,.."..,n...-. .t--<.... OUTPUT
3.3V

12V

12.7VTO
17V"

IN

OUT

~_-............--t--120mA

1 F

LT1121CS8

1 F OUTPUT

~1l~,11

LT1301
SHUTDOWN"

SHDN

SHUTDOWN'

NlC

DN97°FQ6

'REQUIRED FOR 5V OUTPUT
"0 = PROGRAM, 1 = SHUTDOWN
L1: COILCRAFT 003316-333 OR SUMIDA CD73-330KC
D1: 1N5817 OR MOTOROLA MBRS130LT3
C1: AVX TPSD476M016R0100 OR SANYO OS-CON 165A47M
C2: AVX TPSD336M020R0100 OR SANYO OS-CON 205A33M

This circuit serves as a post regulator for flyback converters or overwindings. Output automatically falls to zero in
shutdown.
Output Disconnect

Efficiency is 84% to 88% at full load.

CONVERTER
OUTPUT

120mA/240mA from 3.3VI5V Input
1N5817
INPUT
3.3V _ -......- -......r r r r.......H--i_12V
5V 100llF +

16V~

Vsw
LT1172

VPPTO
FLASH MEMORY
DN97.",

10.7k

This shutdown circuit allows output to drop to zero when
switching converter is disabled.

FB

VN2222EL

I

PROGRAM SHUTDOWN

1

1.24k

High output current converter programs up to eight memory
chips simultaneously.
Table 1. Summary of Flash Memory VPP Generator Solutions
Number of Flash Chips
VIN-3.3V

VIN =5V

VIN = 12.6V To 17V

Regulator

Advantages

-

1

-

-

2
2

-

LTC1262
LTC1263

No Inductors
No Inductors

LT1106

PCMCIA Type lin-Card Use. Includes VPP
Bypass Switching

4
4

-

LT1109A

2

-

Low Cost
High Efficiency

-

-

4

LT1301
LT1121

4

8

-

LT1172

2
2

Linear Post Regulator
High Current

For literature on our Switching Regulators,

call1-800-4~LlNEAR. For applications lielp,

call (408) 432~1900, Ext. 361
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DESIGN
NOTES
Highly Integrated High Efficiency DC/DC Conversion
Design Note 98
San-Hwa Chee and Howard Haensel
The LTc?1574 and LTC1265 high efficiency step-down regulators
minimize external components by using integrated low RDS(ON)
P-channel switches. The LTC1574 goes one step further by
including alow forward drop Schottky diode-an industry first
Both regulators also include on-chip low-battery detectors.
Burst Mode™ operation allows the LTC1574 and LTC1265
to achieve over 90% efficiency for load currents as low as
10mA. Current mode operation provides clean start-up,
accurate current limit, and excellent line and load regulation.
Inherent 100% duty cycle in dropout allows the user to
extract maximum battery life. Both regulators can be shut
down to a few microamperes.
LTC1574
The LTC1574 features the highest level of integration for a
switching regulator. Besides an on-chip power MOSFET, it
includes alow forward drop Schottky diode. The user needs
only to provide an inductor and inpuVoutputfiltercapacitors
for a complete high efficiency step-down converter. The
current limit is pin selectable to either 340mA or 600mA,
optimizing efficiency for a wide range of load currents.

100

IIIIII

95

lPGM=OV

190

i

85

~

80

i3

75

IpGM=VtN

"
VIN=5V
VOUT::3.3V
COIL~ 0~lm6-104

10
100
LOAO CURRENT (mA)

1000

Figure 2. LTC1574 5V to 3.3V Efficiency
Low Noise Regulator

In some applications, it is important not to introduce any
switching noise within the audio frequency range. Duetothe
Burst Mode nature ofthe LTC1574, there is apossibility that
the regulator will introduce audio noise at some load currents. To circumventthis problem, afeed-forward capacitor
can be used to shift the noise spectrum up and out of the
audio band. Figure 3 shows the low noise connection with
C2 being the feed-forward capacitor. The peak-to-peak
Figure 1shows atypical LTC1574 surface mount application output ripple is reduced to 30mVoverthe entire load range.
requiring only three external components. It provides 3.3Vat A toroidal surface mount inductor L1 is chosen for its
150mA from an input voltage of 5V. Peak inductor current is excellent self-shielding properties. Open magnetic struclimited to 340mA by connecting pin 6 (lPGM) to ground. For tures such as drum and rod cores are to be avoided since
applications requiring higher output current, connect pin 6to they inject high flux levels into their surroundings. This can
VIN. Under this condition the maximum load current is become a major source of noise in any converter circuit.
increased to 425mA. Efficiency curves for the two conditions
v"
5V
on IpGM are graphed in Figure 2. Note that all components
remain the same for the two curves.
12 LBIN
~-1-----+----~----~
VOUT
......._____ 3.3V

...--____--__<_-_--~'..JV'vv...

11 lBOUT

425mA

6 IPGM
GND
2,4,13,15

L.:::.!.:'....rv"""---6--" Your

3JV
150mA

100",,'
10V

, AVl( TPSD107K010

-= .. COILTRONICS ClJ(10D-4
Figure 3. Low Noise 5V to 3.3V Regulator

Figure 1. LTC1574 3.3V, 150mA Surface Mount

.L7lJ!J~

.J:T, LTC and LT are registered trademarks of Linear Technology Corporation.
Burst Mode is a trademark of Linear Technology Corporation.
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LTC1265
Whereas the LTG1574 can only supply aload current up to
425mA, the LTC1265 can source up to 1.2A. It features a
low 0.3Q (VIN = 10V) internal P-channel MOSFET to
provide high efficiency at high load current. The inductor
current is user-programmable via an external current
sense resistor. Operation up to 700kHz permits the use of
small surface mount inductors and capacitors. The
LTC1265 employs an external Schottky diode.
Unlike the LTC1574 which always operates in Burst Mode,
the LTC1265 only operates in Burst Mode at light loads
and switches to continuous operation at heavier loads. For
the LTC1265 to operate in Burst Mode, the load current
has to be less than 15mVlRsENSE.
Figure 4 shows atypical LTC1265 surface mount application. It provides 3.3V at 1Afrom an input voltage range of
4Vto 12V. Efficiency at various input voltages is plotted in

l1t
47JlH

RSENSE tt

0.1D:
VOUT
1...---------+--3.3V

*: ~~ ~~~~~~~~~

t COILCRAFT 003316-473
tt DALE WSl2010-o.1-1% .

+

Cour.* 1A

T l5::-F

Figure 4. LTC1265 3.3V, 1A Surface Mount

8VT01~~~-""""---"""""""

Figure 5. Here the sense resistor is chosen as 0.1Q,
therefore the LTC1265 will go intd' continuous mode
operation for load currents greaterthan 150mA. The peak
efficiency approaches 93% at mid-current levels.
100

IIIII

95

VIN=5V

l-

90

~

~.

85

i""-

~v

v ...

l-

VIN-~

i VV
80

Vour'" 3.3V

75

RSENSE",O.l!l
CT= 130pF
COIL.CTJ(33-4

70
0.01

0.1
LOAD CURRENT (A)

Figure 5. LTC1265 5V to 3.3V Efficiency

Battery Charger Application
In Figure 6, the LTC1265 is configured as abattery charger
for afour-NiCd stack. It has the capability of performing a
fast charge of 1A, atrickle charge of 1OOmA orthe charger
can be shut off. In shut-off, diode 01 serves two purposes.
First, it prevents the LTC1265 circuitry from drawing
battery current and second, it eliminates "back powering"
the LTC1265 which avoids a potential latch condition at
power-up.
LTC1574 or LTC1265?
The LTC1574 and LTC1265 are differentiated by both the
output current level and operating mode. For loads less
than 425mA, the LTC157 4is the ideal choice because of its
simplicity and ease of use. However, for applications
requiring continuous mode operation, or morethan 425mA
output current, the LTC1265 must be used. Both devices
can be tailored to meet a wide range of requirements.

l1tt
100JlH

• DALE 593D226XD025D2W
•• DALE 593Dl07XD016E2W
t DALE WSL2010-0.10-1%
tt l1 SELECTION

30k

+

COUTU
lOOIlF
10V

MANUFACTURER
COILCRAFT
COILTRONICS
SUMIDA

PART NO.
003316-104
CTX100-4P
C0105-101

01
MBRS130lT3 Vour
l..-_ _ _ _ _ _ _ _ _......._-+-_~ L - 4NiCd
lAFASTCHARGE
.
O.IA TRICKLECHARGE

..

r-

Figure 6. 4 NiCd Battery Charger
,-------------------~------------

For literature on our Switching Regulators,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
LTl182 Floating CCFL with Dual Polarity Contrast -

Design Note 99

Anthony Bonte
Current generation portable computers and instruments hardware, must fit within the LCD enclosure with a height
use backlit liquid-crystal displays (LCOs). Cold-cathode 'restriction of 5mm to 10mm.
fluorescent lamps (CCFLs) provide the highest available
LinearTechnology addresses these requirements by introefficiency for backlighting the display. The lamp requires ducing the LT®1182/L T1183/LT1184F/LT1184. The
high voltage AC to operate, mandating an effiCient, high
LT1182/LT1183 are duaUixed frequency, current mode
voltage OC/AC converter. The LCD also requires a bias
switching regulators that provide the control function for
supply for contrast control. The supply's output must
cold-cathode fluorescent lighting and liquid-crystal disregulate and provide adjustment over a wide range.
play contrast. The LT1184F/LT1184 provide only the CCFL
Manufacturers offer awide array of monochrome and color function.
displays. These displays vary in size, lamp drive current,
The ICs include high current, high efficiency switches, an
contrast voltage polarity, operating voltage range and power
oscillator, areference, output drive logic, control blocks and
consumption. The small size and battery-powered operaprotection circuitry. All of the devices support grounded
tion associated with LCD-equipped apparatus dictate low
lamp or floating lamp configurations using a unique lamp
component count and high efficiency. Size constraints
current control circuit. The LT11821LT1183 support negaplace limitations on circuit architecture and long battery life
is a priority. All components, including PC board and D,' LTC and LT are registered trademarks of Linear Technology Corporation.

O
UP TO 6mA

ALUMINUM ELECTROLYTIC IS RECOMMENDED FOR C38 WITH AN
ESR, 0.5" TO PREVENT DAMAGE TO THE LT1182 HIGH-SIDE
SENSE RESISTOR DUE TO SURGE CURRENTS AT TURN-ON.

MP

C1 MUST BE A LOW LOSS CAPACITOR, C1 : WIMA MKP-20
01, Q2'= ZETEX ZTX849 OR ROHM 2SC5001
L1 : COILTRONICS CTX210605
L2: COILTRONICS CTX100-4
L3: COILTRONICS CTX02-12403
• DO NOT SUBSTITIIn COMPONENTS
COILTRONICS (407) 241-7876

10

6

C2
27pF
3kV

~~~:::=5~ii1,.,IL1

.---_---+'---:-+'-::::::,'.....,..4--'-h ...-_..--..:.-~----- :C~028V

r~PF ~:Ok

O.,A TO 45.,A ICCFL
CURRENT GIVES
OmAT06mA
BULB CURRENT.
THIS IS EQUAL TO
0% TO 90% DUTY
CYCLE FOR THE
PWMSIGNAL

4:~k

+

'*"
r-t--:::-:--+,
35V

R1
750<1

C3A

EITHER NEGCON OR POSCON

C12

GIVES
VARIABLE POSITIVE CONTRAST
FROM 1OVTO 3OV.
GROUNDING POSCON GIVES

T ~~F
+

T

R3
lOOk

~5~F

~~ru~~I~~~~~g6~

~~~~~~~g~~~.CONTRAST
,...--_p---

01
MT85

POSCON

01
1N5818

~_ _--'-i' ~~b

V (PWM) 1%
R5,43.2k,1% 2
OVTO 5V -W_-+-"IVY-""IIGCFL
1kHz PWM
C6 +
3 010

2.2JlF

~ g~

4~+--!-t- .EGCON
MT~14~_ _ _ _ _-r_~

LT1182 ROYER ~'3,--_ _ _--,-_-,
VIN~'2:.-_ _ _ _ _ _....

FBP 11
FBN 10

Figure 1. LT1182 Floating CCFL Configuration with Variable PositiveNariable Negative LCD Contrast
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Figure 2. Loss Path Due to Stray Capacitance in a Floating LCD Installation.
Differential, Balanced Lamp Drive Reduces This Loss Term and Improves Efficiency

tive voltage or positive voltage LCD contrast operation with
anew dual polarity error amplifier. In short, this new family
reduces system power dissipation, requires fewer external
components, reduces overall system cost and permits a
high level of system integration fot abacklight/LCD contrast
solution.

benefit, floating lamp configurations eliminate field imbalance along the length of the lamp. Figure 3 illustrates this
effect. E!iminating field imbalance improves the illumination range from about 6:1 for a grounded lamp configuration to 30:1 for afloating lamp configuration. Figure 4 is a
graph of normalized NitslWatt versus lamp current for a
Figure 1is a complete floating CCFL circuit with variable typical manufacturer's display with a 6mA lamp. Perfornegative/variable positive contrast voltage capability based mance for the display is compared in a floating lamp
on the LT1182. Lamp current is programmable from OmA configuration versus a grounded lamp configuration. The
to 6mA using a OV to 5V 1kHz PWM signal at 0% to 90% benefit of reduced parasitic loss is readily apparent.
FIELD STRENGTH INCREASES
duty cycle. LCD contrast output voltage polarity is deterWITH INCREASING DISTANCE
FROM CENTER OF LAMP
mined by which side of the transformer secondary (either
POSCON or NEGCON) the output connector grounds. In
VOLTAGEHIGH
-IH LAMP
either case, LCD contrast output voltage is variable from an
TRANSFORMER
.
absolute value of 1OVto 30V. The inputsupplyvoltage range
SECONOARY
is 8Vto 28V. The CCFL converter is optimized for photomet~~;:GE.... ",
ric output per watt of input power. CCFL electrical efficiency
up to 90% is possible and requires strict attention to detail.
Figure 3. Field Strength vs Distance for a Floating Lamp.
LCD contrast efficiency is 82% at full power.
Improving Field Imbalance Permits Extended Illumination

~

1

---------------

Achieving high efficiency for a backlight design requires Range at Low Levels
careful attention to the physical layout ofthe lamp, its leads
1.0
....:::;.
and the construction of the display housing. Parasitic
FLOATING
0.9
CCF).capacitance from any high voltage pointto DC or ACground
/'"
1= 0.8
V
creates paths for unwanted current flow. This parasitic
i 0.7
/ /
!i 0.6
current degrades electrical efficiency. The loss term is
/
GROUNOEO
fa 0,5
related to 1/2CV9 where Cis the parasitic capacitance, Vis
/ CCFL
~
0.4
the voltage at any point on the lamp and f is the royer
I /
~ 0.3
operating frequency. Losses up to 25% have been obse.rved
/
0.2
1/
in practice. Figure 2 indicates the loss paths present in a
0.1
o
typical LCD enclosure for a floating lamp configuration.
o
2
3
4
Layout techniques that increase parasitic capacitance inLAMP CURRENT (mAl
clude long' high voltage lamp leadS,. reflective metal foil
Figure 4. Normalized NitsIWatts vs Lamp Current
around the lamp and displays supplied in metal enclosures.
Lossy displays are the primary reason to use afloating lamp
configuration. Providing symmetric, differential drive to the
lamp reduces the total parasitic loss term by one-half in
comparison to agrounded lamp configuration. As an added

DN99-2

For literature on our Switching Regulators,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
Dual Output Regulator Uses Only One Inductor -

Design Note 100

Carl Nelson
Many modern circuit designs still need a dual polarity
supply. Communication and data acquisition are typical
areas where both 5V and -5V are needed for some of the
IC chips. It would be nice if a single switching regulator
could supply both outputs with good regulation and a
minimum of magnetic components. The circuit in Figure 1
is a good example of exploiting the best advantages of
components and topologies to achieve a very small, dual
output regulator with a single magnetic component.
INPUT
6V
T025V

D2
lN914
INPUT BOOST
LT1376-5

Cl··

+ lOOI1F

converter takes advantage of the fact that the switching
signal driving L1 as a positive buck converter is already the
correct amplitude for driving a-5V SEPIC converter. During
switch off time, the voltage across L1 is equal to the 5V
output plus the forward voltage of D1. An identical voltage
is generated in the second winding, which is connected to
generate -5V using D3 and C5. Without C4, this would be a
simple flyback winding connection with modest regulation.
The addition of C4 creates the SEPIC topology. Note thatthe
voltage swing at both ends of C4 is theoretically identical
even without the capaCitor. The undotted end of both
windings goes to a zero AC voltage node, so the equal
windings will have equal voltages at the opposing ends.
Unfortunately, coupling between windings is never perfect,
and load regulation atthe negative output suffers as aresult.
The addition of C4 forces the winding potentials to be equal
and gives much better regulation.

Regulation Performance and Efficiency
Figure 2 details the regulation performance of the circuit.
C4"
.L1 IS A SINGLE CORE WITH
100 F +
The positive output combined load and line regulation is
TWO WINDINGS. COILTRONICS lbv
better than 1%, and this was considered good enough to
CTX10-2P
TANT
"AVXTSPD107M010
forgo a graph. Negative output voltage is graphed as a
tlF LOAD CAN GO TO ZERO. AN OPTIONAL
function of negative load current for several values of
DN100·FOl
PRELOAD OF lk TO 5k MAY BE USED TO
IMPROVE REGULATION
positive load current. For best regulation, the negative
Figure 1
output should have a preload of at least 1% of the maxiThe 5V output is generated using the LT®1376 buck mum positive load.
converter. This device uses special design techniques and
high speed processing to create a 500kHz design that is Total output current of this circuit is limited by the maximuch smaller and more efficientthan previous monolithic mum switch current of the LT1376. The following formula
circuits. The current mode architecture and saturating gives peak switch current, which cannot exceed 1.5A. This
switch design allow the LT1376 to deliver up to 1.5A load formula, in the spirit of simpliCity, is simplified, so caution
current from the tiny 8-pin SO package. L1 is a 101J,H must be used if it indicates close to 1.5A peak current.
surface mount inductor from Coiltronics. It is manufacIpEAK = O.25A + (I +) + (2)W) (Must be less than 1.5A)
tured with two identical windings that can be connected in
Maximum negative load current is limited by the +5V load.
series or parallel. One of the windings is used for the buck
A typical limit is one half of 5V current, but a more exact
converter.
number can be found from:
The second winding is used to create a negative output
Max Negative Load =(I +)(O.07){VIN - 2)
SEPIC (Single Ended Primary Inductance Converter) topology using D3, C4, C5, and the second half of L1. This D; LTC and LT are registered trademarks of Linear Technology Corporatlon.
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current into the +5V output capacitor is a triwave, typically 0.3Ap_p, so an ESR of 0.10 in C1 will gi~e
30mVp_p output ripple. It is interesting to note that thiS
ripple current is about one half of what would be expected
for a buck converter. This occurs because the two windings are driven in parallel, so magnetizing current divides
equally between the windings.

Ripple current peak-to-peak into the -5V output capacitor
is approximately equal to twice the negative load current.
The wave shape is roughly rectangular, and so is the
resultant output ripple voltage. A1OOmA negative load and
4.4 0
100
200
300
400
500
0.10 ESR output capacitor will have (2)(0.1A)(0.10) =
NEGATIVE LOAD CURRENT (rnA)
OO1oo·F02
20mVp_p ripple. A word of caution, however; the current
waveform
contains fast edges, so the inductance of the
Figure 2. -5V Regulation
output capacitor multiplied by the rate-of-rise of the curNote that as input voltage drops, less and less current is rent will generate very narrow spikes superimposed on the
output ripple. With capaCitor inductance of 5nH, and dl/dt
available from the negative output.
= 0.05A1ns, the spike amplitude will be 250mV! Now for
Efficiency of the switching regulator is not as good as a the good news. The effective bandwidth of the spikes is all
single buck converter, but still is very respectable, exceed- above 20MHz, so it is very easy to filter them out. In fact,
ing 80% over awide current range. The inductor called o~t the inductance of the output PC board traces (20nH/in)
on the circuit schematic is a low cost off-the-shelf COII- coupled with load bypass capacitors will normally filter out
tronics part made with a powdered iron core. Replacing the spikes. The only caveat is that if the load bypass
that part with aMagnetics, Inc. Kool MI!® core #77130 with capaCitors are very low ESR types like ceramiC, they
13 turns of #24 wire will raise efficiency by 3% across should be paralleled with a larger tantalum capacitor to
most of the load current range.
reduce the Q of the filter.
z

4.6

100 ....-----,.--,---,--,-----.
VIN = 10V, Kool MI177130 CORE
WITH 13 TURNS #24 GAUGE WIRE

90

+5V RIPPLE
~ 80

>

1:5

-5V RIPPLE AFTER

70

i-IIL-.J;...~_+-_t_-,-+-____I

60

IJ-...!-+--+--j--+----I

C3

[§

-5V RIPPLE
UNFILTERED

-5V CURRENT = 20% OF 5V CURRENT
BIAS CONNECTED TO 5V
40 0

0.2
0.4
0.6
0.8
POSITIVE LOAD CURRENT (rnA)

1.0
DN100·FOS

Figure 3. Dual Output Efficiency

Output Ripple Voltage
Output ripple voltage is determined by the ESR of the
output capacitors. The capacitors shown are AVX type
TPS surface mount solid tantalum which are specially
constructed for low ESR «0.10). Peak-to-peak ripple
Kool Mil is a registered trademark of Magnetics, Inc.
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PARASITIC FILTER
(3" OF PC TRACE AND
6.8¢' TANTALUM
CAPACITOR)

Both outputs can be shut down simultaneously by driving
the LT1376 shutdown pin low. An undervoltage lockout
function can also be implemented by connecting aresistor
dividerto the shutdown pin. See the LT1376 data sheetfor
details.

For literature on our Switching Regulators,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
A Precision Wideband Current Probe for LCD Backlight
Measurement - Design Note 101
Jim Williams
Evaluation and optimization of Cold Cathode Fluorescent
Lamp (CCFL) performance requires highly accurate AC
current measurement. CCFLs, used to backlight LCD displays, typically operate at 30kHz to 70kHz with measurable
harmonic content into the low MHz region 1• Accurate
determination of RMS operating current is important for
electrical and emissivity efficiency computations and to
ensure long lamp life. Additionally, it is desirable to be able
to perform current measurements in the presence of high
common-mode voltage (> 1OOOVRMS). This capability allows investigation and quantification of display and wiring
induced losses, regardless of their origins in the lamp
drive circuitry.

common voltages noted. The current probe biases A1,
operating at again of about 3.75. No impedance matching
is required due to the probe's low output impedance
termination. Additional amplifiers provide distributed gain,
maintaining wide bandwidth with an overall gain of about
200. The individual amplifiers avoid any possible crosstalkbased error that could be introduced by amonolithic quad
amplifier. D1 and Rx are selected for polarity and value to
trim overall amplifier offset. The 1oon trimmer sets gain,
fixing the scale factor. The output drives a thermallybased, wideband RMS voltmeter. In practice, the circuit is
built into a 2.25' x 1" x 1" enclosure which is directly
connected, via BNC hardware, to the voltmeter. No cable
is used. The result is a "clip-on" current probe with 1%
Current Probe Circuitry
accuracy over a 20kHz to 10MHz bandwidth. Figure 2
Figure 1's circuitry meets the discussed requirements. It shows response for the probe-amplifier as measured on a
signal conditions a commercially available "clip-on" cur- Hewlett-Packard HP-4195A network analyzer.
rent probe with a precision amplifier to provide 1% D,LTC and LT are registered trademarks of Linear Technology Corporation.
measurement accuracy to 10MHz. The "clip-on" probe 1Williams. Jim. "Techniques for 92% Efficient LCD Illumination." Linear Technology
provides convenience, even in the presence of the high Corporation AN55. August 1993.

TEKTRON IX P6021
CURRENT PROBE
2mAlmV

OUTPUTTO
THERMALLY·BASED
RMS VOLMETER.
e.g .• HP3403. 3400.
FLUKE 8920A.
- SCALE FACTOR IS
lk lo.00mARMS= t.OOOVRMS
20kHz TO 10MHz

SELECT Rx

D1V:~~iR~W. ±15V
SEE TEXT
ALL RESISTORS ARE 1% FILM UNLESS NOTED
USE RF LAYOUT TECHNIQUES
SUPPLIES = ±15V

1000
CALiBRATE

Figure 1. Precision "Clip-On" Current Probe for CCFL Measurements
Maintains 1% Accuracy Over 20kHz 10 10MHz Bandwilh
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Figure 2. Amplitude vs Frequency Oulpul of HP4195A
Nelwork Analyzer. Current Probe-Amplifier Maintains 1%
(0.1 dB) Error Bandwidth frllm 20kHz to 10MHz.
Small Aberrations Between 10MHz and 20M Hz
Are Test Fixture Related

Current Calibrator
Figure 3's circuit, a current calibrator, permits calibration
of the probe-amplifier and can be used to periodically
check probe accuracy. A1 and A2 form a Wein bridge
oscillator. Oscillator output is rectified by A4 and A5 and
compared to aDC reference atA3. A3's output controls Q1 , .
closing an amplitude stabilization loop. The stabilized
amplitude is terminated into a 100n, 0.1% resistor to
provide a precise 10.00mA, 60kHz current through the
series current loop. Trimming is performed by altering the
nominal 15k resistor for exactly 1.000VRMS across the
100n unit.
In use, this current probe has shown 0.2% baseline
stability with 1% absolute accuracy over one year's time.
The sole maintenance requirement for preserving accuracy is to keep the current probe jaws clean and avoid
rough or abrupt handling of the probe2•
2 Prtvate Communication. Tektronix, Inc.

10k
5k

10k
10.00mA
=60kHz
CURRENT LOOP
OUTPUT

lN4148

$

lN4148
':'

':'

10k
-15V
4.7k
5%
LTl029
5V

15k NOMINAL. TRIM
FOR 1.000V ACROSS
loon RESISTOR.
SEE TEXT
ALL RESISTORS ARE 1% FILM UNLESS NOTED
SUPPLIES = ±15V

':'

DN101'F03

Figure 3. Current Calibrator for Probe Trimming and Accuracy Checks.
Stabilized Oscillator Forces 10.00mA Through Output Currenl Loop at 60kHz

For literature on our High Speed Amplifiers,
call1-800-4"LlNEAR. For applications help,
call (408) 432-1900, Ext. 456
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DESIGN
NOTES
RS485 Transceivers Reduce Power and EMI -

Design Note 102
Dave Dwelley, Teo Yang Long, Yau Khai Cheong and Bob Reay

Recent innovations in process and circuit design have
enabled the release of three new RS485 transceivers: the
LTC@1481, LTC1483 and LTC1487. These devices share
an improved receiver circuit which features 801lA quiescent current operation (driver disabled) with no loss in AC
performance relative to standard RS485 devices, and a
new 1IlA shutdown mode (Figure 1). All three new devices
are pin compatible with the industry standard LTC485
pinout, and feature Linear Technology's exclusive ±10kV
ESD protection (Human Body Model) at the line I/O pins,
eliminating the need for external ESD protection in most
cases.

LTC1483
The LTC1483 is a reduced EM I version of the LTC1481
intended for use in systems where electromagnetic interference concerns take precedence over high data rates.
The LTC1483 driver slew rate is deliberately limited to
reduce the high frequency electromagnetic emissions
(Figures 2a and 2b) while improving signal fidelity by
reducing reflections due to misterminated cables. The
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Figure 2a. Typical RS485 Driver Output Spectrum
Transmitting at 150kHz

Figure 1. LTC1481/LTC1483/LTC1487 Block Diagram

LTC1481
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I- GND
I

The LTC1481 provides full 2.5Mbaud driver and receiver
speeds with the low power and improved ruggedness
features shared by all three members of the family. Like all
LinearTechnology RS485 products, it features full RS485
and RS422 compatibility, guaranteed operation over the
-7V to 12V common-mode range and a unique driver
output circuit that prevents CMOS latch-up and maintains
high impedance at the line pins, even when the power is
off. An internal driver short-circuit current limit and a
thermal overload protection circuit prevent damage under
severe fault conditions. The LTC1481 is ideally suited for
designs which need to transmit high speed data with
minimum power consumption.
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Figure 2b. Slew Rate Limited LTC1483 Driver Output
Spectrum Transmitting at 150kHz
LT, LTC and LT are registered trademarks of Linear Technology Corporation.
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maximum operating fJequen~y of the LTC1483 driver is
limited to 250kbaud. AII.other performance parameters are
unchanged from the LTC1481, including the low power
receiver operation and the 1!lA shutdown mode.

LTC1487
The LTC1487 shares the low power and low slew rate
features of the LTC1483. Additionally, the LTC1487 is
designed with ahigh input impedance of 96kn (typical) to
allow up to 256 transceivers to share a single RS485
differential data line. This exceptionally high input impedance enables additional transceivers to be connected to a
single RS485 line, reducing cabling costs and complexity
in systems with many nodes.

ers, including the LTC1481 and LTC1483, have an input
resistance of approximately 12k, equivalentto 1UL, which
limits asingle RS485 busto 32 nodes. With its high 96kn
input impQ.gance, the LTC1487 presents only 0.125UL to
the line, allowing up to 256 transceivers (32UUO.125UL =
256) to be connected to the data bus line without overloading the driver (Figure 3).

Conclusions
The LTC1481, LTC1483 and LTC1487 make up the third
generation of the Linear Technology CMOS RS485 transceiver family, all started by the original CMOS RS485
transceiver, the LTC485. These three new devices put
exceptional ruggedness features and the lowest power
The RS485 specification requires that atransceiver be able operation available in the industry into three unique niQhes
to drive as many as 32 "unit loads." One unit load (UL) is in the RS485 market: high performance (LTC1481), low
defined as an impedance that draws a maximum of 1rnA EMI (LTC1483) and high input impedance (LTC1487).
. with up to 12V across it. Most standard RS485 transceiv-

,~.u,~_~~ ~:

LTC1487: UP TO 256 TRANSCEIVERS

""'"',,

Figure 3. Mulitple Transceivers On One RS485 Bus

For literature on our RS485 Transceivers,
call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 453
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DESIGN
NOTES
New LTC 1266 Switching Regulator Provides High Efficiency
at 1OA Loads - Design Note 103
Greg Dittmer
The new LTC@1266 is a synchronous, step-down switching regulator controller that can drive two external,
N-channel MOSFET switches. The superior performance of
N-channel MOSFETs enables the LTC1266 to achieve high
efficiency at loads of 10A or more with few additional
components. Burst Mode™ operation provides high efficiency at light loads-efficiency is greater than 90% for
loads from 1OmA to 1OA. The ability to provide 1OA at high
efficiency is critical for supplying power to Pentium ™
processor applications.

Nonetheless, P-channel MOSFETs still have a home in
lower current and low dropout applications due to the fact
they can operate at 100% duty cycle. The LTC1266 offers
the capability of driving either N-channel or P-channel.
Driving N-Channel MOSFETs
P-channels have another distinct advantage-simplicity
of the gate drive. Because of the negative threshold of the
P-channel, the gate potential must decrease below the
source (which is at VIN) by at least VGS(ON) to turn it on.
Hence, the top-side MOSFET can be gated between the
available supply rail VIN and ground.

The LTC1266 is based on the LTC1148 architecture and has
most of the features of this successful product including
constant off-time, current mode architecture with auto- Driving an N-channel top-side MOSFET isn't so straightmatic Burst Mode operation. Pin selectable shutdown forward. When the top-side MOSFET is turned on, the
reduces the DC supply current to 40~. The LTC1266 also source is pulled up to VIN. Because the N-channel has a
provides pin selectable phase of the top-side driver which positive threshold voltage, the gate must be above the
allows it to implement, in addition to an all N-channel step- source by at least VGS(ON). Thus, the top-side drive must
down regulator, a low dropout regulator with high-side swing between ground and VIN +VGS(ON)' This requires a
P-channel or a boost regulator. Other new features of the second, higher supply rail equal to at least VIN + VGS(ON)'
LTC1266 include an on-chip low-battery comparator, pin- There are two ways to obtain this higher rail. The most
defeatable Burst Mode operation, a wider voltage supply straightforward way is to use a higher rail that is already
range (3.5V to 20V) , 1% load regulation and a higher available, as is the case in most desktop systems with 12V
maximum frequency of 400kHz.
supplies. Note that the PWR VIN input to the LTC1266 is
dedicated to powering the internal drivers and is separate
N-Channel vs P-Channel
from the main supply input. The PWR VIN voltage cannot
The key to the LTC1266's ability to drive large loads at high
exceed 18V (20V max), limiting the input voltage to 18Vefficiencies is its ability to drive both top-side and bottomVGS(ON). For a converter with logic-level MOSFETs, this
side N-channel MOSFETs. The superiority of N-channel
limits VIN to about 13.5V. The PWR VIN voltage must also
MOSFETs over P-channels at high currents is due to the
meet its minimum requirement OfVIN +VGS(ON) (about 1OV
lower ROS(ON) and lower gate capacitance ofthe N-channel fora 5V-to-3.3V converter) in order notto burn up the highparts. To compensate forthe higher ROS(ON), the P-channel side MOSFET due to insufficient conductance at larger
size is usually made larger, resulting in higher gate capacioutput loads. If a higher supply rail is not available, a
tance. Efficiency is inversely proportional to both ROS(ON)
charge-pump circuit can be used to pump VIN to the
and gate capacitance. Higher ROS(ON) decreases efficiency required level.
due to higher 12R losses and limits the maximum current
the MOSFET can handle without exceeding thermal lim ita- LT, l TC and l Tare registered trademarks of Unear Technology Corporation.
Mode is a trademark of linear Technology Corporation.
tions. Higher gate capacitance increases losses due to the Burst
Pentium is a trademark of Intel Corporation.
increased charge required to switch the MOSFETs on and
off during each switching cycle.
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Basic Circuit Configurations
Figures 1 and 2 show two basic circuit configurations for
the LTC1266. Figure 1 shows an LTC1266 in the charge
pump configuration designedto provide a3.3v/1 OA output. The Si4410s are new logic-level, surface mount
N-channel MOSFETs from Siliconix that provide a mere
0.020 of on-resistance at VGS = 4.5V, and thus provide a
10A solution with minimal components. The efficiency
plot shows that the converter still is close to 90% efficient
at 10A. Because the charge pump configuration is used,
PWR VIN = 2 x VIN plus any additional ringing on the
switch node. Due to the high AC currents in this circuit, we
recommend low ESR OS-CON or AVX input/output capacitors to maintain efficiency and stability.
~

MOSFETs is 4.5V; thus the minimum allowable voltage at
the external PWR VIN is VIN(MAX) + 4.5V. Althe other end,
PWR VIN should be kept under the maximum safe level of
18V, limiting VIN to 18V - 4.5V = 13.5V.
r--_ _ _ _ _ _ _ _

....-~--<_VIN

+

C'N 4V' TO 13.5V
47!1f

20V
2x

_ _ _ _ _ _--=.,..-_ _ VIN
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C'N 4VTO IV
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Figure 2a. All N-ChanneI3.3V/5A Regulator with Drivers
Powered from External Power VIN Supply
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Figure 1a. All N-Channel Single Supply
5V to 3.3V/10A Regulator
100

0.1

1

LOAD CURRENT (A)

Figure 2b. Figure 2a Circuit Efficiency

VIN .. 5V

95

80
0.01
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The two application circuits demonstrate the fixed 3.3V
version of the LTC1266. The LTC1266 is also available in
fixed 5V and adjustable versions. All three versions are
available in 16-pin narrow SOIC packages.

85

Conclusion
The
new LTC1266 synchronous step-down regulator
80
0.1.
1
0.01
10
controller is the first Linear Technology synchronous
LOAD CURRENT (A)
controller with the ability to exploit the superior performance of N-channel MOSFETs to maximize efficiency and
Figure 1b. Figure 1a Circuit Efficiency
provide a low cost, compact solution for high current
The all N-channel, external PWR VIN circuit shown in converters. The extra features provided in this product,
Figure 2is a3.3V/5A surface mount converter. The current Burst Mode inhibit and alow-battery comparator, make it
sense resistor value is chosen to setthe maximum current ideal in a wide variety of applications.
to.5A, according to the formula lOUT = 100mV/RsENSE.
With VIN =5V, the 51!H inductor and 130pF timing capaciFor literature on our Switching Regulators,
tor provide an operating frequency of 175kHz and a ripple
call 1-800-4-LlNEAR. For applications help,
current of 1.25A. The VGS(ON) of the Si9410 N-channel
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
LTC1410: 1.25Msps 12-Bit AID Converter Cuts
Power Dissipation and Size - Design Note 104
Dave Thomas and Kevin R. Hoskins
Introduction
Until now, high speed system designers had to compromise when selecting 1Msps 12-bit AID converters. While
hybrids typically had the best performance, they were big,
power hungry (N 1W) and costly (>$100). Afew manufacturers offered monolithics, but they compromised either
AC or DC performance.
That has now changed. The new LTC®1410 monolithic
1.25Msps 12-bit ADC performs better than hybrids with
the power dissipation, size and cost of monolithics.
Some of the LTC141 D's key benefits include:
•
•
•
•
•
•

1.25Msps throughput rate
Fully differential inputs
60dB CMRR that remains constant to 1MHz
Figure 1. LTC1410 Features a True Differential StH with
Excellent Bandwidth and CMRR
Low power: 160mW (typ) from ±5V supplies
"Instant on" NAP and llPower SLEEP shutdown modes curvature corrected 2.5V bandgap reference assures low
drift over temperature.
Small package: 28-pin SO
The LTC141 D's features can increase the performance and If an application requires an external reference, it can easily
decrease the cost of current data acquisition systems and overdrive the on-Chip reference's 2kn output impedance.
optimize new applications.
High Accuracy Conversions: AC or DC
In Figure 1 the LTC1410 combines a wide bandwidth
differentIal sample-and-hold (StH) with an extremely fast
successive approximation register (SAR) ADC and an onchip reference. Together they deliver a very high level of
both AC and DC performance.
An ADC's StH determines its overall dynamic performance.
The LTC1410's StH has a very wide bandwidth (20MHz)
and generates very low total harmonic distortion (-84db)
for the 625kHz Nyquist bandwidth.
Important DC specifications include excellent differential
linearity error ::;;0.8LSB, linearity error ::;;0.5LSB and no
misSing codes over temperature. The on-chip 10ppmtoC

Important Multiplexed Applications
The LTC1410's high conversion rate allows very high
sample rate multiplexed systems. The StH's high input
impedance eliminates DC errors caused by aMUX's switch
resistance. Also, the LTC141 D's low input capacitance
ensures fast 1DOns acquisition times, even with high
source impedance.
Ideal for Telecommunications
Telecommunications applications such as HDSL, ADSL
and modems require high levels of dynamic performance.
A key indicator of asampling ADC's dynamic performance
is its signal-to-noise plus distortion ratio (SINAD). The
LTC1410's minimum SINAD is 72dB, or 11.67 Effective
D, LTC and LT are registered trademarks of Linear Technology Corporation.
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Num.berofBits {ENOB), UP to.inputfrequencies of 100kHz.
At the Nyquist frequency (625kHz) the SINAD is still' a
robust 70dB. Figure· 2 shows that the LTC1'41 0 can
under$~mpIEH;ignals well beyond the Nyquist rate.
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ential inputs rejectthe ground noise even if it is atthe same
frequency as the desired input frequency. Further, the
LTC1410's wideband CMRH can eliminate extremely
. wideband noise, as shown in Figure 4.
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Figure 2. The Wideband S/H Captures Signals Well Beyond
Nyquist
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Figure 4. Th, LTC1410 Rejects Common-Mode
Noise Out to 1OMH~ and Beyond

DiHerentiallnputs Reject Noi$e
The LTC141 O's differential inputs are ideal for applications
whose desired signals must compete with EMI noise. The
LTC1410's differential inputs provide a new way to fight
noise.

Low Power Applications
High speed applications with limited power budgets will
greatly benefit from the LTC1410's low 160mW power
dissipation. Power can be further reduced by using the
power shutdown modes, NAP and SLE~P.

Figure 3a shows a single-ended sampling system whose
accuracy is limited by ground noise. When a single-ended
signal is applied to the ADC's input, the ground noise adds
directly to the applied signal. While afilter can reduce this
noise, this does not work for in-band noise or commonmode noise at the same frequency as the input signal.
However, Figure 3b shows how the LTC1410 provides
relief. Because of its excellent CMRR, the LTC141 O's differ-

NAP reduces power consumption by 95% (to 7.5mW)
leaving only the internal reference powered. The "wake-up"
time is avery fast 200n§.:...The most recent conversion data
is still accessible and CS and RD still control the output
buffers. NAP is appropriate for· those applications that
require conversions instantly after periods of inactivity.

SINGLE INPUT

ADC

Figure 3a. An Input Signal is Contaminated by Ground
Noise with dingle Input ADC
....-----T+A,N
LTC1410

SLEEP reduces power consumption to less than 5JlW. It is
useful for applications that must maximize power savings.
SLEEP mode shuts down all bias currents, including the
reference. SLEEP mode wake-up time is dependent on the
reference compensation capacitor's size. With the recommended 10JlF, the wake-up time is 10ms. Typically, NAP
mode is used for inactive periods shorter that tOms and
SLEEP is used for longer periods.

Conclusion
Available in 28-pin SO packages, the new LTC1410 is
optimized f()t many high speed dynC\mic sampling applications including ADSL, compressed video and dynamic data
acquisition.

+-----\-A'N

Figure 3b. The LTC1410's Differential Inputs Reject
Common-Mode Noise and Preserve the Input Signal
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For literature on our AID Converters,
call 1-800-4-LlNEAR~For applications help,
call (408) 432-1900, Ext. 525

DESIGN
NOTES
LTC 1265: A New, High Efficiency Monolithic Buck Converter
Design Note 105
San-Hwa Chee
The LTC@1265 is a 14-pin SOIC step-down converter
capable of operating at frequencies up to 700kHz. High
frequency operation permits the use of small.inductors for
size sensitive applications. The LTC1265 has an internal
0.30 (at asupply voltage of 1OV) P-channel power MOSFET
switch, which is capable of supplying up to 1.2A of output
current. With no load, the converter requires only 1601lA of
quiescent current; this decreases to a mere 51lA in shutdown conditions. In dropout mode, the internal P-channel
power MOSFET switch is turned on continuously (at DC),
thereby maximizing battery life. The part is protected from
output shorts by its built-in current limiting. In addition to
the features already mentioned, the LTC1265 incorporates
a low-battery detector.

Efficiency
Figure 1shows atypical LTC1265-5 application circuit. The
efficiency curves for two different input voltages are shown
in Figure 2. Note that the efficiency for a 6V input exceeds
90% over aload range from less than 1OmA to 850mA. This
makes the LTC1265 attractive for all battery-operated
products and efficiency sensitive applications.
High Frequency Operation
Although the LTC1265 is capable of operation at frequencies up to 700kHz, the highest efficiency is achieved at an
operating frequency of about 200kHz. As the frequency
increases, losses due to the gate charge ofthe P-channel
power MOSFET increase. In space sensitive applications,
high frequency operation allows the use of smaller components at the cost of four to five efficiency points.

The LTC1265 is a current mode DCfDC converter with
Burst Mode™ operation. The current mode architecture
gives the LTC1265 excellent load and line regulation.
Burst Mode operation results in high efficiency with both
high and low load currents. The LTC1265 comes in three
versions: LTC1265-5 (5V output), LTC1265-3.3 (3.3V
output) and LTC1265 (adjustable). All versions operate
down to an input voltage of 3.5V and up to an absolute
maximum of 13V.

Constant Off-Time Architecture
The LTC1265 uses a constant off-time, current mode
architecture. This results in a power supply that has very
high efficiency over a wide load current range, fast transient response and very low dropout characteristics. The
o .LTC and LT are registered trademar1<s of Linear Technology Corporation.
Burst Mode Is a trademark of Linear Technology Corporation.
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off-time IS setby an extern'at timing capacitor Cr and is
constant whenever theoLitput is 1nregulation. When the
output is not in reg~lation, the off-time is inverselY proportional to the :6utput,voltage. By using a constant off-time
scheme, the inductor's ripple currentispredictable and
well controlled under all operating condItions, making the
selection of the inductor mu.ch easier. The inductor's peakto-peak ripple current is inversely proportional to the
inductance in continuous mode. If alower ripple current is
desired, a larger inductor can be used for a given value of
timing capacitor.
100% Duty Cycle in Dropout Mode
When the input voltage decreases, the switchingfrequency decreases. With the off-time constant, the on-time
is incre.ased to maintain the same peak-to-peak ripple
current in theindu.ctor. When the input-to-output voltage
differential drops below 2.0V, the off-time is reduced. This
prevents the operating frequency from dropping 'below
20kHz asthe regulator approaches the. dropout region. As
the input voltage drops further, the P-channel switch is
turned on for 100% of the cycle. The dropout voltage is
governed by the switch resistance, load current and current sense resistor.
Good Start~Upand Transient Behavior
The LTC1265 exhibits excellent start-up behavior when it is
initially powered oil or recovering from ashort circuit. This
is achieved by making the off-time inversely proportional to
the output voltage while the output is still in the process of

reaching its regulated value. When the output is shorted to
ground, the off-time is extended long enough to prevent
inductor current runaway. When the short is removed, the
output capacitor begins to Gharge and the off-timegradually decreases.
.,'
In addition, the LTC1265 hasexceflent load transient
response. When the load current drops suddenly, the
feedback loop responds quickly by turning off the internal
P-channel-switch: Sudden increases in output current will
be met initially by the output capacitor, causing the output
voltage to drop slightly. Tight control of the inductor's
current, as mentioned above, means that output voltage
overshoQt and undershoot are virtually eliminated.
2.5mm Typical Height 5V-to-3.3V Regulator
Figure 3 shows the schematic for a very thin 5V-to-3.3V
converter. For the LTC1265 to be able to source 500mA
output current and yet meet the height requirement, a
small value inductor must be used. The circuit operates at
a high frequency (typically 500kHz), increasing the gate
charge losses.
Conclusion
The LTC1265, with its low dropout and high efficiency, is
ideal for battery-operated prod ucts and efficiency sensitive
applications. In addition, its ability to operate at high
frequencies allows the use of small inductors for size
sensitive applications.
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For literature on our DC/DC Converters,
call1-800-4-LlNEAR. For applications help,
call (40B) 432-1900, Ext. 361
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DESIGN
NOTES
The LTC 1392: Temperature and Voltage Measurement
in a Single Chip - Design Note 106
Ricky Chow and Dave Dwelley
Introduction
LTC1392C
""l I'\.GUARANTEE~
The LTC@1392 is a new micropower, multifunction data
:/"
..... MAX
acquisition system designed to measure ambient temE
LTC1~
~v
a:
perature, system power supply voltage and power supply
GUARANTEED
lYPICAL
MAX
current or differential input voltage. No external compoI
~
0
nents are required for temperature or voltage measure~ -1
ments, and current measurements can be made with a
JC13921
w
GUARANTEED
single low value external resistor. An on-board 1O-bit AID
~ -2
~ ~MIN
~
>- -3
converter provides a digital output through a 3- or 4-wire
-4 ./'
VG~r~l~~E~~
serial interface. Supply current is only 350J,JA when perMIN
forming a measurement; this automatically drops to less
-5
-40 -20 0
20 40
60 80 100
than 1J,JA when the chip is not converting. The LTC1392 is
TEMPERATURE (OC)
designed to be used for PC board temperature and supply
voltage/current monitoring or as a remote temperature
and voltage sensor for monitoring almost any kind of
Figure 1. Output Temperature Error
system. It is available in SO-8 and DIP packages allowing
it to fit onto almost any circuit board.
Voltage is output as (ADC code x 4.727mV) + 2.42V.
Figure 2shows typical integral and differential nonlinearity
Measurement Performance
performance of Vcc measurement.
Wafer level trimming allows the LTC1392 to achieve
The
differential voltage input mode can be configured to
guaranteed accuracy of ±2°C at room temperature and
±4°C over the entire operating temperature range. The operate in either 1Vor 0.5V unipolar full-scale mode. Each
1O-bitAlD converter gives 0.25° resolution over the O°C to mode converts the differential voltage between input pins
70°C (LTC1392C) or -40°C to 85°C (LTC13921) range. V+ and V- directly to bits with the output code equal to ADC
Temperature is output as (ADC code/4) - 130°C with a code x (full scale/1 024). The 1Vmode is specified at 8bits
theoretical maximum range of-130°C to 125.75°C. Figure accuracy with the eighth bit accu rate to ±0.5LSB or±2mV,
1shows the typical outputtemperature error ofthe LTC1392 while the 0.5V full-scale mode is specified to seven bits
accuracy ±0.5LSB, giving the same ±2mV accuracy. The
over temperature.
differential inputs include a common-mode input range
In supply voltage monitor mode, the AID converter makes including both powersupply rails allowing them to be used
a differential measurement between the 2.42V reference to measure the voltage across asense resistor in either leg
and the actual power supply voltage. Each LSB step is of the power supply. They can also be used to make a
equal to approximately 4.727mV, giving a theoretical unipolar differential transducer bridge measurement or to
measurement range of 2.42V to 7.2V. The LTC1392 has make a single-ended voltage measurement by grounding
guaranteed accuracy over a voltage range of 4.5V to 6V, the V- pin.
with a total absolute error of ±25mV or ±40mV respectively, overthe commercial or industrial temperature range. D, LTC and LT are registered trademarks of Linear Technology Corporation.
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word is received and the DOUT pin is in three-state mode
until avalid configuration word is recognized, allowing the
two pins to be tied together in a 3-wire system. The serial
link allows several devices to be attached to a common
serial bus, with separate CS lines to select the active chip.

Typical Application
A typical lTC1392 application is shown in Figure 3. A
single point "star" ground is used along with a ground
plane to minimize errors in the voltage measurements. The
power supply is bypassed directly to the ground plane with
a 1!1f tantalum capaCitor in parallel with a 0.1!1f ceramic
capacitor.

DN106·Rl2B

Figure 2a. Differential Nonlinearity, Power Supply
Voltage Mode
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Conclusion
The lTC1392 provides a versatile data acquisition and
environmental monitoring system with an easy-ta-use
Figure 2b. Integral Nonlinearity, Power Supply
interface. Its low supply current, coupled with spaceVoltage Mode
saving SO-8 or DIP packaging make the lTC1392 ideal for
The serial interface in the lTC1392 allows all of its func- systems which require temperature, voltage and current
tionality to be implemented in an 8-pin SO or DIP package measurement while minimizing space, power consumpand makes connection easy to virtually any MPU. Four pins tion and external component count. The combination of
are dedicated to the serial interface: active low chip select temperature and voltage measuring capability on one chip
(CS), clock (ClK), data input (DIN) and data output (DOUT). make the l TC1392 unique in the market providing the
The DIN pin is used to configure the lTC1392 for the next smallest, lowest power multifunction data acquisition
measurement and the DOUT pin outputs the AID conver- system available.
sion data. The DIN pin is disabled after avalid configuration
DM100'Fll2b

For literature on our AID Converters,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 525
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DESIGN
NOTES
C-Load™ Op Amps Conquer Instabilities -

Design Note 107

Kevin R. Hoskins

Introduction
Linear Technology Corporation has taken advantage of
advances in process technology and circuit innovations to
create a series of C-Load operational amplifiers that are
tolerant of capacitive loading, including the ultimate, amplifiers that remain stable driving any capacitive load. This
series of amplifiers has a bandwidth that ranges from
160kHz to 140MHz. These amplifiers are appropriate for a
wide range of applications from coaxial cable drivers to
analog-to-digital converter (ADC) input buffer/amplifiers.
Driving ADCs
Most contemporary ADCs incorporate a sample-and-hold
(8/H). Atypical 8/H circuit is shown in Figure 1. The hold
capacitor's (C1) size varies with the ADC's resolution but
is generally in the range of 5pF to 20pF, 1OpF to 30pF and
1OpF to 50pF for 8-, 10- and 12-bit ADCs, respectively.

C1

AIN

--0-'"0

JI

error band of the ADC, conversion errors will result. That
is unless the amplifier is designed to gracefully and accurately drive capacitive loads, such as Linear Technology's
C-Load line of monolithic amplifiers. Table 1 lists Linear
Technology's unconditionally stable voltage feedback
C-Load amplifiers. Table 2 lists other voltage feedback
C-Load amplifiers that are stable with loads upto 10,000pF.
Table 1. Unity-Gain Stable C-Load Amplifiers Stable
with All Capacitive Loads
SINGLES

DUALS

QUADS

GBW
(MHz)

Is/AMP
(rnA)
0.375

-

LT"'1368

LT1369

0.16

LT1200

LT1201

LT1202

11

1

LT1220

-

-

45

LT1224

LT1208

LT1209

45

8
7

LT1354

LT1355

LT1356

12

1

LT1357

LT1358

LT1359

25

2

LT1360

LT1361

LT1362

50

4

LT1363

LT1364

LT1365

70

6

TOSAR

GND

Table 2. Unity-Gain Stable C-Load Amplifiers Stable
with CL :51 O,OOOpF
SINGLES

Figure 1. Typical ADC Input Stage Showing
Input Capacitors
Atthe beginning of aconversion cycle, this circuit samples
the applied signal's voltage magnitude and stores it on its
hold capacitor. Each time the switch opens or closes, the
amplifier driving the S/H's inputfaces adynamically changing capacitive load. This condition generates currentspikes
on the input signal. This capacitive load and the spikes
produced when they are switched constitutes a very challenging load that can potentially produce instabilities in an
amplifier driving the ADC's input. These instabilities make
it difficult for an amplifier to quickly settle. If the output of
an amplifier has not settled to a value that falls within the

DUALS

QUADS

GBW
(MHz)

Is/AMP
(rnA)

LT1012

-

-

0.6

0.4

-

LT1112

LT1114

0.65

0.32

LT1097

-

-

0.7

0.35

-

LT1457

-

2

1.6

Remaining Stable in the Face of Difficult Loads
As can be seen in Figure 2, an amplifier whose design is not
optimized for handling a large capacitive load, has some
trouble driving the hold capacitor of the LTC@1410's
S/H. While the LT1 006 has other very desirable characteristics such as very low Vas, very low offset drift, and low
.D', LTC and LT are registered trademari<s of Linear Technology Corporation.
C-Load is a trademark of Linear Technology Corporation.
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power dissipation, it has difficulty accurately responding
to dynamically changing capacitive loads and the curreot
glitches and transients they produce (as indicated by the
instabilities that appear in the lower trace of Figure 2a.

Co'NVsT

By contrast, Figure 2b shows the LT1360 C-Load op amp

driving the same LTC141 0input. The photoshows.thatthe
LT1360 is an ideal solution for driving the ADO's input
capacitor Quickly and cleanly with excellent stability. Its
wide 50MHz gain-bandwidth and 800V/j.lS slew 'rate very
adequately complement the LTC141 0's20MHz full power
bandwidth. The LT1360 is specified for ±5V operation.
Figure 3 shows the circuit used to test the performance of
op amps driving the LTC141 O's input and measure the
input waveforms.

1V1DIV

INPUT
200mVlDIV

200nsAliV

Figure 2a, Inpul Signal Applied 10 an LTC1410
Driven by an LT1006

Conclusion
Linear Technology's C-Load amplifiers meetthechallenging and difficult capacitive loads of contemporary ADC
analog inputs by remaining stable and settling Quickly.
5V

12-BITDATA
CONVST
1V1D1V
LTC1410
INPUT
50mVIDIV

-5V

5V

AVoo
DVoo
t----~---! AGND

200nslDIV

OGND

Figure 2b. Inpul Signal Applied 10 an LTC1410
Driven by an LT1360

DGND
CONVST-----!

Figure 3. Tesl Circuit Used 10 Measure LTC1410 Input
Signal Waveform

For literature on our Operational Amplifiers,
call 1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 456
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DESIGN
NOTES
250kHz, 1mA IQ Constant Frequency Switcher Tames
Portable Systems Power - Design Note 108
Bob Essaff
DC-to-DC power conversion remains one of the toughest
tasks for portable system designers. Dealing with various
battery technologies and output voltage requirements
dictate the need for creative circuit solutions. The two
circuits discussed are tailored for operation from a single
lithium-ion (U-Ion) cell. These new batteries are finding
widespread use due to their high energy storage capabilities. The first circuit has a 3.3V output and the second
circuit has both 5V and -5V outputs for applications
requiring dual supplies.

is above the output voltage and when discharged, the
battery voltage is below the output voltage. Aconventional
buck or boost regulator topology will not work. The circuit
in Figure 1 uses the SEPIC (single-ended primary inductance converter) topology which allows the input voltage
to be higher or lower than the output voltage. The circuit's
two inductors, L1A and L1 B, are actually two identical
windings on the same inductor core, though two individual
inductors can be used. Thetopology is essentially identical
to a1:1 transformer-flyback circuit except for the addition
At the heart of each circuit is the LT<il>1373 current mode of capacitor C2 which forces identical AC voltages across
both windings. This capacitor performs three tasks. First,
switching regulator. Guaranteed to operate down to 2.7V,
it eliminates the power loss and spikes created by flybackthis part allows the full energy storage capacity of asingle
converter leakage inductance. Secondly, itforces the input
U-Ion battery to be used. The LT1373 draws only 1rnA of
current to be a triangular waveform riding on top of a DC
quiescent current for high efficiency at light loads and has
component instead of forming a large amplitude square
a low resistance 1.5A switch for good efficiency at higher
wave. Finally, it eliminates the voltage spike across the
loads. Switching at 250kHz saves space by reducing the
size of the magnetics, and the fixed-frequency switching output diode when the switch turns on. Another feature of
the SEPIC topology is that, unlike a typical boost conalso reduces the noise spectrum generated. To avoid
verter, there is no DC path from the input to the output.
sensitive system frequencies the part can be externally
This means that when the LT1373 is shut down, the load
synchronized to a specific frequency from 300kHz to
is completely disconnected from the input power source.
360kHz. The LT1373 can also be shut down where it draws
Figure 2 shows that the 3.3V SEPIC converter maintains
only 121J.A supply current.
reasonable efficiency over two decades of output load
3.3V SEPIC Converter
current even though 3.3V circuits typically have low effiGenerating a 3.3V output from a single U-Ion cell is not ciency due to catch diode losses.
straight forward because at full charge the battery voltage D. LTC and LT are registered trademarks of Linear Technology Corporation.
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Figure 1. Single Li-Ion Cell to 3.3V SEPIC Converter
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-5V. This generates a -5V supply which is only quasiregulated due to diode drop and switch saturation losses.
Figure 4 shows the regulation of the negative Olltput for
various positive output load currents. As shown in Figure
5, the dual output converter has high efficiency over two
decades of load cu rrent.
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For more information, please consult the LT1373 data
sheet. For parts similar to the LT1373 with higher switching frequencies (500kHz and 1MHz), consult the LT13721
LT1377 data sheet.
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Figure 2. 3.3V Efficiency
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Dual Output Converter

Many portable systems still require anegative bias voltage
to operate interface or other circuitry, where the voltage
accuracy is not critical. Using a single inductor, the circuit
in Figure 3 generates a regulated 5V output and a quasiregulated -5V output for such applications. The circuit
first converts a single Li-Ion cell input voltage to a wellregulated 5V output. It then takes advantage of the switching waveform on the Vsw pin to generate the -5V output
in acharge pump fashion. The voltage on the Vsw pin is 5V
plus 01 's forward voltage when Vsw is high. At this time,
C3 charges tothe Vsw voltage minus 02's forward voltage
or about 5V. When the Vsw pin goes low, the minus side
of C3 goes to -5V which turns on 03 and charges C5 to
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DESIGN
NOTES
Micropower Buck/Boost Circuits, Part 1:
Converting Three Cells to 3.3V* - Design Note 109
Mitchell Lee
Two combinations of cell count and output voltage are to
be strictly avoided: three cells converted to 3.3V and four
cells converted to 5V. These combinations are troublesome because no ordinary regulator (boost, buck or linear)
can accommodate a situation where the input voltage
range overlaps the desired output voltage.
This design note presents four circuits capable of solving
the 3-cell dilemma. Design Note 110 will discuss 4-cell, 5V
circuits. The LT®1303 and LT1372 high efficiency DC/DC
converters are used throughout, giving a fair comparison
of each topology's efficiency. The LT1303 is optimized for
battery operation and includes alow-battery detector which

is required to implement one ofthe topologies. The LT1372
500kHz converter is used for compact layouts at higher
current levels.
You can expect 200mA output from LT1303 based circuits
and 300mA from the LT1372 circuit without modification.
All of the circuits feature output disconnect; in shutdown
the outputs fall to OV. The input range of LT1303 based
converters extends well beyond the 3-cell source shown.
These function at 1.BV, and although not fully characterized
for efficiency, can accept inputs of up to 1OV. The LT1372
converter operates from 2.7V to 10V.
LT, LTC and LT are registered trademarks of Linear Technology Corporation.
'For 4·ceii to 5V buck/boost circuits, see Design Note 110.
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The circuits in Figures 1 and 2 are based on the SEPIC
(Single-Ended Primary Inductance Converter) topology.
Although not stellar, the efficiency is quite consistent over
awide input voltage range. Peculiar to the SEPIC topology
is its use of two inductors. These, however, are wound
together on asingle core and consume no mor~ space t~an
a simple 2-terminal inductor of similar rating. A wIde
selection of stock 2-winding, 4-terminal inductors are
available from Coiltronics and other magnetics vendors.

the boost converter and dissipating power as would any
linear regulator.
Highest peak efficiency is obtained with the circuit in Figure
4 using a MOSFET buck/boost converter. For VIN < VOUT,
the circuit operates as aboost converter and the MOSFET,
driven by the LT1303's low-battery detector/amplifier, is
held 100% ON. The output voltage is developed and controlled by the boost converter..

For VIN >VOUT, the boostfunction can no longer control the
Peak efficiency improves in Figure 3 using abipolar buck!
output voltage and it begins to rise. Staggered feedback
boost topology. This circuit is essentially a boost con(R3, R4, R5) allows the low-battery ~etector/amplifier to
verter with a linear post regulator. For VIN < VOUT, the take control using the MOSFET as a linear pass element.
LT1303 boosts the input driving the bipolar emitter just
Because the MOSFET requires no base drive, and because
high enough to maintain the desired output voltage-:-the
it has such alow ON reSistance, the efficiency peaks at well
transistor is saturated. ForVIN >VOUT, the LT1303 drrves over 90%. Furthermore, the efficiency peak occurs in the
the emitter to a value just higher than the input voltage
vicinity of a NiCd's nominal terminal voltage of 3 x 1.25 =
sufficient to develop the base current necessary to sup3.75V, right where the efficiency is needed most.
port any load current. In this conditio.n the transistor
serves as a linear post regulator, cascodlng the output of
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For literature on our DC/DC Converters,
call1-800-4-UNEAR. For applications help,
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DESIGN
NOTES
Micropower Buck/Boost Circuits, Part 2:
Converting Four Cells to 5V* - Design Note 110
Mitchell Lee
Two combinations of cell count and output voltage are to
be strictly avoided: three cells converted to 3.3V and four
cells converted to 5V. These combinations are troublesome because no ordinary regulator (boost, buck or linear)
can accommodate a situation where the input voltage
range overlaps the desired output voltage.
This design note presents four circuits capable of solving
the 4-cell dilemma. Design Note 109 discussed 3-cell, 3.3V
circuits. The LT<il>1303 and LT1372 high efficiency DC/DC
converters are used throughout, giving a fair comparison
of each topology's efficiency. The LT1303 is optimized for
battery operation and includes alow-battery detector which

is required to implement one ofthe topologies. The LT1372
500kHz converter is used for compact layouts at higher
current levels.
You can expect 1OOmA outputfrom LT1303 based circuits
and 300mA from the LT1372 circuit without modification.
All of the circuits feature output disconnect; in shutdown
the outputs fall to OV. The input range of LT1303 based
converters extends well beyond the 3-cell source shown.
These function at 1.BV, and although notfully characterized
for efficiency, can accept inputs of up to 1OV. The LT1372
converter operates from 2.7V to 10V.
LT. l TC and l T are registered trademarks of linear Technology Corporation.
"For 3-cell to 3.3V buck/boost circu~s. see Design Note 109.
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The ci.rcuit~ in Figures 1 and} are based on theSEPIC the boost c~nverter and dissipating power as would any
(Single-Enaed Primary IndlJctanc~ Converter) topology. linear reg:ulator.
Although not stellar, the efficiency is quite consistent over
Highest Pllak efficiency is obtainedwith the circuit i[lFigure
awide input vOltagerahge; Peclliiar to the SEPIC t.opOlogy
40sing a MOSFET buck/boost converter. For VIN< VOUT,
is its use of two inductors. These, however, are }Nound
the circuit operates as a boost converter and the I\iIOSFET,
together.on asingle core and consu":le ~o mor~ space t~an driven by·theU1303's low-battery detector/amplifier, is
a simple 2-terminal inductor of similar ratmg. A wide
held 100% ON. The outputvoltageis developed and conselection of stock 2-winding, 4-terminal inductors are
trolled by the boost converter.
available from Coiltronics and other magnetics vendors:
ForVIN> \/OUT,theboostfunctlon ~ai1 no longer control the
Peak efficiency improves in Figure 3 using abipolar buck! output vOltage and it begins to nse. Staggered feedback
boost topology. This circuit is essentially a boost con(R3, R4, R5) allows the low-battery ~etector/amplifier to
verter with a linear post regulator. For VIN < VOUT, the take control using the MOSFET as a Imearpass element.
LT1303 boosts the input driving the bipolar emitter just
Because the MOSFET requires no base drive, and because
high enough to·maintain the desired outputvoltage~the
it has such a 10wON re~istance, the efficiency peaks at well
transistor is saturated. ForVIN > VOUT, the LT1303 drives
over 90%: Furthermore, the effiCiency peak occurs in the
the emitter to a value just higher than the input voltage
vicinity of Ii NiCd'snominal terminal voltage of 4 x 1.25 =
sufficient to develop the base current necessary to sup5V, right ithere the 'efficienGY is needed most.
port any load current. In this condition the transistor
serves ,as a li.near post regulator, cascoding the output ot
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DESIGN
NOTES
LTl510 High Efficiency Lithium-Ion Battery Charger
Design Note 111
Chiawei Liao
The LT®151 0 current mode PWM battery charger is the
simplest, most efficient solution for fast charging modern·
rechargeable batteries including lithium-ion (Li-Ion), nickelmetal-hydride (NiMH) and nickel-cadmium (NiCd) that
require constant current and/or constant voltage charging.
The internal switch is capable of delivering 1.5A DC current
(2A peak current). The onboard current sense resistor
(0.1 Q) makes the charge current programming very simple.
One resistor (or a programming current from a DAC) is
used to set the charging current to within 5% accuracy.
With 0.5% reference voltage accuracy, the LT151 016-lead
S package meets the critical constant voltage charging
requirement for lithium cells.
.
The LT1510 can charge batteries ranging from 1Vto 20V.
A blocking diode is not required between the chip and the
battery because the chip goes into sleep mode and drains
only 3~ when the wall adaptor is unplugged. Soft start and
shutdown features are also provided.
Lithium-Ion Battery Charger
The circuit in Figure 1 uses the 16-lead LT151 0 to charge
lithium-ion batteries at a constant 1.3A until battery voltage
reaches 8.4V set by R3 and R4. The charger will then automatically go into aconstant voltage mode with current decreasing
toward near zero over time as the battery reaches full charge.
This is the normal regimen for lithium-ion charging, with the
charger holding the battery at "float" voltage indefinitely. In
this case, no external sensing of full charge is needed. Figure
2 shows typical charging characteristics.

Figure 1. Charging Lithium-Ion Batteries
(Efficiency at 1.3A =86%)
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Figure 2. Battery Charging Characteristics

voltage divider current should be set at 0.5mA. 03 is used
to eliminate this current drain when adapter power is off,
The battery DC charging current is programmed by a with a 47k resistor to pull its gate low.
resistor RpROG ( or a DAC output current) at the PROG pin.
High DC accuracy is achieved with averaging capacitor With divider current set as 0.5mA, R4 = 2.465/0.5mA =
4.93k, let R4 = 4.99k:
CPROG. The basic formula for full charging current is:
ISAT = (lPROG)(2000) = (2.465/RpROG)(2000)

VBAT)
8.4 -1 ) = 12k
R3 = R4 (2.465
-,1 = 4.99k (2.465

= (2.465/3.83k)(2000) = 1.3A

Approximately 0.25mA flows out ofthe BAT pin at all times VIN has to be at least 3V higher than battery voltage and
when adapter power ,is applied. Therefore, to ensure a between 8.5V to 25V.
regulated output even when the battery is removed, the D, LTC and LT are registered trademarks of Linear Techno(ogy Corporation.

ON 111-:1

Lithiulli-ion batteries typically require float voltag~ accuracy of 1% to 2%. The LT15100VP voltage has Q.S%
accuracy at25°Cand 1% overfull temperature. This may
suggestthat very accurate (0.1 %) resistors are needed for
~3 and R4. Actually, in float mode the. charging currents
have tapered off to a low value and the LT151 0 will rarely
heat up past 50°C, so 0.25% resistors. will provide the
required level of overall accuracy.

Thermal Calculations
Although the battery charger achieves efficiency of approximately 86% at 1.3A, a thermal calculation should be
done to ensure that junction temperature will not exceed
125°C. Power dissipation in the IC is caused by bias and
driver current, switch resistance, switch transition losses
and the current sense resistor. The 16-lead SO, with a
thermal resistance of 50°C/W, can provide a full 1.5A
charging current in many situations. Figure 3 shows the
efficiency for charging currents up to 1.5A.
100
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P
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SWITCH 15.6

, + (1 0,-8)(15.6)(1.3)(200kHZ) =0.36W
PSENSE = (0.18)(1.3)2 = 0.30W
Total power in the IC is 0.1 + 0.12 + 0.36 + 0.30 = 0.88W
Temperature rise in the IC will be: (50°C/W)(0.88W) =44°C

Some battery manufacturers recommend termination of
constant voltage f.loat mode 30 to 90 minutes after charging current has dropped below a specified level (typically
50 rnA to 100mA). Check with the manufacturers for details. The circuit in Figure 4 will detect when charging
current has dropped below 75mA. This logic signal is used
to initiate atimeout period, after which the LT151 0 can be
shut down by pulling the Vc pin low with an open collector
or drain. Some external means may be used to detect the
need for additional charging or the charger may be turned
on periodically to complete ashort float voltage cycle. The
current trip level is determined by the battery voltage, R1
through R3, and the internal LT1510 sense resistor ('"
0.180 pin-to-pin). 02 generates hysteresis in the trip level
to avoid multiple comparator transitions. R2 and R3 are
chosen to total about 1Mto minimize battery loading. 02
is assumed to be off during high current charging when the
comparator output is high. To ensure this, the ratio of R2
to R3 is chosen to make the center node voltage less than
the logic supply. R4 is somewhat arbitrary and does not
affect trip point. R1 is adjusted to set the trip level:

1.5

Figure 3. Elliciency of Figure 1 Circuit
PBIAS = (3.5mA)(Vee) + (1.5mA)(VBAT)
+ (VBAT)2(7.5mA + 0.012 °IBAT)
Vee
Po RIVE = (IBAT)(VBAT)2
50 (Vee)
PswlTeH = (lBAT)2(~~:)(VBAT) + (ToL)(Vec)(lBAT)
PSENSE = (0.18g)(IBAT)2

R1 = (lTRIP)(R2 + R3)(0.18g)
VBAT
_ (75mA)(560k + 430k)(0.18) = 1 6k
804V
.

LT1510

BAT

INTERNAL t-H
SENSE
RESISTOR
0.180

1----,

"TRIP CURRENT =
R1 (V..T)
(R2+R3)(0.18O)

7

R4
4701< NEGATIVE EDGE
TO TIMER

R2

Rsw = Switch on resistance ~ 0.35g
TOl = Effective switch overlap time ~ 10ns
Vee = VIN - Oo4V

560k

R3

~+I---+--'

430k
":,,0N111.FQ4

Example: VIN =16V, VBAT =804V, IBAT =1.3A
PBIAS =(3.5mA)(15.6) + (1.5mA)(804)
(804)2(7.5mA + 0.012 01.3) =0 10W
+
15.6
.

(1.3)(804)2
PORIVE = 50 (15.6) = 0.12W

DN111-2

For literature on our Battery Chargers,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
LTC 1390: A Versatile 8-Channel Multiplexer -

Design Note 112

Kevin R. Hoskins

Introduction
Available in either 16-pin DIP or narrow body SOIC
packages, the CMOS LTC®1390 is a high performance 8to-l analog multiplexer. It is addressed through a 3-wire
digital interface featuring bidirectional serial data.
The LTC1390 features a typical on-resistance of 450,
typical switch leakage of 50pA and guaranteed breakbefore-make switch operation. Charge injection is ±1 OpC
(max). All digital inputs remain logic compatible whether
operating on single or dual supplies. The inputs are
robust, easily withstanding 100mA fault currents. The

LTC1390 operates over a wide power supply voltage
range of 3V to ±15V.
low Power, Daisy-Chain Serial Interface,
8-Channel AID System
Figure 1 shows the LTC1390 connected to the LTC1286
12-bit micropower AID converter. The Clock (CLK) and
Chip Select (CS) signals are connected in parallel to the
LTC1390 and LTC1286. Both the LTC1390 and the
LTC1286 are designed for serial data transfer. The LTC1390
also includes provisions for daisy-chain operation. This

cr, LTC and LT are registered trademarks of Linear Teehnology Corporation.
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allows full bidirectional communication over a single
serial data line. While CS is high the LTC1286 is inactive.
The serial data used to select a multiplexer channel is
applied to the LTC1390 DATA 1 input. Four bits are
clocked into the LTC1390. The LTC1286 DOUT is in a high
impedance state, ignoring these bits. The LTC1390 latches
the four data bits when the CS signal goes low, selecting
a channel and initiating an AID conversion from the
LTC1286. Subsequent clock cycles shift out LTC1286
conversion data through the LTC1390 (from DATA 1 to
DATA 2) to a host microprocessor. Figure 2 shows the
LTC1390 timing diagram.

rail-to-rail precision LTiI!>1366 operational amplifier. The
filter's cutoff frequency is set to 1kHz.

Conclusion
The LTC1390 provides designers of a serially interfaced
data acquisition system with a flexible, low power and
cost-effective way to expand the number of AID channels.
Vee VEE

..1
.1.
.!
ANALOG ..i

It is very easy to expand the width of the multiplexer and
take advantage of the LTC1390 daisy-chain capability.
Figure 3 shows the simple connections needed to add
multiplexer channels. The Data 2 on each additional
LTC1390 is connected to the Data 1 on the preceding
LTC1390. When operating with multiple LTC1390s, the
channel selecting data is sent in groups of four bits.
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Another useful feature of the LTC1390 is the ability to add
analog signal processing between the LTC1390 output
and an AID input. This helps save overall system cost
because only one signal processing circuit is needed
instead of one circuit per multiplexer input channel.
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Figure 3. Additional Multiplexer Channels Are Easy
to Add Without Adding Additional Serial Lines
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For literature on our Multiplexers,
call1-800-4-lINEAR. For applications help,
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DESIGN
NOTES
Big Power for Big Processors:
The LTC 1430 Synchronous Regulator -

Design Note 113

Dave Dwelley
Linear Technology introduces the LTC@1430 switching
regulator controller for high power 5V step-down applications where efficiency, output voltage accuracy and board
space requirements are critical. The LTC1430 is designed
to be configured as a synchronous buck converter with a
minimum of external components. It runs ata fixed switching frequency (nominally 200kHz) and provides all timing
and control functions, adjustable current limit and soft
start, and level shifted output drivers designed to drive an
all N-channel synchronous buck converter architecture.
The switch driver outputs are capable of driving multiple,
paralleled power MOSFETs with submicrosecond slew
rates, providing high efficiency at very high current levels
and eliminating the need for a heat sink in most designs.

separate power supply inputs and internal level shifters
allowing the MOSFET gate drive to be tailored for logiC
level or standard devices. External component count in the
high current path is minimized by eliminating low value
current sense resistors. Voltage feedback eliminates the
need for current sensing under normal operating conditions and output current limit is sensed by monitoring the
voltage drop across the ROS(ON) of M1 during its ON state.

LTC1430 Performance Features
The LTC1430 uses a voltage feedback loop to control
output voltage. It includes two additional internal feedback
loops to improve high frequency transient response. A
MAX loop responds within a single clock cycle when the
output exceeds the set point by more than 3%, forcing the
The LTC1430 is usable in converter designs providing from duty cycle to 0% and holding M2 on continuously until the
a few amps to over 50A of output current, allowing it to output drops back into the acceptable range. A MIN loop
supply 3.xV power to current hungry arrays of micropro- kicks in when the output sags 3% below the set point,
cessors. A novel "safety belt" feedback loop provides forcing the LTC1430 to 90% duty cycle until the output
excellent large-signal transient response with the simplic- recovers. The 90% maximum ensures that charge pump
ity of avoltage feedback deSign. The LTC1430 also includes drive continues to be supplied to the top MOSFET driver,
a micropower shutdown mode that drops the quiescent preventing the gate drive to M1 from deteriorating during
current to 1!lA. An all N-channel synchronous buck archi- extended transient loads. The MAX feedback loop is always
tecture allows the use of cost-effective, high power Nchannel MOSFETs. The on-chip output drivers feature D.lTe and IT are registered trademarks of linear Technology Corporation.
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Figure 1. Typical5V to 3.3V, 1DA LTC143D Application
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active, providing a measure of protection even if the 5V The 12A current limit is set by the 16k resistor R1 from
input supply is a~cidentally shorted to the lower micropro- PVcc to IMAX in conjunction with the 0.0350 on resistance
cessor supply. The MIN loop is disabled at start-up or of the MOSFETs (M1a, M1b). The 0.1¢ capacitor in
during current limit to allow soft start to function and to parallel with R1 improves power supply rejection at IMAX,
prevent MIN from taking over when the current limit circuit providing consistent current limit performance with voltis active:
age spikes present at PVcc. Css sets the soft start time; the
The LTC1430 includes an onboard reference trimmed to 0.01 ~ value shown provides a 3ms start-up time. The
2.7~, 15A inductor allows the peak current to rise to the
1.265V ±10mV and an onboard 0.1% resistor divider
full current limit value without saturating the inductor core.
string that provides a fixed 3.3V output. It specifies load
regulation of better than 20mV and line regulation of 5mV This allows the circuit to withstand extended output short
resulting in atotal worst-case output error of ±1.7% whe~ circuits. The inductor value is acompromise between peak
ripple current and output current slew rate, which affects
used with the internal divider or 0.1 % external resistors.
large-signal transient response. If the output load is exThe internal reference will drift an additional ±5mVoverthe
pected to generate large output currenttransients (as large
0° C to 70°C temperature range, providing a ±2.1 total
microprocessors
tend to do) the inductor value will need
error budget over this temperature range.
to be quite low, in the 1~ to 1O~ range.
The LTC1430 includes an internal oscillator that free runs at
Loop compensation is critical for obtaining optimum tranany frequency between 100kHz and 500kHz. The oscillator
sient response with avoltage feedback system. The comruns at a nominal 200kHz frequency with the FREQ pin
pensation components shown here give good response
floating. An external resistor from FREQ to ground will
when
used with the output capacitor values and brands
speed up the internal oscillator, whereas a resistor to Vcc
will slow the oscillator. The LTC1430 will shut down if the shown (Figure 3). The output capacitor ESR has a signifiSHDN pin is low continuously for more than 50llS, reducing cant effect on the transient response of the system; for best
results, use the largest value, lowest ESR capacitors that
the supply current to 11JA.
will fitthe budget and space requirements. Several smaller
A Typical 5V to 3.3V Application
capac!tors wired in parallel can help reduce total output
The typical application for the LTC1430 is a 5V to 3.xV capacitor ESR to acceptable levels. Input bypass capacitor
converter on a PC motherboard. The output is used to ESR is also important to keep input supply variations to a
power a Pentium® processor and the input is taken from minimum with 1OAp_p square wave current pulses flowing
the system 5V ±5% supply. The LTC1430 provides the into M1. AVX TPS series surface mount tantalum capaciprecisely regulated voltage required without an external tors and Sanyo OS-CON organic electrolytic capacitors are
preCision reference ortrimming. Figure 1 shows atypical recommended for both input and output bypass duty.
application with a 3.3V ±1% output voltage and a 12A Pentium is. regislered trademark of Intel Corporation.
output current limit. The power MOSFETs are sized so as
not to require a heat sink under ambient temperature
conditions up to 50°C. Typical efficiency is shown in
Figure 2.
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For literature on our Switching Regulators,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
The LTC 1267 Dual Switching Regulator Controller Operates
from High Input Voltages - Design Note 114
Randy G. Flatness and Craig Varga
Introduction
efficiencies at load currents from a few milliamps (when
The LTC@1267 dual switching regulator controller is the the device is in standby or sleep modes) to amps (under
conditions).
latest addition to Linear Technology's family of better than full power 100
90% efficient step-down DC/DC converters. The LTC1267
V'N=12~1111 I IIIIIII
features an extremely wide 4V to 40V input operating
J IIIIII J llillk
90
voltage range and reduced supply currents. The quiescent
5V SECTION
current is alow 320jJAand current in Shutdown mode drops
/ 3.3VSEcnON
to less than 20jJA. The combination of low supply currents
/
and high input voltage capability is ideal for battery-powered applications that require high voltage AC wall adapters.

rrnr

70

Linear Technology offers three versions of the LTC1267,
all in the space-saving 28-lead SSOP package. The LTC1267
60
lmA
10mA
100mA
lA 3A
provides fixed output voltages of 3.3V and 5V with indiOUTPUT CURRENT
vidual shutdown capability. The LTC1267-ADJ provides
two user-programmable output voltages set by external
Figure 1. LTC1267 Efficiency vs Output Current
resistive dividers. The LTC1267 -ADJ5 is configured with a
of the Figure 2 Circuit
fixed 5V output and a programmable output set by an
Description
external resistor divider.
Both regulator blocks in the LTC1267 use a constant off
High Efficiency with Dual Output Voltages
time, current mode architecture. This results in a power
To boost efficiency, a unique EXT Vee pin on the LTC1267 supply that has very high efficiency over a wide load
(also present on the single output LTC1159) allows the current range, fast transient response and very low dropMOSFET drivers and control circuitry to be powered from out. The LTC1267 is ideal for applications that require 3.3V
an external source, such as the output of the regulator and 5V to be implemented with the highest conversion
itself. Obtaining control and driver power from VOUT im- efficiencies over awide load current range in asmall board
proves efficiency at high input voltages, since the resulting space. The LTC1267-ADJ has two externally adjustable
current drawn from VIN is scaled by the duty cycle of the outputs which allow remote load sensing and user cusregulator. During start-up and short-circuit conditions, tomized output voltages.
operating power is supplied by an internal 4.5V low
dropout regulator. This regulator automatically turns off Each regulator section employs apair of external, complementary MOSFETs and a user programmable current
when the EXT Vee pin rises above 4.5V.
sense resistor to set the operation current level to optimize
This 28-pin controller uses Linear Technology's high performance for each application. A master Shutdown pin
performance, current mode architecture and Burst Mode™ turns off both main outputs and the 4.5V LDO. Both
operation. The LTC1267 automatically switches to Burst outputs in the LTC1267 and LTC1267-ADJ5 have indiMode operation at low output currents to maintain high vidual Shutdown capability, whereas the LTC1267 -ADJ
efficiency over two decades of load current range. The has a Shutdown pin for only one of its two outputs.
wide operating range is illustrated by the typical efficiency D, LTC and LT are registered trademarks of Linear Technology Corporation.
curve of Figure 1. Battery life is extended by providing high Burst Mode is atrademark of Linear Technology Corporation.
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The higher input voltage capability of the LTC1267 is
required by battery-powered systems that use many cells
in series to provide more power and longer battery life. For
applications requiring 12 cells or more, the AC adapter
voltage can be as nigh as 30V, well below the 40V maximum ofthe LTC1267, allowing operation directly from the
AC adapter. At low input voltages, the internal 4.SV low
dropout regulator stays in regulation with an input of only
SV, extracting the maximum possible energy from the
battery pack.
All members of the LTC11421LTC1267 family are capable
of 100% duty cycle, providing very low dropout operation
(lower than that of most linear low dropout regulators) and
all have built-in current limiting. As the input voltage on the
LTC1267 drops, the loop extends the on time for the
P-channel switch (off time is constant) thereby keeping
the inductor ripple current constant. Eventually the on time
extends so far that the P-channel MOSFET is on at DC or
100% duty cycle. Load and line regulation are excellent for
a wide variety of conditions, including making the transition from Burst Mode operation to continuous mode operation.

Fixed Output 3.3V and 5V Converter
A fixed LTC1267 application circuit creating 3.3V!3A and
5V/3A is shown in Figure 2. The operating efficiency shown

in Figure 1exceeds 90% for both the 3.3V and SV sections.
The 3.3V section of the circuit in Figure" 2 comprises the
main switch Q1, synchronous switch Q2, inductor L1 and
current shunt RSENSE3.
The 5V section is similar and comprises Q3, Q4, L2 and
RSENSE5. Each current sense resistor (RSENSE) monitors
the inductor current and is used to set the output current
according to the formula lOUT =100mV/RsENSE. Advantages of current control include excellent line and load
transient rejection, inherent short-circuit protection and
controlled start-up currents. Peak inductor currents for L1
and L2 are limited to 150mV/RsENSE or 4.5A. The EXT Vee
pin is connected to the 5V output, increasing efficiency at
high input voltages. The maximum input voltage is limited
by the external MOSFETs and should not exceed 28V.

Conclusion
The LTC1267 adds even more versatility to Linear
Technology's family of high efficiency step-down regulator controllers. Providing for up to 40V input voltage, the
LTC1267 allows the use of higher voltage wall adapters.
The 28-lead SSOP package and associated external components make dual output voltage, high efficiency DC/DC
conversion feasible in the extremely small board space
available in today's portable electronics.

5.5V < VIN < 25V
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Figure 2. LTC1267 Dual Output 3.3V and 5V High EHiciency Regulator

For literature on our DC/DC Converters,
call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
Create a Virtual Ground with the LTl 118-2.5 Sink/Source
Voltage Regulator - Design Note 115
Gary Maulding
Analog signal processing functions embedded in dominantly digital systems usually require the addition of a
negative power supply. Although many single supply
analog components are available, optimum performance
characteristics are often available only in devices that
require both positive and negative power supplies. Even
the use of single supply components does not solve all of
the problems of single 5V operation of analog functions.
Signal swings are restricted to apositive direction and may
approach but not reach ground potential. The LT®11182.5 source/sink voltage regulator, used as a supply splitter, provides the designer with an alternative to adding a
negative supply. Referencing the signal levels to the
regulator's 2.5V output allows symmetrical signal swings
and also allows the selection of op amps, active filters and
other components that do not have common mode range
to ground.
Resistive dividers are frequently used as supply splitters to
establish avirtual ground. This approach is often effective,
but the circuit designer must work around the resistive
divider's severe performance limitations. A fundamental
limitation of aresistive divider is the high power dissipation
required to obtain any suitable output impedance. A divider made from 2400 resistors, as in Figure 1a, pulls over
1OmA of quiescent current and has aDC output impedance
of 1200. In contrast, the LT1118-2.5 splitter shown in
Figure 1b achieves an output impedance of less than
0.0250 with a quiescent current of 600~. The resistive
divider's high output impedance restricts its use to high
impedance, low frequency Signal sources; otherwise, the
Vee

V - - O.SmA
g~ - . . - - - j I N

OUT

LT1118-2.5

t-..-TI'

2.5V
VIRTUAL GROUND
1 F ZOUT = 0.0250
DN11S·F01a

Figure1b. LT1118-2.5 Supply Splitter

output impedance of the splitter will cause gain errors and
AC response degradation in all op amp configurations
except unity-gain buffers. Use of large feedback network
resistors will limit frequency response and noise performance.
Figure 2 shows the LT1118-2.5 output impedance vs
frequency for several output current loads. Examination of
this plot reveals several operating characteristics of the
regulator. At low frequencies, the output impedance is
below 0.0250 at all operating points. No passive divider
can approach this low impedance. The quiescent current
condition has the maximum impedance, with both sink or
source current loads causing further output impedance
reduction. This level of impedance variation is so low
however, that no measurable distortion is introduced in the
.u. LTC and LT are registered trademarks of Linear Technology Corporation.
10

~

'5

0.1

~

--10.4mA

sv

0.01
2.SV
t - -......- VIRTUAL GROUND
Zour= 1200
11'F
2400
':'

~

0.001 L...L.l..l.ll.LW.....-L.U.J.llllL...L.I...I..L1.Wl-LLJ.
102
103
104
105
106
FREQUENCY (Hz)

DH115·rola

Figure 1a. Resistive Divider Supply Splitter

Figure 2. LT1118-2.5 Output Impedance vs Frequency
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signal, The low output impedance also allows low feedb~kresistance,video amplifiers to operate from the virtual
ground without gain errors or distortion-. As frequencies
increase, the.outputimpedance of the regulator increases,
until the output capacitor's impedance dominates and
rolls the impedance off to lower values again. With the 1/lf
capacitor used in this example, maximum output impedance is 30 at 30kHz. Larger output capacitors will reduce
this maximum impedance by intersecting the regulator's
output impedance curve at lower frequencies. Only in the
most demanding applications should alarger capacitor be
required.
The LTll18 family of regulators are all capable of sourcing
800mA and sinking 400rnA of load current. This high level
of current will handle almost any signal levels encountered
in supply splitter applications. Figure 3 shows the fast (less
than 5!JS) load transient settling characteristics of the
LTll18-2.5. This response was obtained using a 1/lf
output capacitor with 800mA to -400mA load steps. The
regulator is stable with any output capacitance greater than
0.2/lf, with largeJ capacitance reducing the output voltage

VOUT

SOOmA
GND
-400mA
DN11S0R)3

Figure 3. LT1118-2.5 Load Transient Response

VOUT

25mA

GND
-25mA
DM115°F04

Figure 4. Competitor's Supply Splitter Load Transient

transient amplitude. Competing supply splitter circuits do
not exhibit well-behaved transient behavior. This is illustrated in Figure 4, which shows a competitor's load transient response from .,.25mA to 25mA, the circuit's full
output capability. With 1!lf of output capacitance the
regulator is almost unstable.
The LT1118-2.5, like the LTll18-2.85/LTll18-5, is offered in both SOT-223 and SO-8 packages. The SO-8
version includes a Shutdown pin, which turns the output
high impedance and drops supply current to zero. The
SO-8 versions can be used to minimize power consumption when the analog functions are not in use. All members
ofthe LT1118 family share the performance features offast
settling and excellent transient response for loads between
400mA sinking to 800mA sourcing.
The LTll18-5 is auseful regulator for applications requiring very fast settling to full load transients. The current
sinking output limits output voltage overshoot compared
to conventional regulators.
The LTll18-2.85 is an ideal choice for SCSI terminator
applications. The increasing use of active negation drivers
to improve noise immunity in fast SCSI systems causes
conventional voltage regulators to lose regulation. The
current sinking output mode of the LTll18-2.85 maintains
asolid 2.85V output with the maximum 24 of 27 data lines
negated. The use of one LTll18-2.85 and twenty-seven
1100 surface mount resistors provides a more economical, higher performance solution for terminating fast wide
SCSI data busses than SCSI terminators with on-chip
resistors. Terminators with on-chip resistors have serious
deficiencies in power disSipation and output capaCitance
compared to an LTll18-2.85 solution. Up to 3.5W of
power is disSipated terminating a27 -line SCSI bus. Terminators with on-Chip resistors cannot dissipate this much
power from asurface mount IC package, so multiple chips
must be used to terminate the entire bus. One LT1118-2.85
with external resistors can do the whole job, since 2W is
dissipated in the resistors and only 1.5W in the IC. The
LTll18-2.85 plus external resistors also provides better
noise immunity than terminators with on-Chip resistors.
The pin capacitance of the IC can be as high as 2pF.
CapaCitance on the SCSI data lines causes reflections and
loss of noise immunity at high data rates. With the LTll182.85 plus external resistor solution, the data line capacitance is minimized to the PC board stray capacitance.

For literature on our Voltage Regulators,
call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 361
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DESIGN
NOTES
Micropower 12-Bit ADCs Shrink Board Space -

Design Note 116

Kevin R. Hoskins

Introduction
The LTC@1286/LTC1298areserial interfaced, micropower
12-bit analog-to-digital converters. In the realm of 12-bit
ADCs they bring a new low in power dissipation and the
small size of an SO-8 package to low cost, battery-powered
electronic products. These micropower devices consume
just 250~ (LTC1286) and 340~ (LTC1298) at full conversion speed and feature autoshutdown.
Many portable and battery-powered systems require internalanalog-to-digital conversion. Some, such as pen-based
computers, have ADCs at their very cores digitizing the pen
screen. Other systems use ADCs more peripherally to
monitor voltages or other parameters inside the equipment.
Regardless of the use, it has been difficult to obtain small
ADCs at power levels and prices that are low enough.
The LTC1286/LTC1298 meet these low power dissipation
and package size needs.

Micropower and 12-8its in an SO-8 Package
The LTC1286/LTC1298 are the latest members of the
growing family of SO-8 packaged parts (Table 1). As the
first of their kind in SO-8 packages, these are improvements to the 8-bit micropower LTC1 096/LTC1 098 ADCs.
The LTC1286/LTC1298 use a successive approximation
register(SAR) architecture. Both converters contain sampleand-holds and serial data I/O. The LTC1286 has a fully
differential analog input and the LTC1298 has atwo input
Table 1. LTC Micropower 3V and 5V 12-8il ADCs

DEVICE
LTC1285

POWER
DISSIPATION
AT 200ksps
12!1W
3nW*

S/(N+O)
SAMP
AT
INPUT POWER
FREQ NYQUIST RANGE SUPPLY
7.5ksps 72dB OVlo Vcc 2.7V 10
6V

lTC1286

25!1W
5nW*

12.5ksps

71dB

OVlo Vcc 4.5Vlo
9V

LTC1288

12!1W
3nW*

6.6ksps

72dB

OVlo Vcc 2.7V 10
6V

LTC1298

12!1W
5nW*

11.1 ksps

71dB

OVlo Vcc 4.5Vlo
5.5V
*5nW and 3nW power dissipalion during shuldown

multiplexer. While running at a full speed conversion rate
of 12.5ksps, the LTC1286 consumes only 250~ from a
single 5V supply voltage. The device automatically shuts
down to 1nA (typ) when not converting. Figure 1 shows
how this automatically reduces power at lower sample
rates. At a1ksps conversion rate, the supply current drops
to just 20~ (typ). Battery-powered designs will benefit
tremendously from this user transparent automatic power
dissipation optimization.

IL-LU~L-LU~L-LL~

O.lk

Ik
10k
SAMPLE FREQUENCY (Hz)

lOOk

Figure 1. The 1TC1286/LTC1298's Autoshutdown Feature
Automatically Conserves Power When Operating at
Reduced Sample Rales

The DC specifications include an excellent differential linearity error of 0.75LSB (max) and no missing codes. Both are
guaranteed over the operating temperature range. Pen
screen and other monitoring applications benefit greatly
from these tight specifications.
The attractiveness of the LTC1286/LTC1298's small SO-8
design is further enhanced by the use of just one surface
mount bypass capacitor (1W or less). Figure 2 shows a
typical connection to a microcontroller's serial port. For
ratio metric applications that require no external reference
voltage, the LTC1286/LTC1298's reference input is tied to
signal source's drive voltage. With their very low supply
LT. LTC and LT are registered trademarks of Linear Technology Corporation.
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very space efficient interface and significantly reduces cost
of applicationsreq4irjng isola~ion. The APC's high input
irnpedance eliminates the need for. buffer amplifiers. All of
",these features"combined with very attractive price, make
,':,"the LTC1286/LTC1298 ideal fOr new designs. '

Resistive Touchscreen Interface
OVTO 5VRANGE
Figure 3 shows the LTC1298 in a 4-wlre resistiile touchscreen. application. Transistor pairs Q1 andQ3, Q2 and Q4
apply Wand ground to the xaxis and Yaxis, respectively,
The LTC1298 (U1), with its 2-channel multiplexer, digiFigure 2. The No-Glue Serial Interface Simplifies
tizes the voltage generated by each axis and transmits the
Connection to SPI, aSPI or Microwlre Compatible
conversion results to the system's processor through a
Microcontrollers
serial interface'. RCcomblnations R1 C1, R2C2 and R3C3
current requirements,tMADCs can even be powered form lowpass filters that' attenuate noise from pOsSible
directly from an external voltage reference. This eliminates sources such as the processor clock, switching, power
the need for a separate voltage regulator. '
supplies and bus signals. Inverter U2A is used to detect
The LTC1286/LTC1298 contain everything required except screen contact both during a conversion sequence and to
an internal reference (not needed by many applications) trigger its start. Using the single channel LTC1286, 5-wire'
keeping systems costs low. The serial interface makes a resistive touchscreens are as easily accommodated.
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Figure 3. The LTC1298 Digitizes Resistive Touchscreen X and Y Axis Voltages. The ADC's Autoshutdown Feature Helps
Maximize Battery Life In Portable TouchSCreen Equipment

For literature on our AID Converters,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 525
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DESIGN
NOTES
70ma Protected Load Management Switch -

Design Note 117

Mitchell Lee and Tim Skovmand
In an effort to conserve energy, simple shutdown schemes
are incorporated into many battery-operated circuits. Not
all circuits lend themselves to direct control, however, and
instead the supply must be turned off by a switch. The
LTC®1477 high side switch is designed for this purpose
and includes short-circuit current limit and thermal shutdown to guard against faulty loads. Figure 1 shows a
simplified block diagram of the LTC1477.

03

ENABLE

~

VOUT

Figure 1. LTC1477 Block Diagram

Atthe heart ofthe LTC1477is a70m!1 N-channel MOSFET.
The split drains allow for selection of 0.85A, 1.5A or 2A
current limit. While enabled, the LTC1477 draws about
1001lA quiescent current, dropping to 1OnA in its disabled
state.
Figure 2 shows the LTC1477 and LTC699 conjoined in an
undervoltage disconnect application. The LTC699 microprocessor supervisor disables the LTC1477 and hence the
load whenever the input voltage falls below 4.65V. An
external logic signal applied to the gate of Q1 can also
disable the LTC1477. When enabled, the LTC1477 output
ramps over a period of approximately 1ms, thereby limiting the peak current in the load capacitor to 500mA. This
prevents glitches on the 5V source line that might otherwise affect adjacent loads.
An LT®1301 is used in Figure 3 to boost a 3.3V or 5V input
. to 12V, such as VPP for Flash memory. Although the
LT1301 features a shutdown control, the input supply can
still feed through tothe outputthrough L1and 01. Similarly,
a short circuit on the output could drag down the input
supply. With the addition of the LTC1477 the circuit furnishes 100% load shutdown and output short-circuit protection.
D. LTC and LT are registered trademarks of Linear Technology Corporalion.
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Figure 2. Switched 5V Line with Undervoltage Lockout and Current Limiting
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Low voltage cutoff is desirable in battery-operated systems to prevent deep discharge damage to the battery. The
LT1304 micropower boost regulator (Figure4) contains a "
low-battery detector which is active, even when the regulator is shut down. The outputofthe detector controls both '
the LTC1477 and the LT13045V boost regulator. In thiS
applica,tion the LTCH17 serves to protect against short

circuits (850mA limit selected) and completely disconnects the load under aJow-battery condition. In shutdown,
the circuit draws less than 25pA from the battery.
Adual version, the LTC1478 is available in a 16-pin narrow
body SO package. This device is well suited for dual voltage
(5V/3.3V) switching applications.
Dl
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Figure 3. Short-Circuit Protection and 100% Shutdown for a Micropower Boost Regulator
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For literature on our High Side Switches.
call1-800-4-UNEAR. For applications help.
tall (408) 432-1900, Ext. 525
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DESIGN
NOTES
IR LocalTalk Link Has Superior Range and Ambient Rejection
Design Note 118
Frank Cox
Infrared links are becoming increasingly popular for wire- 40kHz to BOkHz because of their switched mode active
less pOint-to-point communication between portable com- ballast circuits. Results of tests comparing IrDA-SIR and
puters, PDAs (Personal Digital Assistants), desktop IR LocalTalk are summarized in Table 1.
computers and peripherals. A key element in processing Table 1
these signals for minimum error rate and maximum range
DATA
AMBIENT
is the photodiode receiver. The function of the receiver is to MODULATION RANGE
RATE
REJECTION
transform modulated photodiode currentto avoltage and to
IR LocalTalk
2m
230kbps
Reiect a 15W 80kHz
process this voltage before converting it back to a digital
Fluorescent at 25cm
signal. Processing includes amplification, filtering, clamp115kbps
Reject a 15W 80kHz
1m
ing and thresholding. The L~1319 is a flexible, general IrDA-SIR
Fluorescent at 1.1 m
purpose building block that contains all the active Circuitry
necessary to build the receiverexceptthe photodiode itself.
As shown in Figure 1, the time frame is divided into four
LocalTal!(® is a230kBd, biphased encoded, serial commu- 2.1Bj.lS sections. As the baud rate for IR LocalTalk is fixed
nications standard developed by Apple Computer, Inc. for at 230kBd, one bit of information is transmitted every
hardwired peripheral connection. Infrared LocalTalk uses 4.35j.lS and two bits are transmitted in the complete B.7j.lS
modified pulse position modulation (PPM) to encode two frame. Each frame begins with a burst that is used for
bits of information in a time frame B.7j.lS long. PPM is a synchronizing. The position (or absence) of the subsemethod of modulating data by encoding its value as the quent burst within the frame encodes the two bits to be
position of a pulse within a time interval. Extending the transmitted. One important thing to note about this wavemaximum range of a data link and at the same time form is that the duty cycle is relatively constant. This is
minimizing errors, IR LocalTalk improves on simple PPM. important because the receiver is AC coupled. Avery wide
The improvement is made by sending a burst of narrow range of duty cycles will make it difficult to choose a good
pulses instead of a single pulse. Each burst consists of a compromise for the highpass break frequency. A misgroup of four 125ns pulses spaced 125ns apart. Sending match between the AC-coupling time constants and the
aburst instead of asingle pulse also reduces the LED duty
11
cycle allowing higher peak current and consequently more
range. Because the burst has amore complicated structure
10 nnnn
nnnn
JUUUII..-._ _IUUlU'-----::=-_
than asimple pulse, digital pattern recognition (done in the
digital decoder) can be used to improve the minimum
01
discernible Signal level and reject false signals, thereby
increasing the maximum error-free range of the link.
00 nnnn

L

JUUOI'-----_ _ _------'

Compared to industry standard IrDA-SIR (Infrared Data
Association Serial Infrared), IR LocalTalk serial links provide superior range, data rate and rejection of ambient light
interference. The spectrum used by IR serial links is full of
interference from sunlight, TV remotes and fluorescent
lights. The new high efficiency fluorescent lights are a
significant source of light interference at frequencies from

DN118·FOl

Figure 1. Pulse POSition Coding for IR LocalTalk
D, LTC and LT are registered trademarks of Linear Technology Corporation.
LocalTalk is a registered trademark of Apple Computer, Inc ..
lThe LT1319Is designed to have great flexibility to accommodate communication
standards that are just emerging or not yet defined. The ability to change the external
photodiode helps accomplish this task by allowing the user to choose the ideal
photodiode for the application. The LED transmitter is also external to the LT1319
for the same reason.
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stages, high pass loops and a comparator. The only difference between the two channels is the response time of the
comparators: 25ns and 60ns. For the 125ns pulses of IR
Figure 2is ablock diagram ofthe LT1319 and the necessary LocaIT~lk, the 25ns comparator with its active pull-up
output IS used. The low frequency comparator with its open
components to construct an IR LocalTalk link. The LT1319
collector
output (with 5kn internal pull-up) is suitable for
is intended to function in awide range of applications but
this note will focus only on IR LocalTalk because of Ii~ited more modest speeds such as the 1.61JS pulses or IrDA-SIR.
Each gain path has an AC coupling loop similar to the one
space. A low noise (2pAl-.JHz), high bandwidth (7MHz)
current-to-voltage converter formed by the preamplifier on the preamp. Capacitor CF5 sets the high pass corner at
140kHz for IR LocalTalk. The loops serve the additional
and its associated components transforms the reverse
purpose here of maintaining an accurate threshold for the
currentfrom an external photodiode to avoltage. Although
comparators
by forcing the DC level of the differential gain
the 7MHz bandwidth of the preamp supports 4Mbit data
stages to zero.
rates, a lowpass filter on the preamp output is used to
reduce the bandwidth to just the required amount in order As the preamp output is brought out and the inputs to the
to reduce noise. Proper filtering and the low noise of the two comparator channels are buffered, the user is free to
preamp allow for links of two meters or more.
constructthe exactfilter required forthe application by the
As shown in Figure 2, capacitor CF1 sets the break fre- careful selection of external components. RF1, CF2, CF3,
quency of an AC highpass loop around the preamp to RF2, CF4 and RF3 form a bandpass filter with a center
frequency of 3.5MHz and 3dB points of 1MHz and 12MHz.
1.80~Hz. T~is loop. reje~ts unwanted ambient light polluTogether with the highpass AC loop in the preamp and the
tion, including sunlight, Incandescent and fluorescent lights.
7MHz response of the preamp, this forms an optimal filter
The preamp stage is followed by two separate channels response for IR LocalTalk.
each containing a.high impedance filter buffer, two gain

dutycycle ofthe receive pulse can c.ause baseline shifts arid
false triggering when the signals are converted to digital
levels.
.

FILT2

+ e"

:I:' O.01~F
1l'1118°F02

-=-

Figure 2. IR LocalTalk Infrared Receiver

For literature on our Interface products,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 456
.
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DESIGN
NOTES
LTl580 Fast Response Low Dropout Regulator Achieves 0.4
Dropout at 4 Amps - Design Note 119
Craig Varga
Low dropout regulators have become more common in
desktop computer systems as microprocessor manufacturers have moved away from 5V only CPUs. A wide range of
supply requirements exists today with new voltages just over
the horizon. In many cases, the input-output differential is
very small, effectively disqualifying many of the low-dropout
regulators on the market today. Several manufacturers have
chosen to achieve lower dropout by using PNP-based regulators. The drawbacks of this approach include much larger
die size, inferior line rejection and poor transient response.

lator. Maximum input voltage from the main power source
is 7V and the absolute maximum control voltage is 13V.
The part is fully protected from overcurrent and overtemperature conditions. Both fixed voltage and adjustable
voltage versions are available. The adjustables are packaged in 5-pin TO-220s, whereas the fixed-voltage parts are
7-pin TO-220s.
The LT1580 Brings Many New Features
Why so many pins? The LT1580 includes several innovative features that require additional pins. Both the fixed and
adjustable versions have remote-sense pins, permitting
very accurate regulation of output voltage at the load,
where it counts, ratherthan atthe regulator. As aresult, the
typical load regulation over a range of 1OOmA to 7Awith a
2.5Voutput is approximately±1 mV. The Sense pin and the
VCONT pin, plus the conventional three pins of an LDO
regulator, give apin count of five forthe adjustable design.
The fixed voltage part adds aGND pin forthe bottom ofthe
internal feedback divider, bringing the pin count to six. Pin
7 is a no connect.

ENTER THE LT@1580
The new LT1580 NPN regulator is designed to make use of
the higher supply voltages already present in most systems. The higher voltage source is used to provide power
for the control circuitry and supply the drive current to the
NPN output transistor. This allows the NPN to be driven
into saturation, thereby reducing the dropout voltage by a
VBE compared to a conventional design. Applications for
the LT1580 include 3.3V to 2.5V conversion with a 5V
control supply, 5V to 4.2V conversion with a 12V control
supply, or 5V to 3.6V conversion with a12V control supply. Note that the Adjust pin is brought out even on the fixed
It is easy to obtain dropout voltages as low as O.4V at 4A, voltage parts. This allows the user to greatly improve the
along with excellent static and dynamic specifications.
dynamic response of the regulator by bypassing the feedThe LT1580 is capable of 7A maximum with approximately back divider with a capacitor. In the past, using a fixed
0.8V input-to-output differential. The current requirement regulator meant suffering aloss of performance due to the
forthe control voltage source is approximately 1/1 00 ofthe lack of such a bypass. A capaCitor value of 0.11lF to
output load current or about 70mA for a 7A load. The approximately 11lF will generally provide optimum tranLT1580 presents no supply-sequencing issues. If the con- sient response. The value chosen depends on the amount
trol voltage comes up first, the regulator will not try to of output capacitance in the system.
supply the full-load demand from this source. The control In addition to the enhancements already mentioned, the
voltage must be at least 1V greater than the outputto obtain reference accuracy has been improved by a factor of two,
optimum performance. For adjustable regulators, the ad- with aguaranteed 0.5% tolerance. Temperature drift is also
just-pin current is approximately 60pA and varies directly very well controlled. When combined with ratio metrically
with absolute temperature. In fixed regulators, the ground accurate internal divider resistors, the part can easily hold
pin current is about 1OmA and stays essentially constant as 1% output accuracy over temperature, guaranteed, while
a function of load. Transient response performance is operating with an input/output differential of well under 1V.
similarto that of the LT1584 fast-transient-response regu- D, LTC and LTare registered trademarks of LinearTechnology Corporation.
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In some cases, a higher supply voltage for the control
voltage will notb'e avaiiable.lftheGontrol pin is tied to the
main supply, the regulator will still function as a conventional liDO and offer a dropout specification approximately
70rriV better than conventional NPN-based LDOs. This is
the result ofelimiriating the voltage drop of the on-die
connection to the control circuit that exists in older designs. This connection is now made externally, on the PC
board, using much larger conductors than are possible on
the die.

Circuit Example
Figure 1 shows a circuit designed to deliver2.5V from a
3.3V source with 5V available for the control voltage. Figure
2 shows the response to aload'step of 200mA to 4.0A. The
circuit is configured with a 0.3311F adjust-pin bypass
capacitor. The performance withoutthis capacitor is shown
in Figure 3. This difference in performance is the reason for
providing the Adjust pin on the fixed-voltage devices. A
substantial savings in expensive output decoupling capacitance may be realized by adding a small ceramic capacitor
at this pin.
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Figure 1. LT1580 Delivers 2.5V from 3.3V at Up to 6A
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Figure 2. Transient Response of Figure 1's Circuit with
Adjust-Pin Bypass Capacitor. Laad Step Is from
200mA to 4 Amps

Figure 3. Transient Response Without Adjust-Pin
, Bypass Capacitor: Otherwise, Conditions Are th~
Same as in Figure 2

For literature on our Power Products,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 456
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DESIGN
NOTES
The LTl304: Micropower DC/DC Converter with Independent
Low-Battery Detector - Design Note 120
Steve Pietkiewicz
In the expanding world of low power portable electronics, voltage of 2V. As the battery voltage decreases below 2V,
a 2- or 3-cell battery remains a popular power source. cell impedance starts to quickly increase. End-of-life is
Designers have many options for converting the 2V to 4V usually assumed to be around 1.8V, or 0.9V per cell. Burst
battery voltage to 5V, 3.3V and other required system Mode micropower operation keeps efficiency above 70%
voltages using low voltage DCfDC converter ICs. The even for load current below 1mA. Efficiency, detailed in
LT@1304 offers users a micropower step-up DCfDC con- Figure 2, reaches 85% for a 3.3V input. Load transient
verter featuring Burst Mode™ operation and alow-battery response is illustrated in Figure 3. Since the LT1304 uses
detector that stays alive when the converter is shut down. a hysteretic comparator in place of the traditional linear
The device consumes only 125~ when active, yet can feedback loop, the circuit responds immediately to changes
deliver 5V at up to 200mA from a2V input. High frequency in load current. Figure 4details start-up behavior. Afterthe
operation up to 300kHz allows the use of tiny surface device is enabled, output voltage reaches 5V in approximount inductors and capacitors. When the device is shut mately 2ms while delivering 200mA.
down the low-battery detector draws only 10llA. An effi- .D', LTC and LT are registered trademarks of Linear Technology Corporation.
cient internal power NPN switch handles 1A with a drop of Burst Mode is a trademark of Linear Technology Corporation.
500mV. Up to 85% efficiency is obtainable in 2-cell to 5V
90
VIN : 3:311----U 11111111 illJIL
converter applications. The fixed output LT1304-5 and
LT1304-3.3 versions have internal resistor dividers that set
80
~ UIIII_215~'
the output voltage to 5V or 3.3V, respectively.
Ilml-"~

A 2-Cell to 5V Converter

VIN = 1.8V

Acompact 2-cell to 5V converter can be constructed using
the circuit of Figure 1. The LT1304-5 fixed output device
eliminates the need for external voltage setting resistors,
lowering component count. As the battery voltage drops,
the circuit continues to function until the LT1304's undervoltage lockout disables the part at approximately VIN =
1.5V. Up to 200mA output current is available at a battery
MBRS130L
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Figure 3. Boosl Converter Load Transient Response
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response of the low-battery detector results in the high
number of individual switch cycles or "hits" within the burst.
VOUT
1V1DIV

Figure 8 depicts output voltage at the modest load of
1001JA. The burst repetition rate is around 4Hz. With the
load removed, the repetition rate drops to approximately
0.2Hz, or one burst every 5 seconds. Systems that spend
a high percentage of operating time in sleep mode can
benefit from the greatly reduced quiescent power drain of
Figure 5's circuit.

VSHDN
10VlDIV

Figure 4. Start-Up Response into 200mA load.
VOUT Reaches 5V in Just Over 2ms

Super Burst is a trademark of Linear Technology Corporation.

Super Burst™ Mode Operation: 5V/80mA DC/DC with
151JA Quiescent Current
The LT1304's low-battery detector can be used to control
the DC/DC converter. The result is areduction in quiescent
current by almost an order of magnitude. Figure 5 details
this Super Burst mode operation circuit. VOUT is monitored by the LT1304's LBI pin via resistor divider R1/R2.
When LBI is above 1.2V, LBO is high, forcing the LT1304
into shutdown mode and reducing current drain from the
battery to 151JA. When VOUT decreases enough to overcome the low-battery detector's hysteresis (about 35mV)
LBO goes low. Q1 turns on, pulling SHDN high and turning
on the rest ofthe IC. R3limits peak currentto 500mA; it can
be removed for higher output power. Efficiency is shown in
Figure 6. The converter is approximately 70% efficient at
a 1OOIJA load, 20 pOints higher than the circuit of Figure 1.
Even at a1OIJA load, efficiency is in the 40% to 50% range,
equivalent to 1OOIlW to 120llW total power drain from the
battery. In contrast, Figure 1's circuit consumes approximately 300llW to 400llW unloaded.
An output capacitor charging cycle or "burst" is shown in
Figure 7 with the circuit driving a 50mA load. The slow
,..:'a_-_15;..jlJ\_ _ _--....,rY'I~
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Figure 6. Super Burst Mode Operation
DC/DC Converter Efficiency
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Figure 7. Super Burst Mode Operation in Action
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Figure 5. Super Burst Mode Operation 2-Cellto 5V
DC/DC Converter Draws Only 15~ Unloaded. Two AA
Alkaline Cells Will last for Years
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For literature on our DC/DC Converters,
call1-800-4-LlNEAR For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
New Micropower, Low Dropout Regulators Ease Battery
Supply Designs - Design Note 121
Mitchell Lee and John Seago
Three new linear regulators simplify the design of battery- Acommon problem in portable equipment is the chance of
operated equipment. The l T®1521 is a 300mA, positive installing the batteries backwards, thereby destroying the
low dropout regulator with micropower quiescent current electronics contained within. The l T1521 needs no reverse
and shutdown. The l T1175 is a 500mA negative comple- protection diode to guard against this condition, as it is
ment with adjustable current limit. A third product, the designed to withstand up to - 20V input while also protectl T111B, has the unique capability of maintaining output ing the load. low dropout is preserved.
regulation while sourcing or sinking load current.
Most important for battery applications is low dropout, a
The l T1521 contains all of the features associated with characteristic not neglected in the design ofthe l T1521. At
battery-operated applications. In designs where memory 300mA the dropout is just 500mV, dropping to approximust be powered continuously, the l T1521 's 12~ quies- mately 290mV at a50mA load. This enables the l T1521 to
cent current eliminates the need fora separate micro power maintain regulation while draining the last drop of power
backup supply. In shutdown the quiescent current drops from the battery.
to 6~. Figure 1 shows an example application using the like the l T1521, the l T1175 also features low dropout,
l TC®1477 as ameans of disconnecting all circuitry except running 500mV at 500mA load current. Quiescent current
for memory and ON/OFF control logic. The lTC1477 is 45~ dropping to 1O~ in shutdown.
protected high side switch draws only 10nA in shutdown,
eliminating itself as well as its load as a factor in battery The l T1175 offers several unique features not available in
other negative regulators. First, the current limit is adjustshelf life.
able by pin strapping to 200mA, 400mA, 600mA or BOOmA.
In battery-backed memory applications, the output of the This allows the current limit to be tailored to suit normal
l T1521 can be held up by the backup battery while in load requirements while not exceeding the maximum safe
shutdown oreven with the input power removed. No series current drain from the battery during a short-circuit fault.
output diode is required as reverse currentflow is internally
Shutdown on a negative regulator could be a mixed
limited to about 5~.
blessing, particularly if positive logic was used to control
a negative input. The l T1175 solves this problem by
accepting either positive or negative shutdown signals.
Holding the Shutdown pin within O.BV of ground disables
the l T1175. If pulled t02.5V or more positive or negative
8 IN
with respect to ground, the regulator is enabled. If shutT lJ!F
LT1521-5
down is not desired, either float or connectthe Shutdown
pin to VIN and the regulator will be enabled whenever
':' NC 5 SHDN SENSE 2
power is applied.
;,5.5V
GND

-=~

,:,3

Figure 1. The LT1521's 12~ Standby Current Eliminates
the Need for a Separate Memory Backup Supply

The l T1521 and l T1175 work well together as the basis for
asplit supply as shown in Figure 2. low output capacitance
requirements allow the use of ceramic units instead of
larger, more expensive electrolytic or tantalum capacitors.
D; LTC and LT are registered trademarks of Linear Technology Corporation.
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Figure 2. In a Split Supply Application the
Shutdown Pins May Be Commanded in Parallel
Using Positive Logic

critical applications. This device features the ability to both
source and sink load current (+800mA, -400mA), and
exhibits an output impedance of about 161JH across awide
range offrequencies. The output remains stable irrespective of any bypass capacitance of 220nF or more. An
output impedance of less than 3n can be acheived across
a1OMHz bandwidth with the addition of a1¢= bypass; less
than 1n with a 10¢= bypass.
The LT1118 is available in 5V, 2.85Vand 2.5V versions.
Where the 5V version might serve as a stand alone
regulator, the 2.5V version is agood choice for splitting an
existing 5V rail (see Figure 4). In addition to greatly
reducing power consumption, the DC output impedance is
less than 0.025n-unmatched by any resistive divider
solution. A separate Enable pin shuts off the LT1118,
redUCing its supply currentto 1~. Figure 5 shows typical
output impedance under avariety of operating conditions.

LT1S21-5

-=- ;,s.sv
LT1175·5

TIME =SO!lSlDlV
Rl =100Q/SIDE
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Figure 3. Clean Start-Up and Shutdown is Assured by
Utilizing Ganged Shutdown Control of the LT1521 and
LT1175.
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Figure 4. Splitting the Supply Saves Power and Holds Bias
Point DC Resistance to Less Than 0.0250

Owing to the LT1175's unique Shutdown pin, the Shutdown pins of both devices can be joined together as
shown and driven from a positive control logic signal.
Behavior of the outputs relative to shutdown control is
shown in Figure 3.
Although the LT1521-5 can tolerate up to ~ 20V forced
output potential with respect to its input, supply reversal
diodes (1 N4001) are often required to protect both linear
and digital load circuitry from damage under transient
start-up or fault conditions. The LT1175 is designed to
withstand up to +2V forced output voltage. For both
devices, start-up and recovery from short~circuit or thermal shutdown is guaranteed under these conditions.
As anyone who has designed and built a"single supply" op
amp circuit can attest, few can be implemented withoutthe
use of a mid-supply bias point or resistive divider providing that same function. The LT1118 serves as alow power
means of obtaining a regulated, low dropout bias pOint for

DN121·F05

Figure 5. LT1118-2.5 Output Impedance vs Frequency

For literature on our Linear Regulators,
call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext361
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DESIGN
NOTES
Dual Regulators Power Pentium® Processor or Upgrade CPU
Design Note 122
Craig Varga
Many manufacturers of Pentium<ll> processor-based
motherboards have been searching for an economical
solution to the problem of powering the present generation
Pentium P54C and accommodating the upgrade processorsthatwill soon become available. The existing processor
uses a single supply for both the processor core and the
I/O. For the highest frequency offerings, the supply required is 3.5V ±1 OOmV (VRE specification). For the lower
performance end of the clock frequency spectrum, a
supply voltage of 3.3V ±5% is adequate. Recently, Intel
respecified the standard 3.3V CPUs for operation at 3.5V.
This allows designs for any clock frequency to be operated
from asingle 3.5V supply. The I/O ring and chipset should
be powered by the same voltage as the CPU core, whether
that is 3.3V or 3.5V.
The P55C upgrade processor, which will soon be available,
requires separate supplies for the core and the I/O. The
nominal core voltage is targeted at 2.500V ±5%, whereas
the I/O supply is still nominally 3.3V. There is also a
processor pin, VCC2DET, at location AL1, that is bonded to
ground on the P55C, but is open on the P54C. Asignificant
complication is introduced by the core and I/O power pins
of the P54C being shorted together on-chip. Figure 1
shows the system block diagram. If the core and I/O
supplies don't deliver proportional currents, damage to the
P54 metallization may occur. The LT<Il>1580/LT1587-based
circuit shown in Figure 2 will automatically supply the
required voltages to the CPU and the I/O circuitry based on
the status of the VCC2DET pin and share the load between the
two regulators.
1/0
REG

1/0
LOADS

A Simple Solution
This dual linear regulator circuit employs an LT1580 for the
CPU core supply and an LT1587 for the I/O supply. The
LT1580 has a precision reference, remote sense and exceptionally low dropout voltage. It is capable of meeting the
stringent VRE voltage specification when subjected to the
scrutiny of worst-case analysis. The LT1587 is rated at
3.0A maximum current and is adequate to power the I/O
supply of most desktop systems. If more than 3A of I/O
current is required-your design has a very large L2
.J:T , LTC and LT are registered trademarks of Linear Technology Corporation.
Pentium is a registered trademark of Intel Corporation ..
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5V

R10
10k

R11
10k

CORE
SUPPLY
3.5VI2.5V

R13
0.005Q'

+

C9

-:J:" 220~F
.".. 10V

C5
0.33~F~

+

C2
220~F

~10V

R6
89.m
0.5%

R7
10m
0.25%
Q1
ZVN4206

CORE
REG
INTERNAL
METAL,
P54 ONLY

'RESISTORS ARE IMPLEMENTED AS COPPER TRACES ON PCB
IF 1 OZ COPPER, TRACE WIDTHS ARE 0.05 INCH
IF 2 OZ COPPER, TRACE WIDTHS ARE 0.025 INCH
R13 IS 0.83 INCHES LONG, R121S 1.24 INCHES LONG

E3 CPU TYPE
0
P55C
P54C

-,1-,-~_

CPU

Figure 1. System Configuration

Figure 2. Power Supply Schematic Diagram
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cache .• for ~xample-anLf1585A, which is capable of from the circuit, which causes. the 1/0 regulator's outputto
5.0A, may be substituted for the [11587 by changhJ!1one drop to 3.3V. Resistor R11 pulls up the cathode of. D2 when
resistor value (R12): See the DesiQn Equations for details. powering a P54 so· that diode leakage ourrent does not
Op amp U1 forces the tWo regulators fo shafethe load ~ . cause anerrot in current.sharing.·
cllrrent when me outputs are shorted together by the CPU The LT1580 permits remote sensing of the load voltage at
metalization. The load current is sensed byftie two low the CPU. Also, by inserting alow value resistor in the sense
value current sense resistors R12 and R13. These resistors .;; line, asmall intentional load regulation error is introduced,
are actually implemented as short traces on the PC board. which, it can be shown, will reduce the peak-to-peak
The design does not depend on the sense resistors' abso- transient response ofthe regulator.The regulation error is
lute values being accurate; only ratiometric matching is well-controlled atthe load and is nota function of any trace
required forthe circuitto function properly. The resistance resistance or parasitics. This technique realizes areduction
ratio will be very well-controlled across PC board produc- in the amount of output capacitance required to control the
tion lots.
core voltage transients.
Amplifier U1 pulls up onthe Adjust pin of U2, raising the
output voltage ofthe 110 regulator until the proper current
ratio between the two regulators is established. This
condition is met when the voltage drop across the sense
resistors is equal. The regulator currents are inversely
proportional to the sense resistor values, and hence, to
the resistor trace lengths. If a different current ratio is
desired, just refigure the trace lengths per the equations
given. The voltage drop across the resistors at full load is
approximately 25mV. Of course, discrete resistors may
be used if desired, but they are quite costly compared to
a PC board trace.
Nonideal components will translate into errors in the
current sharing ratio. With the components shown, the
largest contributor to current-sharing errors is the error
amplifier offset voltage. The very low offset of the economical LT1006CS8 (400IlV max) ensures a worst-case
share error of only 1.6%.lfthe through hole version of the
LT1006 is used, this error drops by a factor of five. It is
possible to further reduce the value of the sense resistors
with this op amp.

Conclusion.
With asmallilumber oflow cost components, it is possible
to eliminate the need Jor replaceable power supply modulesand still accommodate the desire to upgrade the
microprocessor to improved technology. Moreover, the
solution results in an "idiot proof" design, preventing the
application of an inappropriate supply voltage; which could
damage an expensive CPU.
Design Equations:
Assume Vs of approximately 25mV,
R13 = ~
ICORE

R12 = ICORE (R13)
11/0

10z copper thickness is 0.0036cm
20z copper thickness is 0.0071 cm
for 1oz copper PC board, use 0.127cm (0.050") wide traces
for 20z copper PC board; use 0.064cm (0;025") wide traces

R

L =Rs (t)(W)

If auser should upgrade to a P55C, E3 is now connected to
ground. This turns off 02, allowing 01 and 03 to turn on. Where L is the trace length in cm
01 shorts out part of the feedback divider of the LT1580,
lowering its output to 2.500V. 03 pulls the noninverting R is the desired resistance
input of U1 low, forcing the op amp output to ground. D1 Rs is th.e specific resistivity of copper: l.72llil cm
is now back biased, effectively disconnecting the op amp t is the copper thickness of the PC board in ,cm

For literature on ollr Low Dropout Regulators,
call1-800-4-UNEAR. For applications help,
call (408) 132-.190Q, Ext2360
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DESIGN
NOTES
Ultralow Power Comparators Include Reference
Design Note 123
Robert Reay
With the explosion of battery-powered products has come
the need for circuits that draw as little supply current as
possible in order to extend battery life. LinearTechnology's
new family of micropower comparators with built-in references is designed to meet that need. Drawing only 1~ of
supply current per comparator, the LTC®1440-LTC1445
family provides the periect solution to battery-powered
system monitoring problems.

n

2.4M

5%

The LTC1440-LTC1445 family features 1~ comparators,
adjustable hysteresis, TTUCMOS outputs that sink and
source current and a 1~ reference that can drive a bypass
capacitor of up to 0.01/lf without oscillation. The parts
operate from a2Vto 11V single supply ora±1Vto±5V dual
supply. Each comparator's input voltage range swings from
the negative supply rail to within 1.3Vofthe positive supply.
The comparator propagation delay is 12115 with a 10mV
overdrive, and the supply current glitches that commonly
occur when comparators change logic states have been
eliminated. Table 1 summarizes the features of each member of the family.
Voltage Reference
The internal bandgap voltage reference has an output voltage of 1.182V above V- for the LTC144D-LTC1443 and
1.22V ±1 % for the LTC1444 and LTC1445. The reference
output is capable of sourcing up to 200~ and sinking 15~.
The reference output can directly drive an external bypass
capacitor up to 0.01/lf without oscillation. By placing a

Test Circuit
BV
V+
5V

OUT

2mVIDIV

Figure 1. Reference Settling
resistor in series with the bypass capacitor, ringing at the
reference output can be eliminated and a greater capac itance value can be used. The bypass capacitor prevents
reference load transients or power supply glitches from
D.LTCandLTareregisteredtrademarksoflinearTechnologyCorporation.

Tabla 1.
NUMBER OF
COMPARATORS
1

SUPPLY
Dual

2.511A

ADJUSTABLE
HYSTERESIS
Yes

2

Single

3.511A

No

Single
Dual

3.511A
5.011A

Yes

LTC1443

2
4

No

1.182V±1%
1.182V ±1%
1.182V ±1%

LTC1444

4

Single

5.011A

Yes

1.221V±1%

CMOS
Open Drain

LTC1445

4

Single

5.011A

Yes

1.221V±1%

CMOS

PART NUMBER
LTC1440
LTC1441
LTC1442

SUPPLY
CURRENT

REFERENCE
1.182V ±1%

COMPARATOR
OUTPUT
CMOS
CMOS
CMOS
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disturbing the reference voltage, which helps eliminate false
triggering of the comparators when they are connected to
the reference. Figure 1 shows the reference voltage settling
during a power supply transient:

Vee
R1
1.33M
1%
OUT A 1 UNDERVOLTAGE
(4.5V)

Ul'ldervoltage/Overvoltage Detector
The LTC1442 can be easily configured as an undervoltage
and overvoltage detector as shown in Figure 2. R1, R2 and
R3 form a resistive divider from Vee so that comparator A
goes low when Vee drops below 4.5V, and comparator B
goes low when Vee rises above 5.5V. A 10mV hysteresis
band is set by R4 and R5 to prevent oscillations near the trip
points.

R2
84.5k
1%'
OUT B 8 OVERVOLTAGE
(5.5V)
R3
392k .---.....::j
1% """.,...-.::~...
R4
2.4M
5%.

Single Cell Lithium-Ion Battery Supply
Figure 3shows asingle cell lithium-ion battery to 5V supply
with the low-battery warning, low-battery shutdown and
reset functions provided by the LTC1444. The LT@1300
micropower step-up DC/DC converter boosts the battery
voltage to 5V using L1 and 01. Capacitors C2 and C3 provide
input and output filtering. '.

Figure 2. Undervoltage/Overvoltage Detector

overdischarge, the output of comparator Bis pulled high by
R7 when the battery voltage falls beloW 2.4V. P-channel Q1
and the LT1300 are turned off, dropping the quiescent
current to 201JA. Q1 is needed to prevent the load circuitry
from discharging the battery through L1 and 01.

The voltage monitoring circuitry takes advantage of the
LTC1444's open-drain outputs and low supply voltage
operation. Comparators Aand B, along with R1, R2 and R3,
monitor the battery voltage. When the battery voltage drops
below 2.6V, comparator A's output pulls low to generate a
nonmaskable iilterrupt to the microprocessor to warn of a
low-battery conditjon. To protect the battery from
R1
1.1M
5%

l~~H

D1
SUMIDA 1N5817
CD54-100

SW

V,.
1 CELL
LlTHIUMION
BATTERY

Comparators Cand 0 provide the reset input to the microprocessor. As soon as the boost converter output rises
above the 4.65V threshold set by R8 and R9, comparator C
turns off and R10 starts to charge C4. After 200ms, comparator 0 turns off and the Reset pin is pulled high by R12.

SENSE
R3
1M
1%

3 SHDN

LT1300

Q1.

NC 5 IUM
NC 2 SEL

+

PWRGND
8

GND
1

MMFT2955ETI
C3
100~F

R9
267k
1%

C2, C3: AUX TPSD1 07M010R01 00 OR
SANYO OS-CON 16SA100M

Figure 3. Single .Cell to 5V Supply

For literature on our Comparators,
call1-800-4-LlNEAR. For applications help.,
call (408) 432-1900, Ext. 456
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DESIGN
NOTES
New Battery Charger ICs Need No Heat Sinks
Design Note 124
Carl Nelson
The L~151 0 and LT1511 are high efficiency battery-charging chips capable of output powers up to 25W and 50W,
respectively. These chips are intended for fast-charging
batteries in modern portable equipment where space is at a
premium. They are therefore packaged in low profile surface
mount packages and run at afairly high frequency (200kHz)
to minimize the height and footprint of the complete battery
charger. To minimize thermal resistance, these packages
are specially constructed with the die-attach paddle connected (fused) directly to multiple package leads.
When operating these chips near their maximum power
levels, extra care should be taken to minimize chip power
dissipation and to keep the overall thermal resistance ofthe
package-board combination as low as possible. Figure 1
shows a simple way to reduce power dissipation with no
loss in performance. The LT151 0 and LT1511 use an
external diode (02) and capacitor (Cx) to generate avoltage
that is higher than the input voltage. This voltage is used to
supply the base drive to the internal NPN power switch to
allow it to saturate with aforced hFE of about 50. Switching
speed and on-resistance losses are minimized with this
technique. The required boost voltage is only 3V, but with
the normal connection of 02, the resulting boost voltage is
equal to the battery voltage. Unnecessarily high base drive
losses result with high battery voltages. Connecting 02 to
a 3.3V or 5V supply (Vx) instead of to the battery reduces
chip dissipation by approximately:
Power reduction =(VSAT - VX)(ICHRG)(VSAT)/(50)(VIN)
With a 20V adapter charging a 12.6V battery at 3A, and
Vx =3.3V, chip power is reduced by 0.35W.

FLOATING BOOST VOLTAGE
EQUAL TO 02 ANODE VOLTAGE
APPEARS ACROSS THIS CAPACITOR

.---_~.......--rs;;--CLP'~~".,...--'~ ADAPTER
IN
LT1511

1-<~-?'-4I---"" ~~STEM

BOOST

POWER
Rs< AND 03 CARRY
FULL ADAPTER CURRENT

BAT
RS1
0.03311

RS2
20011

'~Mr-+---_--"" ~~STEM
+

3.3V

=

COUT

*22~F

BATTERY

-f

NOTE: TECHNIQUE ALSO APPLIES TO LT1510. SOME COMPONENTS
NOT SHOWN TO SIMPLIFY SCHEMATIC

Figure 1
board to other copper layers. Each layer acts as a thermal
heat spreader that increases the heat sinking effectiveness
of extended areas of the board.
Total board area becomes an important factor when the area of
the board drops below about 20 square inches. The graphs in
Figures 2and 3show thermal resistance versus board area for
2-layer and 4-layer boards. Note that 4-layer boards have
significantly lower thermal resistance, but both types show a
rapid increase for reduced board areas. Rgures 4 and 5 show
actual measured lead temperatures for chargers operating at
full current. Battery voltage and input voltage will affect device
power dissipation, so the data sheet power calculations must
be used to extrapolate these readings to other situations.
Vias should be used to connect board layers together.
Planes under the charger area can be cut away from the rest
of the board and connected with vias to form both a low
thermal resistance system and to act as a ground plane for
reduced EMI.

Fused-lead packages conduct most of their heat out the
leads. This makes it very important to provide as much PC Glue-on, chip-mounted heat sinks are effective only in
board copper around the leads as is practical. Total thermal moderate power applications where the PC board copper
resistance of the package-board combination is dominated cannot be used, or where the board size is small. They offer
by the characteristics of the board in the immediate area of very little improvement in a properly laid out multilayer
the package. This means both lateral thermal resistance board of reasonable size.
across the board and vertical thermal resistance through the .u. LTC and LT are registered trademarks of Linear Technology Corporation.
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The suggested methods for afinal check on chip operating
temperature are to solder a small thermocouple on top of
one of the IC ground leads or to use an IR sensor on top of
the package. Using either method, the temperature measured either way will be about 10°C lower than actual peak
die temperature when the charger is delivering full current.
The 125°C rating of these charger chips means that lead
temperature readings as high as 100°C (with maximum
ambient temperature) are still comfortably within the device
ratings.

P(RS1) =RS1(lcHRG)2
P(RS4) =RS4 (lADPT)2
RS4 power depends only on charger output current, but
RS1 carries full adapter current. These reSistors, which
typically dissipate a total of about 0.5W, will also increase
chip temperature at about 12°C/W, assuming that they are
close to the charger chip.
It is assumed that L1 contributes only Slightly to chip
temperature rise becaUSe its power dissipation is normally
fairly low compared to its heat sinking ability. This will be
Another consideration is the power dissipation of other true if a low loss core is used (Kool MIl®, etc.), and the
parts of the charger and the surrounding Circuitry used for winding resistance is less than 0.2V1ICHRG.lfthe charger is .
other purposes. The catch diode (01) will dissipate apower located near other high power dissipation circuitry, direct
equal to:
temperature testing may be the only accurate way to ensure
safe device temperatures.
PDlODE =(lCHRG)(VF)(VIN - VBAT)jVIN

With the VIN = 16V, VBAT = 8.4V, VF = 0.45V, and ICHRG = 3A,
the diode dissipates 0.64W. Unfortunately, it must be
located very close to the charger chip to prevent inductive
spikes on the Switch pin. Increase in charger chip temperature due to power dissipation in 01 is about 12°C/W. 03 is
used for input protection and can also dissipate significant
pO'{l'er but it can be located away from the charger. The
current sense resistors used with the LT1511 dissipate
power equal to:
Kool MIL is a registered trademark of Magnetics, Inc.
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Finally, don't forget about losses in PC board trace resistance. A 100mil wide trace is huge by modern standards,
but a pair of these traces six inches long, in 1/20z copper,
delivering 3A, would have a resistance of", 0.120, and a
power loss of 1.1 W!
For literature on our Battery Chargers,
call1-BOO-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 361

DESIGN
NOTES
Monolithic DC/DC Converters Break Speed Limits to
Shrink Board Space·
Design Note 125
Mitchell Lee
In the never-ending quest for board space, operating frequency remains the most important variable in a DC/DC
converter design. Higherfrequency equates with smaller coils
and capacitors. Anew family of fast monolithic converters that
allows circuit designers to reduce the size of their finished
products is now available. Other improvements include quiescent currents well below those of slower converters and anew
switch-drive technique that reduces dynamic losses by at least
four fold over previous methods, virtually eliminating these
losses as a concern in efficiency calculations.

Table 1. Family Characteristics
DEVICE
LT1371
LT1372
LT1373
LT1377

10
4mA
4mA
1mA
4mA

SWITCH
3A
1.5A
1.5A
1.5A

FREE RUNNING SYNCHRONIZATION
FREQUENCY
LIMIT
800kHz
500kHz
500kHz
800kHz
360kHz
250kHz
1MHz
1.6MHz

All devices share the same constant-frequency PWM core,
up to 90% duty cycle and 2.7V to 30V supply range with a
maximum switch rating of 35V. Unique to these devices is
Table 1 shows the salient features of each member ofthe asynchronization input that allows the internal oscillator to
family. Each is configured as a grounded-switch step-up be overridden by an external clocking signal. The synchroconverter, but is equally useful in positive and negative high nization limitfor each part is also shown in Table 1. Another
efficiency buck, SEPIC, inverting and flyback circuits. The unique feature is a second Feedback pin that allows direct
converters are all based on the LT®1372 design, which regulation of negative outputs.
operates at 500kHz, draws 4mA quiescent current and A simple boost converter using the LT1372 is shown in
contains a 1.5A, 0.5Q switch. The LT1371 is designed for Figure 1. 350mA output current is available at 12V from a
higher power applications, with a3A, 0.25Q switch. Supply 5V input. Adaptive switch drive and a 0.5Q collector resiscurrent and operating frequency remain unchanged. tance result in a peak efficiency of 87%, as shown in
Reduced quiescent current (1 mAl makes the LT1373 useful Figure 2.
in low power designs or in applications where the load
current has a wide dynamic range. For the ultimate in Figure 3shows abuck-boost (SEPIC) converter built around
miniaturization, the LT1377 features 1MHz operating fre- the 3-ampere LT1371.lnputs of 2.7V to 20V are converted
quency-especially helpful where postfiltering is employed. to a5Vregulated output at up to 1.8A (see Figure 4).ln spite

v,.

.LT, LTC and LT are registered trademarks of Linear Technology Corporation.
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Figure 1. Schematic Diagram: LT1372 Boosl Converter
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Figure 2. Efficiency of Boosl Converter Shown in Figure 1

·

.

'

of handling 9W outpu(poWer, thegDpkHzoperatingJrequencyofthe Lf,:l371 allows~ 0.374nch'toroidal core to be
used for the coupled ihductor;'with excellent efficiency. In
shutdown, the'outputis completely ifisconnected from the
input source.
,.

uses a single-core coupled inductor. Operating at 250kHz
allows the uSe of relatively small filter components. The
speed-to-power ratio of the LT1373 is quite high; with only
1rnA quiescent current, it maintains higher efficiency at light,
loads.

The latest generation 'of disk dilves has adopted magnetoresistive (MR) read-write heads. These operate with a low
noise bias supply of-3V. Figure 5 shows aCuk-configured
LT1373 capable of generating -3V at 250mA. This converter
topology exhibits inherently low output ripple and noise and

Atthe other end ofthe spectrum is the 1MHz LT1377. It has
thesame high speed-to"power ratio as the LT1373.ln Figure
6the LT1377is used as apOmA charger for 4to 6NiCd cells,
operating froma 5V input. The charger is clamped against
excessive output voltage at 11V, and maintains constant
output current from OV to 11V.
' "

MBRS34DT3

a

1MHz operation is also useful in radio applications where
455kHz IF is present, as it gives one octave separation from
that critical frequency. Figure 7 shows the LT1377configured as a high efficiency buck converter, with a 5V, 1A
output. A 20~ inductor is used in this application to
maintain a low ripple current (10%), thus easing output
filtering requirements.
'

l1'
101lH

INPuT_-f===;;:::=l~

2.7V
TO 20V

01
MBR0520l
'HURRICANE ElECTRONICS lAB Hl-8798
COilTRONICS CTJ(10-4

Figure 3. 5V, 9W Converter Operates Over Wide
Input Range with Good Efficiency
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For literature on our DC/DC Converters,
For applications help,
call (408) 432-1900, Ext. 361
call1-800-4~LlNEAR.

., Figure 5,. Low.Ripple 5V to -3V "Cuk"t Converter
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DESIGN
NOTES
The LT1166: Power Output Stage Automatic Bias System
Control IC - Design Note 126
Dale Eagar
Class AB amplifiers are popular because of their "near
Class An performance and their ability to operate on considerably less quiescent power than Class A. Class AB amplifiers are easy to construct, rugged and reliable. However,
there is an aspect of these amplifiers that can cause
perplexity, consternation and finally hair loss-their bias
scheme. The problem is that the very parameter that makes
Class AB so good, namely, low quiescent current, is poorly
controlled. The LT®1166 offers control over the quiescent
current directly, removing the necessity of temperature
tracking, matching transistors or trim pots. In addition, it
removes all excess crossover distortion caused by improperly set quiescent current, and significantly reduces the
distortion caused by the effects of nonlinear transconductance in the output transistors.
Functional Description
The LT1166 (Figure 1), combined with external transistors,
implements a unity-gain buffer. The circuit controls the
Class AB output stage by incorporating two control loops,
the current-control loop and the voltage-control loop. The
current-control loop (Figure 2) operates independently of
the voltage loop while keeping the product of V1 and V2
constant. The voltage loop maintains the output vol~age at
the input voltage level by driving both gates up ordown.
The two loops, although mutually independent, act in
harmony toprovide acomponent insensitive, temperature
insensitive, simple Class AB bias network.
Parallel Operation
Parallel operation is an effective way to get more output
power by connecting multiple power driverS. All that is
required is asmall ballast resistor to ensure current sharing
between the drivers and an inductor to isolate the drivers
at high frequencies. In Figure 3 one power slice can deliver
±6A at 1OOVPK or 300WRMS into 16Q. Adding another slice
boosts the power output to 600WRMS into 8Q and adding
two or more drivers theoretically raises the power output to
1200WRMS into 4Q. Due to IR losses across the sense

ISENSE
INPUT

IN

LT1166

----,
R1

V1

R2

t
V2

OUT

ISENSE

t

OUTPUT

----.J

GATE

DN126FOl

Figure 1. Basic LT1166 Circuit Configuration

·WHEN THE OUPUT
CURRENT IS ZERO
V1 = V2 =20inV
··V3 IS ADJUSTED
SO THAT
(V1 )(V2) = 0.0004

v-

Figure 2. LT1166 Current-Control Loop

resistors, the FET RON resistance at 1OA and some sagging
ofthe power supply, the circuit of Figure 3 actually delivers
350WRMS into 8Q. Performance photos are shown in
Figures 4 and 5. Frequency compensation is provided by
the 2k input resistor, 180!1H inductor and the 1nF compensation capacitors. The common node in the auxiliary power
supplies is connected to the amplifier output to generate
the floating ±15V supplies.
D, LTC and LT are registered trademarks of Linear Technology Corporation.
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Po = 350W. RL = ao
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Figure 5. 2kHz Square Wave

For literature on our amplifiers, .
call1·800-4·lINEAR_ For applications help,
call (408) 432-1900, Ext 456
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DESIGN
NOTES
3V and 5V 12-Bit Rail-to-Rail Micropower DACs Combine
Flexibility and Performance - Design Note 127
Roger Zemke and Hassan Malik
The LTG@1450 and LTG1450L are complete single supply The LTG1450L draws 2501lA from a 2.7V to 5.5V supply. It
rail-to-rail voltage output, 12-bit DAGs in 24-pin SSDP and can be configured for a OV to 2.5V or OV to 1.22V output
PDIP packages. They include an output buffer amplifier, a range. It has a 1.22V internal reference.
reference and a double-buffered parallel digital interface. Flexibility with Stand-Alone Performance
These DAGs use a proprietary architecture which guaran-.
tees a maximum DNL error of 0.5LSB. Abuilt-in power-on ... The LTG1450/LTG1450L are complete stand-alone DAGs
reset ensures that the output of the DAG is initialized to zero requiring no external components. Reference output, referscale.
ence input arid gain setting pins provide the user with added
.
.
.
.
flexibility.
The rail-to-rall buffered output can source or smk 5rriA:
while pulling to within 300mVofthe positive supply voltage Figure 1 shows how these DAGs may typically be used. REF
or ground. The output swings to within a few·millivolts of HI is tied to REF DUTand REF LD and X1IX2 are grounded.
either supply rail when unloaded and has an equivalent 4-Quadrant Multiplying OAC Application
output resistance of 400 when driving a load to the rails.
Figure 2shows the LTG1450L configured as asingle supply
Low Power, 5V or 3V Single Supply Operation
4-quadrant multiplying DAG. It uses a 5V supply and only
The LTG1450 draws only 4001lA from a4.5Vto 5.5V supply. one external component, a5k resistor tied from REF DUTto
The DAG can be configured for a OV to 4.095V or OV to ground. (The LTG1450 can be used in asimilar fashion.) The
2.048V output range. It has a 2.048V internal reference.
D;LTC and LT are registered trademarks of Linear Technology Corporation.
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Allow 4-Quadrant Multiplying on a5V Single Supply

VIN
1.22V±1.15V
AT 12.5kHz

1V/DIV

Vour

1V/DIV

DIN =4095

20IJS/DIV

DN127F03

Figure 3. Clean 4-QuadrantMulliplying Is Shown in the Output Waveforms for Zero-Scale
and Full-Scale OAC Settings
.
multiplying DAC allows the user to digitally change the
amplitude and polarity of an AC input signal whose voltage
is centered around an offset signal ground provided by the
1.22V reference voltage. The transfer function is shown in
the following equations.
VOUT= (VIN - VREF) [Gain

(4~~6 -1) + 1] + VREF

For the LTC1450L Gain = 2.05 and VREF = 1.22V

VOUT = (V'N -122V) [2.05

(4~~6) -1.05] + 1.22V

Table 1shows the expressions for VOUTas afunction of VIN,
VREF and DIN. Figure 3 shows a 12.5kHz, 2.3Vp_p triangle
wave input signal and the corresponding output waveforms
for zero-scale and full-scale DAC codes.

DN127-2

Table 1. Binary Code Table for 4-Quadrant, Multiplying OAC
Application
BINARY DIGITAL
INPUT CODE IN
DAC REGISTER
MSB
LSB

ANALOG OUTPUT (VOUT)

1111 1111 1111

(4094/4096)(VIN - VREF) + VREF

1100 0001 1001

0.5(VIN - VREF) +VREF

1000 0011 0010
0100 0100 1011
0000 0110 0100

VREF
-0.5(VIN -VREF) + VREF

0000 0000 0000

-1.05(VIN - VREF) + VREF

-1.0(VIN - VREF) + VREF

For literature on our D/A Converters,
call1·800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 456

DESIGN
NOTES
LTl307 Single-Cell Micropower Fixed-Frequency DC/DC
Converter Needs No Electrolytic Capacitors - Design Note 128
Steve Pietkiewicz
Today's low power boost converter les have been rejected
by designers of products incorporating RF communications
for two reasons. First, the converters use some form of
variable-frequency control to maintain acceptable efficiency
during periods of light load. Significant spectral energy in the
sensitive 455kHz band can occur, introducing difficult interference problems with the system's IF amplifier. Second,
large output capacitors are required to keep output ripple
voltage at an acceptable level. Most battery-powered products have neitherthe space nor budget for the D-case size
tantalum capacitor usually required. The L-r"1307 current
mode PWM switching regulator eliminates these concerns
by using small, low cost ceramic capacitors for both input
and output and by employing fixed frequency 575kHz operation to keep spectral energy out of the 455kHz band. Dense
high speed bipolar process technology enables the LT1307
to fit in the subminiature MSOP package. The LT1307 consumes just 60~ at no load and includes alow-battery detector
comparatorwith a200mV reference voltage. The internal power
switch is rated at 500mA with aVCESAT of 300mV.

101lf ceramic output capacitor can be obtained from several
vendors. Efficiency, detailed in Figure 2, exceeds 70% over
the 1:500 load range of 200~ to 100mA at a 1.25V input.
Figure 3 shows output voltage and inductor current as the
load current is stepped from 5mA to 55mA. The oscillograph
reveals substantial detail about the operation of the LT1307.
With a5mA load, VOUT (top trace) exhibits aripple voltage of
60mV at 4kHz. The device is in Burst Mode™ operation atthis
output current level. Burst Mode operation enables the
converter to maintain high efficiency at light loads by turning

o ,LTC and LT are regis1ered trademarks of Linear Technology Corporation.
Burst Mode is a trademark of Linear Technology Corporation.
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Acomplete single cell to 3.3V converter is shown in Figure 1.
The circuit generates 3.3V at up to 75mA from a1Vinput. The
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Figure 1. Single Cell to 3.3V Boost Converter
Delivers 75mA at a 1V Input
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Figure 3. Transient Response with 5mA to 55mA
Load Step
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of( all circuitry inside theJ1.1307 exc~ptthe reference and converter with the load increased to 20mA. The LT1307
erroramplifier.WhentheU1307 is not switching, quiescent shifts out of Burst Mode operation eliminating low frecurrent decreases to 60~. When switching, inductor cur~ quency ripple .. Spectral energy is present only at the switchrent {middletracel· is limited to approximately 100mA. ing fundamentarand its-harmonics. Noise voltage rnl!asures
Switching frequency inside the "bursts" is 575kHz. As the .. -5dBmVRMS or 560~VRMS at the 575kHz switching freload is stepped to 55mA, the device shifts from Burst Mode quency, and is below-60dBmVRMS for all otherfrequencies
operation to constant switching mode. Inductor current in the range. By combining BurstMode operation with fixed
increases to about 300mA peak and the low frequency Burst frequency operation the LT1307 keeps noise away from
Mode ripple goes away. R1 and C3 stabilize the loop.
455kHz making the device ideal for RF applications where the
absence
of noise in the 455kHz band is critical.
455kHz Noise. Considerations
Switching regulator noise is a Significant concemin many
communication systems. The LT1307 is designed to keep
noise energy out of the 455kHz band at all load levels while
consuming pnly 60~W to 100~W at no load. At light load
levels, the device is in Burst Mode operation, causing low
frequency ripple to appear at the output. Figure 4 details
spectral noise directly at the output of Figure 1's circuit in a
1kHz to 1MHz bandwidth. The converter supplies a 5mA
load from a 1.25V input. The Burst Mode fundamental at
5.1 kHz and its harmonics are quite evident, as is the 575kHz
switching frequency. Note; however, the absence of significant energy at 455kHz. Figure 5's plot reduces the frequency
span from 255kHz to 655kHz with a 455kHz center. Burst
Mode low frequency ripple creates sidebands around the
575kHz switching fundamental. These sidebands have low
signal amplitude at 455kHz, measuring -55dBmVRMS. As
load current is further reduced, the Burst Mode frequency
decreases. This spaces the sidebands around the switching
frequency closer together, moving spectral energy further
away from 455kHz; Figure 6 shows the noise spectrum ofthe
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For literature on our DC/DC Converters,
call1-800-4-UNEAR. For applications help,
call (408) 432-1900, Ext. 2361
.

DESIGN
NOTES
Precision Receiver Delay Improves Data Transmission
Design Note 129
Victor Fleury
Moving data from one board to another over a backplane
places stringent requirements on channel-to-channel and
part-to-partskew and delay. The propagation delay of
typical CMOS line receivers can vary as much as 500%
over process and temperature. In high speed synchronous
systems where clock and data signal timing are critical,
transmission rates must often be reduced to minimize the
effects of propagation delay and skew uncertainties in the
receiver. The LTC@1518/LTC1519/LTC1520familyofhigh
speed line receivers solves this problem, reducing propagation delay changes to less than ±17% over production
variations and temperature, a better than 10 times improvement over previous solutions.

Circuit Description
Figure 1shows ablock diagram ofthe LTC1520 signal path.
The input differential pair amplifies the minimum 500mV
input signal level. A resistor network expands the input
common mode range of the LTC1520 from OV to 5V, and
expands that of the LTC1518/LTC1519 from -7V to 12V
while operating on asingle 5V supply. Asecond differential
amplifier (gm) switches a fixed current into its load capacitance. The output of the second stage is a valid logic level
that feeds inverters.

To guarantee tight delay and skew performance, delay
within each receiver and between channels must be carefully matched. For the LTC1518/LTC1519/LTC1520, the
The LTC1518/LTC1519/LTC1520 family of 50Mbps quad inherent temperature and process tolerance, along with
line receivers translate differential input signals into CMOSI bias and delay trimming, make it possible to guarantee a
TIL output logic levels. The receivers employ a unique propagation delay window more than an order of magniarchitecture that guarantees excellent performance over tude tighter than that of the typical CMOS line receiver.
process and temperature with propagation delay of 18ns Since skew is caused by the unequal charging versus
±3ns. The architecture affords low same channel skew discharging of both internal and external capacitances, the
(ItpHl - tplHI 500ps typ), and low channel-to-channel first stages are differential to minimize these effects.
propagation delay variation (400ps typ). The propagation
delay and skew performance are unmatched by any CMOS, D. LTC and LT are registered trademarl<s of linear Technology Corporation.
TTL or ECL line receiver/comparator.
Vee

OUTPUT

-=-, /
PROPAGATION
DELAYTRIM

Figure 1. LTC1520 Block Diagram
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Addititinal Features
Otherfeatures include novel short-circuit protection. Ifthe
output remains.in the wrong state fpr longerthan60ns, the
output currentis thr.ottled back to 20mA. When the short
is removed and the output returns to the correctstate, full
output drive is restored. Because of its high input impedance (even when unpowered), the LTC1518/LTC15191
LTC1520 can be "hot swapped" without corrupting
backplane signal integrity or causing latchup. The .outputs
remain high with shorted or floating inputs (LTC1518!
LTC1519 only) and can be disabled to a high impedance
state. High input resistance (~18k) also allows multiple
parallel receivers.
Applications
The LTC1520 is deSigned for high speed data/clock transmission over short to medium distances. Its rail-to-rail
input common mode range allows it to be driven via long
PC board traces, coaxial lines or long (hundreds of feet)
twisted pairs. Figure 2 shows the LTC1520 in a backplane
application. 5V single-ended signals are received with a
2.5V sliCing threshold. This configuration can be adapted
as a coaxial receiver. In Figure 3, the LTC1518 is shown in
an RS485-like application, but capable of operating at up
to 50Mbps, limited only by cable characteristics.
PCB 1
114 MM74AC04 EACH

.~

~)

PCB 2
1/4 LTC1S20 EACH
BA.CKPLANE

Figure 4 shows actual waveforms of the LTC1518 connected in the Figure 3configuration (1 00 feet of unshielded
twisted pair was used). Note that the delay of the twisted
pair is almost 200ns versus the receiver's 18ns delay.
The waveforms of Figure 5 show 50Mbps operation using
the LTC1518 with 100 feet of twisted pair.
SV

SV

1000

1000

1000

NOTE: STUBS CONNECTED TO Rr
MUST BE EQUIDISTANT AND SHORT
DN129F03

Figure 3. LTC1518 Typical Application
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For literature on our High Speed Receivers,
call1.800·4.LlNEAR. For applications help,
call (408) 432-1900, Ext. 2453
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DESIGN
NOTES
Power Supplies for Subscriber Line Interface Circuits
Design Note 130
Eddie Beville
As the demand for world wide networking grows, so will the
need for advanced data transmission products. Inparticular,
ISDN services have become popular because of the recent
development of the Internet. ISDN provides higher speed
data transmission than standard modems used in PCs. Also,
ISDN supports the standard telephone interface (voice and
fax), which includes the Subscriber Line Interface Circuit. A
Subscriber Line Interface Circuit requires a negative power
supply for the interface and the ringer voltages. The power
supplies described herein are designed for these applications. Specifically, these designs address the AMD79R79
SLiC device with on-chip ringing.
CIRCUIT DESCRIPTIONS
LJ®1171 Supplies -23.8V at 50mA and
-71.5V at 60mA
Figure 1 shows acurrent mode flyback power supply using
the LT1171 CO device. This current mode device has awide
input voltage range of 3Vto BOV, current limit protection and
an on-chip B5V, 0.30n bipolar switch. The input voltage

PE-68488
PULSE ENGINEERING
PRIMARY
INDUCTANCE: 33~H

----"'<

PEAK CU;~i:RiA L..-_""W'.......
PRIMARY DCR: D.W
SECONDARY OCR: D.sa

Figure 1

range for the circuit is 9V to 18V. This circuit is intended for
small wall adapters that power ISDN boxes. The output
voltages are - 23.8V at 50mA and -71.5V at BOmA.
The circuit shown in Figure 1 uses the LT1171 in standard
flyback topology. The transformer's turns ratio is 1:1:1:1,
where 23.8V appears across each secondary winding and
the primary during the switch off time. The remaining
secondary windings are stacked in series to develop -47V.
The -47V section is then stacked onto the - 23.8V section
to get -71.5V. This technique provides very good cross
regulation, lowers the voltage rating required on the output
capacitors and lowers the RMS currents, allowing the use
of cheaper output capaCitors. Either the -23.8V output or
the -71.5V output can be at full load without effecting the
other corresponding output. The circuit's step response is
very good; no significant overshoot occurs after either
output is shorted and released. Also, the transformer
windings are all quadrafilarto lower the leakage inductance
and cost.
L11269 Supplies -23.5V at 60mA and -71.5V at
120mA from 5V Input
Figure 2 shows a current mode flyback power supply using
the LT12B9CO device. This current mode device has awide
input voltage range, current limit protection and an onboard
BOV, 0.20n bipolar switch. The input voltage range for the
circuit is 5V to 18V. This deSign provides a wider input
voltage range and greater output power than that of Figure
1. The output voltages are - 23.5V at BOmA and -71.5V at
120mA (8.BW). This circuit is designed to power two SLiC
devices. The circuit operation is identical to Figure 1, except
for alarger switching regulator device (VR1) and a different
transformer (T1). These changes allow for 5V operation and
higher output power. This circuit is designed for full load on
the -71 Vor-23.5V output. This accommodates the ringing
on two SLiCs or off hook on two SLiCs. R5 and RB are
preload resistors for maintaining an accurate- 23.5V output
at full load with the -71 V output at minimum load.
.LT. l TC and l T are registered trademarks of linear Technology Corporation.

DN130-1

Figure f ·BIII 01 Material$

.

REFERENCE
'QUANITITY PART NUMBER
DESIGNATOR
·1
.ECA-1VFQ331
Cl'
"
C2,C5:
0805
1
UPL1VI21MPH
C3
1
C4
UPL1J680MPH
1
C6
2
0805
01
P6KE-43A (MOT), TGL41-43A (GI)
1
02
1
lN5817
03,04
MURS120
2
05
1
1N4687, MMSZ4V3T1
06
1
MBRSll00T3
Rl, R4
2
0805
R2
1
0805
R3
1
0805
Tl'
PE-68488
1
Ul
1
LT1006S8
VR1'
1
LT1t71CQ
'Changes and Additions lor Figure 2's Circuit
Cl
1
205Al00M
05,07
2
lN4001
R5, R6
2
Tl
VRI

+

HMOO-96553
LT1269CQ

1
1

C1
1011pF
20V

V,.
VR1
LT1269

.05
07
1N4001 1N4001

:k
1/4W
R5
50k
1/4W

HMIlO-96553
81 TfCHNOLQGIES
(714) 447·2658
PRIMARY
INDUCTANCE:
TO 35~H
PRIMARY
PEAK CURRENT: 3.5A
PRIMARY OCR: 0.065n
SECONDARY
WINDINGS
• 30AWG WIRE.
TURN RATIOS ARE
SO NOTED ON THE
TRANSFORMER

5VTOl8V

33~H

L----,<t-'\M-_--"<:

DISCRIPTION
Capacit6r, 3301Jl', 35V HFQ
Capacitor, 0.331J1' Ceramic
Capacitor, 1201Jl', 35V Plastic
Capacitor, 681J1', 63V Plastic
Capacitor, D.011JI'·
Diode, 0.5W Zener
Diode, 1A Schottky
Diode, Uttrafast
Diode, Zener
Diode
Resistor, 1k, 5% SMT
Resistor, 71.5k, 1% SMT
Resistor, 1.24k, 1% SMT
Transformer
IC
IC

VENDOR.
Panasonic

Pulse Eng
LTC
LTC

(408) 432-1900
(408) 432-1900

Capacitor, 1001Jl', 20V OS-CON
Diode
Resistor, 5Dk 0.25W SMT or
Through Hole
Transformer
IC

Sanyo

(619) 661-6835

BI Technology
LTC

(714) 447-2656
(408) 432-1900

Nichicon
Nichicon

TELEPHONE

(708) 843-7500

Motorola or Equiv
Motorola or Equiv
Motorola or Equiv
Motorola or Equiv
Motorola or Equiv

LAYOUT AND THERMAL CONSIDERATIONS
Printed circuit board layout is an important consideration in
the design of switching regulator circuits. A good ground
plane is required for all ground connections. The path from
the inputcapacitorto the primary winding Qfthe transformer
is ahigh current path, and requiresa short, wide copper trace
(0.080" to 0.1 '). The Vsw pin connection also needs ashort,
wide copper trace. R1 and C2 need to be placed close to VR1.
The secondary windings can be connected to their associated components with 0.025" to 0.030' traces. The feedback
circuitry needs to be placed close to the FB pin of VR1. Place
C5 close to l:J1 to decouple the. op amp power supply. The
LT1171 CO and LT1269CO are surface mount devices that
require a~out a l' copper pad for heat sink mounting. Heat
sinking is most critical for the LT1269CO because of its high
output power. Also, vias from the copper pad to the internal
ground layers are highly recommended.
BILL OF MATERIALS
A bill of materials has been provided with each schematic.

Figure 2

For literature on our Power Products,
call1·800·4·lINEAR. For applications help,
call (408) 432-1900, Ext. 2361
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DESIGN
NOTES
The LTC1446/LTC1446L: World's First Dual 12-Bit DACs in SO-8
Design Note 131
Hassan Malik and Kevin R. Hoskins
The LTC@1446/LTC1446Larethefirst dual, single supply,
rail-to-rail voltage output 12-bit DACs. Both parts include
an internal reference and two DACs with rail-to-rail output
buffer amplifiers, packaged into a space-saving 8-pin SO
or PDIP package. The LTC1446's patented architecture is
inherently monotonic and has excellent 12-bit DNL, guaranteed to be less than O.5LSB. These parts have an easyto-use SPI compatible interface that allows daisy-chaining.

DAC Aand the second is for DAC B. Each 12-bit segment is
loaded MSBfirst and latched into the shift register on the
rising edge of the clock. When all the data has been shifted
in, it is loaded into the DAC registers when the signal on the
CS/LD pin changes to a logic high. This updates both 12bit DACs and internally disables the eLK signal. The DOUT
pin allows the user to daisy-chain several DACs together.
Power-on reset initializes the outputs to zero scale.

Low Power 5V or 3V Single Supply
The LTC1446 has an output swing. of OV to 4.095V, with
each LSB equal to 1mV. It operates from a single 4.5V to
5.5V supply, drawing 1rnA. The LTC1446L has an output
swing of OV to 2.5V, operates on a single 2.7V to 5.5V
supply and draws 650~.

Rail-to-Rail Outputs
The on-chip output buffer amplifiers can source or sink
over 5mA with a 5V supply. More over, they have true railto-rail performance. This results in excellent load regulation up to the 4.095V full-scale output with a 4.5V supply.
When sinking current with outputs close to zero scale, the
effective output impedance is about 50Q. The midscale
glitch on the output is 20nV· s and the digital feedthrough
is a negligible O.15nV· s.

Complete Stand-Alone Performance
Figure 1shows ablock diagram ofthe LTC1446/LTC1446L.
The data inputs for both DAC Aand DAC Bare clocked into
one 24-bit shift register. The first 12-bit segment is for

D. LTC and LT are registered trademarks of Linear Technology Corporation.
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Figure 1. Oual12-Bit Rail-to-Rail Performance in an SO-8 Package
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A Wide Range of ApplioatiOns
output (VOUTA) is used as the offset voltage. Figure 4 also
Some of the typical applications for these parts include shows how the circuit's output voltage changes as a
digital calibration, industrial process control, automatic function of the input digital code.
test equipment, cellular telephones and portable battery- Conclusion
powered applications. Figure 2 shows how easy these
The LTC1446/LTC1446L are the world's only DACs that
parts are to use.
offer dual 12-bit stand-alone performance in an S-pin SO
Figure 3 shows how to use one LTC1446to make an or PDIP package. Along with their amazing density, these
auto ranging ADC. The microprocessor adjusts the ADC's DACs do not compromise performance, offering excellent
reference span and offset by loading the appropriate digital 12-bit DNL, rail-to-rail voltage outputs and very low power
code into the LTC1446. VOUTA controls the common pin for dissipation. This allows users to save circuit board space
the analog inputs to the LTC1296 and VOUTB controlS the without sacrificing performance.
reference span by setting the LTC1296's REF+ pin. The
r--f--5V
LTC1296 has aShutdown pin whose output is alogic low in
shutdown mode. During shutdown, this logic low turns off
the PNPtransistorthat supplies power to the LTC1446. The
resistors and capacitors lowpass filter the LTC1446 out8 ANALOG
} INPUT CHANNELS
puts, attenuating noise.
Figure 4shows how to use an LTC1446 and an LT®1 077 to
make a wide bipolar output swing 12-bit DAC with a
digitally programmable offset. The voltage on DAC A's

CLK

LTCl446: 4.5VTO 5.5V
LTC1446L: 2.7VTO 5.5V
LTC1446: Dvm 4.095V
LTC1446L: Dvm 2.5V

VOUTB

OIN
vee
LTC1446
LTC1446L
GND
CSILD

~P

COM

w.-_ _-

'}o-.w.......

O.l~F

LTC1446: OV TO 4.095V
LTC1446L: OV TO 2.5V

VOUTA

Figure 2. Easy Stand-Alone Application
for the LTC1446 or LTC1446L

DOUT

1000
.".
VOUTAt--"-.AN\,..-....- - -....
~O.1P,F

01l131fOS

Figure 3. An Autoranging a-Channel AOC with Shutdown

5V

-

8.190
VOUT
4.094

~p

5V

~O.lW

.".

DOUT

1---------..,

VOUT
2(VOUTB - VOUTA}

----

<I,~A

----

----

DIN

,'~C

-4.096

-8.190

-------

A: VOUTA" OV (ZERO SCALE}
B: VOUTA" 2.048V (MID SCALE)
C: VOUTA" 4.095V (FU~L SCALE)

Figure 4. A Wide-Swing, Bipolar Output OAC with Digitally Controlled OffSet

For literature on our Digital-to-Analog Converters,
call1·800·4·LlNEAR. For applications help,
call (40S) 432-1900, Ext. 2525
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DESIGN
NOTES
Fast Current Feedback Amplifiers Tame
Low Impedance Loads- Design Note 132
Sean Gold and William Jett
Introduction
Three currentfeedbackamplifiers (CFAs) now available from
Linear Technology can considerably ease the task of driving
low impedance loads. This Design Note reviews the capabilities of the LT@1206, LT1207 and LT121 0 CFAs and addresses some design issues encountered when using them.
These CFAs are fast and capable of delivering high levels of
current. They can be readily compensated for reactive loads
and are fully protected against thermal and short-circuit
faults. Table 1 summarizes their electrical characteristics.
Driving Transformer-Coupled Loads
Transformer coupling is frequently used to step up transmission line signals. Voltage signals amplified in this way are
not constrained by local supply voltages, so the amplifier's
rated current rather than its voltage swing usually limits the
power delivered to the load. Amplifiers with high output
current drive are therefore appropriate for transformercoupled systems.

15V

RT

11(1
2.5W

VIN

845Q

274Q

'TANTALUM
T1: MIDCOM 671-7783
OR EQUIVALENT

Figure 1_ Twisled Pair Driver ADSL. Vollage Gain
is Aboul 6; 5Vp.p Inpul Corresponds 10 Full Oulpul

below -70dBc at a total output power of 0.56W (load plus
termination), riSing to -56dBc at 2.25W. If RT is removed,
the amplifier will see aload of about 110 and the maximum
output power will increase to 5W. A DC blocking capacitor
Figure 1 shows atransformer-coupled application for ADSL should be used in this case.
in which an LT121 0 drives a 1000 twisted pair. The 1:3 Bridging can be used to increase the output power transtransformer turns ratio allows just over 1Wto reach the load ferred to a transformer. Differential operation also proat full output. Resistor RT acts as a primary side back- motes the cancellation of even-order distortion. Figure 2
termination and also prevents large DC currents from flow- shows adifferential application using an LT1207 as abridge
ing in the coil. The overall frequency response is flatto within driver for HDSL. The dual CFA is configured fora gain often,
1dB from 500Hz to 2MHz. Distortion products at 1MHz are
.u. LTC and LT are registered trademarks of Linear Technology Corporation.

Table 1 Fasl Currenl Feedback Amplifier Specificalions
PART
NUMBER
LT1206

NUMBER
OF CFAs
1

BANDWIDTH
(MHz)
60

RATED
OUTPUT
CURRENT (A)
0.25

SUPPLY
RANGE (V)
±5 to ±15

SLEW RATE
(V/IIS) (NOTE 1)

LT1207

2

60

0.25

±5to±15

IUM/CLOAD
to 900

LT1210

1

35

1

±5 to ±15

luMlCLOAD
to 1000

..

IUMICLOAD
to 900

THERMAL
SUPPLY
RESISTANCE
CURRENT
(rnA)
8JA (OC/W) (NOTE 2)
20
DO = 25, PDIP = 100
SO = 60, TO-220 = 5
2 x20
SO =40
DO = 25, SO = 40
TO·220 = 5

30

LOW
POWER OPI
SHUTDOWN
Yes
Yes
Yes

Note 1: Slew rate depends on circuit configuration and capacitive load .
Note 2: 8JA on SO packages measured with part mounted to a 2.5mm thick FR4 20z copper PC board with 5000mm2 area.
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delivering a 1OVp_p signal to the nominal35nlpadimped~
ance. The. output signal amplitude remains flat .over an
8MHz bandwidth.
Driving Capacitive Loads
The deliices in Table 1 combine the high output current
required to slew large capacitances with appropriate frequency compensation. All of the CFAs described here are
C-Load™ amplifiers and are stable with capacitive loads up
to 1O,OOOpF.
C-Load is a trademark of linear Technology Corporation.

5110
FROM {
TRANSMIT
192kHz
LOWPASS
FILTER

L1' 7
11311

Agood example of adifficult capacitive load is aclock driver
fot a charge-coupled device (CCO). These devices require
precise multiphase clock signals to initiate the transfer of
.light-generatedpixel charge from one charge reservoirtothe
'next. Noise, ringing or overshoot on the clock signal must be
avoided. Two problems complicate clock generation. First,
CCOs present an input capacitance (typically 100pF to
3300pF) which is directly proportional to the number of
sensing elements (pixels). Second, CCOs often require the
clock's amplitude to exceed the logic supply. The amplifying
filter in Figure 3 addresses these issues. Both CFAs in the
LT1207 are configured for a third-order .Gaussian lowpass
response with 1.6MHz cutoff frequency (one section is
shown). This transfer function produces clean clock signals
with controlled rise and fall times. Figure 4 shows the
LT120Ts quadrature outputs driving two 3300pF loads that
simulate a CCO image sensor. Ringing and overshoot are
notably absent from the clock signals, which have rise and
fall times of approximately 300ns.

•2

5V

A
QUADRATURE
INPUTS

B

51111
68.111

'MIDCOM 671-7108,
TRANSPOWER SMPT·308
OR SIMILAR DEVICE

FILTERED C
CLOCK
OUTPUTS D

Figure 4. CCD Clock Driver Waveforms
Figure 2. Bridge Driver for HDSL
20V

45pF

SIMULATED
CCDARRAY
LOAD

5V

4
4fCLK ~HI-+~ 1CK

llIUUlM
2MHz

C 10

1D
10
11
12

13

0.1~F

74HC74,
•
2Q 9
2CK

3300pF -r-,,:"
-'-

2D .
510k

1k

Figure 3. CCD Clock Driver

For literature on our Current Feedback Amplifiers,
call1·800·4·UNEAR. For applications help,
call (408) 432-1900, Ext. 2456
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DESIGN
NOTES
Low Input Voltage CCFL Power Supply -

Design Note 133

Fran Hoffart
Cold cathode fluorescent lamps (CCFLs) are often used to
illuminate liquid crystal displays (LCDs). These displays
appear in laptop computers, gas pumps, automobiles, test
equipment, medical equipment and the like. The lamps
themselves are small, relatively efficient and inexpensive,
but they must be driven by specialized power supplies.
High AC voltage (significantly higher than the operating
voltage) is needed to start the lamp. Asinusoidal waveform
is desired, the current must be regulated, efficiency should
be high and the powersupply must be self-protecting in the
event of an open-lamp condition.
CCFL power supplies consisting of a Royer class, selfoscillating sine wave converter driven by an LT®1513
switching regulator are shown in Figures 1 and 2. These
circuits are especially suited for low voltage operation, with
guaranteed operation for input voltages as low as 2.7V and
as high as 20V. High voltage output regulated Royer
converters, although capable of 90% efficiency, are not
well-suited for low input voltage operation and have diffi-

culty operating with input voltages below 5V. The circuits
shown here overcome this limitation while providing efficiency exceeding 70%.
The LT1513 is a 500kHz current mode switching regulator
featuring an internal 3A switch and unique feedback circuitry. In addition to the Voltage Feedback pin (VFB) , a
second feedback node (lFB) provides a simple means of
controlling output current in a flyback or SEPIC (singleended primary inductance converter) topology.
Two CCFL driver circuits are shown. The first (Figure 1)
drives one end of the lamp, with the other end effectively
grounded. Lamp current is directly sensed at the low side
of the lamp, half-wave rectified by D4, and then used to
develop afeedback voltage across R2. This voltage, filtered
by R3 and C6, drives the VFB pin (2) to complete the
feedback loop. The RMS lamp current is tightly regulated
and is equal to 2.82V1R2.

.u. LTC and LT are registered trademarks of Linear Technology Corporation.

Q2

T1

n

R6
20k

R5
D5
10k 1N4148

;!l

PWM
DIMMING --"V"I'tt-<.-.v"""'+I~----""''''''''''MHkHz)
C7
"'I" 111F
"'I" 0.111F
"::" C2: TOKIN MULTILAYER CERAMIC "::"
"::"
C3: MUST BE A LOW LOSS CAPACITOR, WIMA MKP-20 OR EQUIVALENT
L1, L2: COILTRONICS CTX20-4 (MUST BE SEPARATE INDUCTORS)
Q1, Q2: ZETEX.ZTX849 OR FZT849
T1: COILTRONICS CTX11 0605 (67:1)

.......--I4-'''

FLUORESCENT LAMP
LAMP CURRENT: 5.6mA
D3
1N4148
x2

"::"

Figure 1. CCFL Power Supply for Grounded Lamp Configuration Operates on 2.7V
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Becausli!of the high voltage 60kHz lamp drive used by the
CCFL lamps, any stray ~pacitance from the lamp and lamp
leads to ground will result in unwanted parasitic current
flow, ttlUS lowering efficiency. The" lamp and display housing often have relatively high stray capaqitance, which can
dramatically lower the overall circuit efficiency.

voltage section, which includes T1 's secondary, the
ballasting capacitor C~ and the lampwiring. Lamp starting
voltages can easily exceed 1000V, which can cause a
poorly designed .board to arc, resulting in catastrophic
failure. Board leakages can also increase dramatically with
time, resulting in destructive field failures. Third, surface
mount components rely on the PC board copper to conduct
the heat away frorri the components and dissipate it to the
surrounding air. Good thermal PC board layout practices
are necessary.

In some displays that exhibit high capacitance, a floating
lamp drive can provide much higher overall efficiency. The
operation of the floating lamp circuit shown in Figure 2 is
similar to that of the grounded lamp, except for the transformer secondary and the feedback method used. In this In both circuits, lamp current can be adjusted downward to
circuit, the lamp current is controlled by sensing and provide lamp dimming. A5V pulse width modulated (PWM)
regulating the Royer input current. This. current is sensed 1kHz signal or an adjustable DC voltage can provide a full
by R2, filtered by R3 and C6 and fed into the IFB pin (3) of range of dimming. In Figure 1,100% duty cycle represents
the LT1513, thus completing the feedback loop. The sense minimum lamp brightness, whereas in Figure 2,100% duty
voltage required a:t the IFB pin is -1 OOmV. Because the cycle is maximum lamp brightness.
Royer input current rather than the actual lamp current is The lamp drive is a constant current, and without protecregulated, the regulation of Figure 2 is not as tight as that tion circuitry, voltages could become very high inthe event
of Figure 1.
of an open-lamp connection; causing transformer arcing
There are three considerations to keep in mind when laying or LT1513 failures. Open-lamp or high input voltage fault
out aPC board for these supplies. The first is related to high protection is provided by R4, C5 and the 15V Zener D2,
frequency switcher characteristics. The 500kHz switching which limit the maximum voltage available for the Royer
frequency allows very small surface mount components to converter.
be used, but .it also requires that PC board traces be kept See Application Notes 49 and 65, Design Note 99 and the
short (especially the input capacitor, Schottky diode and LT1513 Data Sheet for additional information on driving
LT1513 ground connections). The second iten'l is the high CCFL lamps.

PWM
DIMMING
HkHz)

C2: TOKIN MULTILAYER CERAMIC
C3: MUST BE A LOW LOSS CAPACITOR, WIMA MKp·20 OR EQUIVALENT
L1, L2: COILTRONICS CTX20·4 (MUST BE SEPARATE INDUCTORS)
01, 02: ZETEX ZTX849 OR FZT849
T1: COILTRONICS CTX110605 (67:1)

Figure 2. CCFL Power Supply for Floating Lamp Configuration Operates on 2.7V

For literature on our Switching Regulators,
For applications help,
call (408) 432-1900, Ext, 2361

call1-800-4~LlNEAR.
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DESIGN
NOTES
Telephone Ring-Tone Generation -

Design Note 134

Dale Eagar
Requirements
When your telephone rings, exactly what is the phone
company doing? This question comes up frequently, as it
seems everyone is becoming atelephone company. Deregulation opens many new opportunities, but if you want to be
the phone company your have to ring bells.
An Open-Architecture Ring-Tone Generator
Here is a design that you can own, tailor to your specific
needs, layout on your circuit board and put on your bill of
materials. Finally, you will be in control of the black magic
(and high voltages) of ring-tone generation.
Not Your Standard Bench Supply
Ring-tone generation requires not one but two high voltages, 60VDC and -180VDC (this arises from the need to
put 87VRMS on -48VDC). Figure 1 details the switching
power supply that delivers the volts needed to run the ringtone circuit. This switcher can be powered from any voltage
from 5Vto 30Vand shuts down when not in use. Figure 2is
the build diagram of the transformer used in the switching
power supply.
.

th =PRIMARY GROUND
-::!:-

5~riS

= SECONDARY GROUND

-------=
.!:'='--I+-+- -lBOV

RING

":"

Figure 1. The Switching Power Supply

Quad Op Amp Rings Phones
When aphone rings, it rings with acadence, asequence of rings
and pauses. The standard cadence is one second ringing
followed by two seconds of silence. We use the first 1/4 of
L~1491 as acadence oscillator, whose output is at Vcc for one
second and then at VEE fortwo seconds. This sequence repeats
every three seconds, producing the all-too-familiar pattem. The
actual ringing ofthe bell is done by a20HzAC sine wave signal at
asignal level of 87VRMS superimposed on -48VDC. The 20Hz
signal is implemented with the second ampl~ier in the LT1491
which acts as agated 20Hz oscillator (see Figure 3).
The third amplifier in the LT1491, which is configured as a
lowpass filter, converts the square wave output of the
oscillator to asine wave by filtering out unwanted harmonics.
Finally, the 87VRMS and the -48VDC parts are handled by the
fourth amplifier in the LT1491 and its steering oftwoexternal
15V regulators.
£T, LTC and LT are registered trademarks of Linear Technology Corporation.

MATERIALS
EFD 20-15-3F8 Cores
EFD 20-15-8P Bobbin
EFD 20- Clip
0.007" Nomex Tape for Gap
Start Pin 1 200T #34
Winding Term Pin 8
1
1 Wrap 0.002" Mylar Tape
Start Pin 2 70T #34
Winding Term Pin 7
2
1 Wrap 0.002" Mylar Tape
Connect Pin 3 1T Foil Tape Faraday Shield
1 Wrap 0.002" Mylar Tape
Shields
Connect Pin 6 1T Foil Tape Faraday Shield
1 Wrap 0.002' Mylar Tape
Start Pin 4 20T #26
Winding Term Pin 5
3
Finish with Mylar Tape
2
1
2
2

1JN134fOl

Figure 2. Ring-Tone High Voltage Transformer
Build Diagram
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The rest ofwhat we do, the part that is most difficulttofollow,
involves the output amplifier. In the· output amplifier, the
6Vp_p signal from the waveform synthesizer is imposed
across R12 (see Figure 4).into a virtual ground, creating a
sine wave signalclirrent. This current is added to the DC
current flowing through R15 and the resulting current is
imposed across R13. This stage amplifies the sine wave and
offsets it to become an 87VRMS sine· wave imposed on a

-48VDC bias. The trick hete is thatthe voltage gain is irHhe
±15V regulators, not the LT1491 which is merely steering
currents.
This complete circuit (Figure 4) includes the ring·tripsense
cir.cuit to detect when the phone receiver is picked up. This
circuit is fully protected for output shorts to any voltage
within the power supply window of -180V to 60V.
0.068

620k

10k

GATED
SINE WAVE
OUTPUT.
47k

..I.. REPRESENTS FLOATING GROUNO
VI NOT EQUAL TO -;;F OR rh
v-

Figure 3. Wave Form Synthesizer
. 60V
R2
47k

. R9
300k

R26
2k

R8
620k
20Hz OSCILLATOR

'LED OF OPTOl

ILLU~INATES

WHEN THE PHONE IS OFF THE HOOK

C5
O.Q1~F

POWER AMPLIFIER

t--'M.-----'
-180

R21
150
C6
TO.033~

Figure 4. Complete Ring-Tone Generator Circuit

For literature on our Operational Amplifiers,
call1·S00·4-UNEAR. For applications help,
call (408)432-1900, Ext. 2593
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DESIGN
NOTES
Efficient Processor Power System Needs No Heat Sink
Design Note 135
John Seago
New designs require more functionality in an ever decreasing package size. Compact, efficient high frequency power
supplies are required and there is seldom room for a heat
sink. Portable computers have some of the most demanding requirements. Powering the Pentium® processor adds

greatly improved efficiency. With a "silver box" power
supply or other high current voltage source, the LTC1435
can easily provide an output current of 12A.

The LTC1435's current mode architecture and 1% voltage
reference provide a tightly controlled output voltage with
additional challenges for the power system designer.
excellent load and line regulation and outstanding set-point
New Ie Powers Portable Pentium Processor
accuracy. The switching frequency can be selected between
and Much More
50kHz and 400kHz, so total circuit cost, efficiency, compoThe LTC®1435 is a current mode, constant frequency, nent size and transient response can be properly balanced.
synchronous step-down switching regulator that uses The LTC1435 also features both logic-level on/off control
external N-channel MOSFETs for very high efficiency. With and output current soft start. When the controller is in the
the wide input voltage rangeof3.5Vt036Vand low dropout shutdown mode, voltage is removed from the load and
(99% duty cycle) capability, the LTC1435 is agood choice quiescent input current drops to amere 15~. The LTC1435
for battery-powered circuits where the voltage offour NiCd is available in the popular 16-pin SO and SSOP packages.
cells can drop to 3.6V at the end of discharge. The ability to High Performance Pentium Processor Power
operate with 36V inputs allows application of awide range The 150MHz Pentium load current changes from 0.2A to
of AC adapter voltages. The LTC1435 achieves batterypowered efficiencies of 90% to 95% and features Burst 4.5A in about 15ns. The core voltage must be maintained
Mode™ operation for longest battery life under light load at 3.5V ±0.1V under all conditions.
conditions. For constant frequency at all load conditions, The LTC1435 circuit shown in Figure 1 was used to power
the Burst Mode operation can be defeated easily on the an Intel Power Validator to simulate the typical Pentium
LTC1435. The Adaptive Power™ mode, available on the LT, LTC and LT are registered trademarks of Linear Technology Corporation.
LTC1436, provides constant frequency at light loads with Burst Mode is a trademark of Linear Technology Corporation.
Pentium is a registered trademark of Intel Corporation.

10VTO l~e -..,.--,..-....,......".,.,~---.....,

"FOR 12A OUTPUT ONLY.
DO NOT POPULATE FOR
8A DESIGNS

R3,1001l
Cl. C16: NICHICON UPL1C152MHH
01: MOTOROLA MBRS0530
C12TO C15: AVX TPSE337MOO6Rl00 D2: MOTOROLA M8RD835L

L1: MAGNETICS CORE'55380. WIRE: 7T '14AWG
aHO a3: SILICONIX SI4410DY

R5. R6, R9: IRC LR201o-01-R033-F
Ul: LINEAR TECHNOLOGY LTC1435CS

Figure 1. 12V to 3.5V Regulator lor 8A or 12A Applications
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processor load transient of 0.2A to 4.5A. The transient
waveform in Figure 2 shows a ±0.04V variation in output
voltage with 700~ of local'decoupling capacitance at the
Power Validator and the 1300~capacitance at the regulator output. The same base circuit was used to power both
BA and 12A static loads. By changing the value of RB, the
output voltage can be set from 1.BV to 5V at a full 12A.
Outputs of up to 9Vare possible with some minor changes.

Figure 4 shows the output voltage transient and load
current waveforms with an input voltage of 3.5V. Figure 5
shows circuit efficiency over load:. and I,ine conditions.
OUTPUT
VOLTAGE
TRANSIENT
50mV/DIV

Portable Pentium Processor Power

The portable Pentium processor requires acore voltage of
2.9V ±O.165Vand switches between 0.25A and 2.65A in
about30ns. This load was simulated by the PowerValidator
and powered by the circuit of Figure 3. Although this circuit
works very well over the input voltage range of 5.5Vto 28V,
it will continue to provide portable Pentium processor core
voltage down to a 3.5V input by adding C13 and C14.

2ms/DIV

Figure 4. Portable Pentium Processor Load
Transient Waveform
100
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(; 80
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VOLTAGE
TRANSIENT
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~

I /. ~

Y//1

1/'1..111
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I 1111 '20V INPUT
I 1III128v INPUT
I fIll
,I

SO
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Figure 2. High Performance Pentium Processor Load
Transient Waveform
.

0.1
1
LOAO CURRENT (A)

10'

Figure 5. LTC1435 Efficiel;lcy Curves for Different
Input Voltages

C2
68PI-F_ _ _

----2CfCn::---=~~~~___1

C1, C16: AVX TPSE226M03SR300
C12 TO C14: AVXTPSE337M006R100

D1: MOTOROLA MBRSOS30
D2: MOTOROLA PIIBRS140T3

L1: SUMIDA CDRH12S-1 0
01,02: SILICONIX SI4412DY

RS: IRC LR201 Q-01-R033-F
U1: LINEAR TECHNOLOGY LTC143SCS

Figure 3. 2.9V Regulator for Portable Pentium Processor

For literature on our Switching Regulators,
call1-800-4-UNEAR. For applications help,
call (40B)432-1900, Ext. 2361
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DESIGN
NOTES
LTl462/LTl 463/LTl464/LTl 465: Micropower Dual and Quad
JFET Op Amps Feature pA Input Bias Currents and C-Load™
Drive Capability - Design Note 136
Alexander Strong and Kevin R. Hoskins
Introduction
The LT®1462/LT1464 duals and the LT1463/LT1465 quads
are the first micropower op amps to offer picoampere
input bias currents and unity-gain stability when driving
capacitive loads. For each amplifier, the LT1462/LT1463
consume only 28JlA of supply current; the faster LT14641
LT1465, just 145JlA. Low supply current and operation
specified at ±5V supplies make these amplifiers appropriate for portable low power applications. The LT1462/3/41
5 family is especially suited for piezo transducer conditioning, strain gauge weight scales, very low droop trackand-holds, wide dynamic range photodiode amplifiers and
other applications that benefit from pA input bias current.
The LT1462/3/4/5 family also exhibits very low noise
current, importantto circuits such as low frequency filters.
These op amps allow high value resistors to be used with
easily obtainable, low value precision capacitors to set a
filter's frequency characteristics without compromising
noise performance.

Driving Large Capacitive Loads
Though the LT1462/3/4/5 consume very small amounts of
supply current, they can easily drive 10nF loads while
remaining stable. Instead of increasing their idling current
to drive heavy load capacitance, these op amps use a
clever compensation technique to lower bandwidth. As
load capacitance increases, these op amps automatically
reduce their bandwidth by reflecting a portion of the load
capacitance back to the gain node, increasing the compensation capacitance. Now instead of a 1MHz op amp trying
to drive alarge capacitor, alower bandwidth op amp is able
to drive the load capacitance.
Applications
Abenefit of the LT1464/LT1465's low power consumption
is very low junction leakage current, which in turn, keeps
the input bias current below 500fA typically. Track-andhold applications are a natural for this family of op amps.
£T. LTC and LT are registered trademarks of Linear Technology Corporation.
C-Load is a trademark of Linear Technology Corporation.

C1
10nF
POLYSTYRENE

A

MODE INA IN B
Track
0
0
Hold
1
1
Positive Peak Dot Reset
0
0
1
Store
0
Negative Peak Det Reset
0
0
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1
0
LTc"201 sWitch IS open for logic "1"

TYPICAL DROOP =
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• R1 = 6000 FOR ±15V SUPPLIES
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Figure 1. Low Droop Track-and-Hold/Peak Detector Circuit Takes Advantage of the LT1464s O.5pA Input Bias Current
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Figure 1·· is a track-and-holdcircuit that uses a tow cost ADC feedback path comprising RS, R9, C6 and 01 is active
optocoupler as aswitch. Leakage for these parts is usually only for no light conditions. 01 is off when light is present,
in the nA region with 1Vto 5Vacross the output. Since there isolating the photodiodefrom C6. When feedback is needed,
is less than O.SmV across the junctions, the leakage is so a small filtered current through RS prevents th~ op amp
small that the op amp's 18 dominates. The input signal is outputs from saturating when no signal is present.·· .
buffered by one op amp while the other buffers the stored
voltage; this results in a droop of 50llVls with a 10nF
-l.S
capacitor.
-1.4
The LT1462/LT1463s low input bias current make it a
natural for amplifying low level signals from high impedance transducers. The 1pA input bias current contributes
only O.4fA1..[Hz cif current noise or O.4nV/..[Hz voltage noise
with a 1Mn source impedance. A 1Mn impedance's
thermal noise of 130nVl..[Hz dominates the op amp's noise,
showing that even with high source impedances, the
LT1462/LT1463 contribute very little to total input-referred
noise. Taking advantage ofthese features, Figure 2's photodiode logging amplifier uses two LT1462 duals or an
LT1463 quad. Here, the photodiode current is converted to
a voltage by the first op amp and D1 and aniplified by the
first, second and third logarithmic compression amplifiers ..
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Figure 3. Logging Photodiode Amplifier DC Output
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Figure 2. This Logging Photodiode Amplifier Takes Advantage of the LT1462s
1pA Input Bias Current to Amplify the Low Level Signal from The Photodiode's High Source Impedance

For literature on our Operational Amplifiers,
call1-800-4-LlNEAR. For applications help,
call (408) 432~ 1900, Ext. 2593
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DESIGN
NOTES
New Comparators Feature Micropower Operation
Under All Conditions - Design Note 137
Jim Williams
Some micropower comparators have operating modes that
allow excessive current drain. In particular, poorly designed
devices can conduct large transient currents during switching. Such behavior causes dramatically increased power
drain with rising frequency, or when the inputs are nearly
balanced, as in battery monitoring applications.
Figure 1 shows a popular micropower comparator's
current consumption during switching. Trace A is the
input pulse, trace Bis the output response and trace Cis
the supply current. The device, specified for micropower
level supply drain, pulls 40mA during switching. This
undesirable surprise can upset a design's power budget
or interfere with associated circuitry's operation.

The LTC®1440 series comparators are true micropower
devices. They eliminate current peaking during switching,
resulting in greatly reduced power consumption versus
frequency, or when the inputs are nearly balanced. Figure
2's plot contrasts the LTC1440's power consumption versus frequency with that of another comparator specified as
a micropower component. The LTC1440 has about 200
times lower current consumption at higher frequencies,
while maintaining a significant advantage below 1kHz.
Table 1 shows some LTC1440 family characteristics. Avoltage reference and programmable hysteresis are included in
some versions, with 5J.1S response time for all devices.
LT, LTC and LT are registered trademarks of Linear Technology Corporation.
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~
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~
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1JlS/DIV

Figure 1. Poorly Designed "Micropower" Comparator Pulls
Huge Currents During Transitions. Result Is Excessive
Current Consumption with Frequency

100
1k
10k
INPUT FREQUENCY (Hz)

lOOk

Figure 2. The LTC1440 Family Draws 200 Times Lower
Current at Frequency Then Another Comparator

Table 1. Some Characteristics of the LTC1440 Family of Micropower Comparators
PART
NUMBER

NUMBER OF
COMPARATORS

REFERENCE

PROGRAMMABLE
HYSTERESIS

PACKAGE

PROP. DELAY
(100mV OVERDRIVE)

SUPPLY
RANGE

SUPPLY
CURRENT

LTC1440

1

1.182V

Yes

8-Lead PDIP, SO

5iJS

2Vto 11V

4.71JA

LTC1441

2

No

No

8-Lead PDIP, SO

5iJS

2Vto 11V

5.71JA

LTC1442

2

1.182V

Yes

8-Lead PDIP, SO

5iJS

2Vto l1V

5.71JA

LTC1443

4

1.182V

No

16-Lead PDIP, SO

5iJS

2Vto 11V

8.51JA

LTC1444

4

1.221V

Yes

16-Lead PDIP, SO

5iJS

2Vto 11V

8.51JA

LTC1445

4

1.221V

Yes

16-Lead PDIP, SO

5iJS

2Vto l1V

8.51JA
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The new devices permilhigh performance circuitry with
low power drain. Figure 3's., qu'arti oscillator, using a
standard 32.768kHz crystal, starts under all conditions
with n9spurious modes. Current drain is only 9~ at a2V
supply,"
.
Figure 4's voltage-to-frequency converter takes full 'advantage of the LTC1441 's low power consumption under
dynamic conditions. A OV to 5V input produces a OHz to
10kHz output, with 0.02% linearity, 60ppm/"C drift and
40ppmN supply rejection. Maximum current consump1M

Start-up or input overdrive can cause the circuit's ACcoupled feedback to latch. If this occurs, C1 's output goes
low; C2, detecting this via the 2.7M/O.1!JFlag, goes high.
This lifts C1 's positive input and grounds the negative
input with Q7, initiating normal circuit action.

V'-'IIvv--_--I
470k
OUT

.'

~

10pF

JD
1 ~

tio,n is only 26~, 100 times lower than currently available
cIrcuits. C1 switches a charge pump, comprising Q5, Q6
and the 1OOpF capacitor, to maintain its negative input at
OV: The LT1004s and associated components form a
temperature-compensated referenceforthe chargepump.
The 1OOpF capacitor charges to afixed voltage; hence, the
repetition rate is the circuit's only degree of freedom to
maintain feedback. Comparator C1 pumps uniform packets of charge to its negative input at a repetition rate
precisely proportional to the input voltage derived current.
This action ensures that circuit outputfrequency is strictly
and solely determined by the input voltage.

Figure 5 shows the circuit's power consumption versus
frequency. Zero frequency current is just 15~, increasing
to only 26!lA at 10kHz.

=STATEKCX1-V

Adetailed description of this circuit's operation appears in
the August 1996 issue of Linear Technology magazine.

Figure 3. 32.768kHz "Watch Crystal" OSCillator Has No
Spurious Modes. Circuit Pulls gjJA at Vs =2V
v' = 6.2 TO 12V
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Figure 5. Current Consumption vs Frequency
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Figure 4. LTC1441·Based 0.02% V/F Converter Requires
Only 26jJA Supply Current

For literature on our Micropower Comparators,
call1·800-4·lINEAR. For applications help,
call (408) 432-1900; Ext. 2456
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DESIGN
NOTES
Micropower ADC and DAC in SO-8 Give PCs
a 12-Bit Analog Interface - Design Note 138
Kevin R. Hoskins
Introduction
Adding two channels of analog input/output to a PC
computer is simple, inexpensive, low powered and compact when using the LTC@1298 ADC and LTC1446 DAC.
The LTC1298 and the LTC1446 are the first SO-8 packaged
2-channel devices of their kind. While the application
shown is for PC data acquisition, the two converters
provide the smallest, lowest power solutions for many
other analog 1/0 applications.

PC 2-Channel Analog 1/0 Interface
The circuit shown in Figure 1 connects to a PC's serial
interface using four interface lines: DTR, RTS, CTS and TX.
DTR is used to transmitthe serial clock signal, RTS is used
totransfer data tothe DAC and ADC, CTS is used to receive
conversion results from the LTC1298, and the Signal on TX
selects either the LTC1446 orthe LTC1298 to receive input
data. The LTC1298's and LTC1446's low power dissipation allow the circuit to be powered from the serial port.
The TX and RTS lines charge capacitor C4 through diodes
Small, Micropower AOC and OAC
DS and D6. An L~1 021-S regulates the voltage to SV.
The LTC1298 features a 12-bit ADC, 2-channel multi- Returning the TX and RTS Hnes to a logic high after
plexer, and an input S/H. Operating on a SV supply at sending data to the DAC or completion of an ADC convermaximum conversion rate, the LTC1298draws just340~. sion provides constant power to the LT1 021-S.
A built-in auto shutdown further reduces power diSSipation at reduced sampling rates (to 30~ at 1ksps). The Using a 486-33 PC, the throughput was 3.3ksps for the
LTC1298 and 2.2ksps for the LTC1446. Your mileage
serial interface allows remote operation.
may vary.
The LTC1446 is the first 12-bit dual micropower SO-8
Listing
1 is Ccode that prompts the user to either read a
packaged DAC.ltfeatures a1mV/LSB (OVto 4.09SV) railconversion
result from the ADC's CHO or write adata word
to-rail output, internal 2.048V reference and a simple,
cost-effective, 3-wire serial interface. A DOUT pin allows to both DAC channels.
cascading multiple LTC1446s without increasing the LT, LTC and LT are registered Ir1Idemar1<s of Linear Technology Corporation.
number of serial interconnections. Operating on asupply
of SV, the LTC1446 draws just 1mA (typ).
Dl
5100

I_ _ _ _."".~"'--....:D""'OU"-T-CTS
AoUT2
AoUT1

======~
Dl TO D6: lN914

Figure 1. Communicating Over the Serial Port, the LTC1298 and LTCl446 in SO-8 Create a
Simple, Low Power 2-Channel Analog Interface for PCs

Conclusion
TheseSO-8 packaged data c'Qnverters offer unprecedented
space, power and economy to dataacqui$ition system
designers. Theyfotilra very nice 12-bit analog interface to,
a wide variety of portable; battery-powered and si,ze con~
strained products: They are extremely easy to'apply and
require a minimum of passive,support components and
interconnections,
Listing 1. Configure Analog Interface with this CCode
#define port Ox3FC 1* Control register, RS232 °1
#define Inprt Ox3FE/*Status reg. RS232 *1
#define LCR Ox3FB/* Line Control Register */
#defme high 1
#define low 0
#define Clock OxO 1/* pin 4, DTR *1 ,•:'
#define Din OX02/* pin 7, RI'S *1 '
#define Dout Oxl0/ pin 8, CTS Input *1
#lnclude<stdio.h>
#lnclude<dos.h>
#lnclude<conlo.h>
/* Function module sets bit to high or low *1
void seCcontrol(lnt Port, char bltnum,lnt flag)
(

char temp;
temp = Inportb(Port);,
if (flag==high)
,temp 1= bltIium; 1* set output bit to high 01
else
temp: &= -bltnum; 1* set output bit to low '1
outportb(Port, temp);

.

},

}

/* Read bit from ADC to PC *1
DouCD

Int temp, x, volt =();
for(x = 0; x<l3: ++x)
set_control(port, Clock,high);
seCcontrol(port,Clock,low);
te11).p 'C Inportb(ll).prt);/* read status reg. 01
volt«=' 1;1' shift left one bit for serial '
transmission 0/
if[temp & Dout)
,
'
volt +=' 1; /* add 1 if Input bit Is high *1
)

returri(volt & Oxftl);
)

/* menu for the mode selection 01
charmenuO

(

prlntf("Please select one of the following: \na: ADC \nd:
DAC\nq: quit\n\n");
return (getcharOl;
)

void'mairiO
(

long code; ,
'
char mode select;
Int temp,volt=O;
/* Chip select for DAC & ADC is controlled by RS232 pin
3 TX line. When LCR's bit 6 Is set, the DAC is selected
and the reverse Is true for the ADC. *1
outportb(LCR,OxO);/* Initialize DAC */
outportb(LCR,0x64);/* Initialize ADC*/ '
whlle((mode_select = menuOl 1= 'q')
switch(mode_select)
{

case 'a':

(

(

if (direction)

seCcontrol(port,Clock,low);/* set clock high for Din to
be read *1
seCcontrol(port,Din,low); 1* set Din low */
set_control(port,Dln,low);/* set Din high to make CS goes
hl1h *1
'
,
,
else (
outportb(port, OxOl);/* set Din & clock low *1
Delay(10);
,
outportb(port, OX03);/* Din goes high to,make CS
goes low °1
)

)

/* This function outputs a 24 blt(2xI2) digital code to
LTC1446L */
void DIn_Oong code,lnt clock)
(

Intx;
for(x = 0; x<clock; ++x)
code «= 1; /* align the Din bit *1

if (code & Oxl000000)

{

,

,

,

high 0/

printf("\ncode: %d\n",volt);
}
{'

}

}

set_control(port,Clock,low);I* set Clock high for
DAC to latch */
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,

,

printf("Enter DAC Input code (0'- 4095):\n");
scanf("%d", &temp);
code = temp;
code += Oong)temp «12;1* converting 12 bit to 24 bit
word 01
outportb(LCR,Ox64);/* selecting DAC *1
CS_ControIOow);/* CS enable *1
DIn_(code,24);r loading digital data to DAC *1
outportb(LCR,OxO);/* bring CS high 0/
outportb(LCR,0x64);I* dls\ibllng ADC */
seCcontrol(port,DIn,hlgh);I* bring Din signal high 0/
}

break;

"

else (
seCcontrol(port,Clock,high); /* set Clock low 0/
set30ntrol(port,DIn,low);/* set Din low' 1

outportb(L¢R,OxO);/* selectingADC 0/
'
CS_ControIOow);I* enabling tlie ADC CS *1
Din_(Ox680000, Ox5);I' channel selection"/
volt = DouCO;
outportb(LCR,Ox64);I* bring CS high *1
set_control(port,DIn,high);I* bring Din signal

break;
'case'd':

set_control(port,Clock,hlgh};V* set Clock low *1
set_control(port,DIn,highl;/* set Din bit high *1

)

,.

(

/*This function brings CS high'or low (consult the
schematic) */
void CS_Control(direction)

{

'

(

)
}
)

For literature on our Data Conversion products,
call1-800-4-L1NEAR. For applications help,
call (408) 432" 1900, Ext. 2453 ,

DESIGN
NOTES
Safe Hot Swapping Using the LTC1421 -

Design Note 139

James Herr and Robert Reay
When a circuit board is inserted into a live backplane, the
large bypass capacitors on the board can draw huge
inrush currents from the backplane power bus as they
charge. The inrush current, on the order of 10A to 100A,
can destroy the board's bypass capacitors, metal traces or
connector pins. The inrush current can also cause aglitch
on the backplane power bus, which could force all of the
other boards in the system to reset. In addition, the system
data bus can be disrupted when the board's data pins make
or break contact.
.

driving the gates of external N-channel pass transistors,
board connection sensing, flexible supply voltage monitoring, power on reset output, short-circuit protection and
soft or hard reset via software control.

Typical Application
Figure 1 shows a typical application using the LTC1421.

The LTC1421 works best with astaggered, 3-level connector. Ground makes connection first to discharge any static
build-up. Vee, VDD and VEE make connection second and
The LTC@1421 can turn on two positive and one negative the data bus and an other pins last. The connection sense
board supply voltage at a programmable rate, allowing a pins CON1 and CON2 are located on opposite ends of the
board to be safely inserted in, or removed from, a live connector to allow the board to be rocked back and forth
backplane. The chip provides internal charge pumps for during insertion.
LT. LTt: and LTare registered trademarks of linear Technology COr]loration.
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Figure 1. LTC1421 Typical Application
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The power. supplies on the board are coiltrolled by placing
external N-channel pass transistors Q1, Q2 and Q3 in the
power path for VCC, Voo and VEE, where Vcc and Voo can
range from 3V to 12V, and VE'E from -5V to -48V. By
ramping up the voltage on the pass transistors' gates at a
controlled rate, the transient surge current [I = (C)(dv/dt) I
drawn from the main backplane supply will be limited to a
safe value. The ramp rate is set by the value of capacitor C2.

is released, PWRGD immediately goes high, followed 200ms
later by RESET.

Board Insertion Timing'
When the board is inserted, GND pin makes contact first,
followed by VCCHI and VCCLO (Figure 2, time point 1).
DISABLE is immediately pulled high, so the data bus switch
is disabled. At the same time CON1 and CON2 make contact
and are shorted to ground on the host side (time point 3).
The board's data bus is buffered by aQS3384 QuickSwitch When CON1 and CON2 are both forced to ground for more
from Quality Semiconductor. Disabling the QuickSwitch than 20ms, the LTC1421 assumes that the board is fully
via the DISABLE pin during board insertion and removal connected to the host and power-up can begin. When
prevents corruption of the system data bus.
VCCLO and VCCHI exceed the 2.45V undervoltage lockout
ResistorsR1 and R2 form an electronic circuit breaker threshold, the 20~ current reference is connected from
function t~at protects against excessive supply current. RAMPto GND, the charge pumps are turned on and CPON
When the voltage across the sense resistor is greater than is forced high (time pOint 4). VOUTHI and VOUTLO begin to
50mV for more than 201lS, the circuit breaker trips, imme- ramp up. When VOUTLO exceeds the reset threshold voltdiately turning off Q1 and Q2 while the FAULT pin is pulled age, PWRGD will immediately be forced high (time point
low. The chip will remain in the tripped state until the POR 5). After a 200ms delay, RESET will be pulled high and
pin is pulsed low orthe power on VCCLO and VCCHI is cycled. DISABLE will be pulled low, enabling the data bus (time
The circuit breaker can be defeated by shorting VCCLO to point 6). 1 2 3
SERO and VCCHI to SETHI.
. - 200m• .,---+
~
The RESET signal is used to reset the system microcontroller. When the voltage on the VOUTLO pin rises above
the reset threshold, PWRGD immediately goes high and
RESET goes high 200ms later. When the VOUTLO supply
voltage drops below the resetthreshold, PWRGD immediately goes low, and RESET goes low 60llS later, allowing
the PWRGD signal to be used as an.early warning that a
reset is aboutto occur. When the FB is left floating, the reset
threshold is 4.65V; when the FB pin is tied to VOUTLO, the
reset threshold is 2.90V.
The uncommitted comparator and internal voltage reference, along with resistors R6 and R7, are used to monitor
the 12V supply. When the supply drops below 10.8V, the
COMPOUT pin will go low. The comparator can be used to
monitor any voltage in the system.
Push-button switches S1 and S2 are used to generate a
hard and soft reset,' respectively. A hard' or soft reset may
also be'initiated by a logic signal from the backplane.
Pushing S1 shorts the POR pin to ground, generating a
hard reset that cycles the board's power. Pass transistors
Q1 to Q3 are turned off and VOUTLO and VOUTHI are actively
pulled to ground. When VOUTLO discharges to within 100mV
of ground, the LTC1421 is reset and a normal power-up
sequence is started.
Pushing S2 shorts the FB pin to ground, generating asoft
resetthat doesn't cycle the board's power. PWRGD immediately goes low, followed 64!JS later by RESET. When S2
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Figure 2. Board Insertion Timing

For literature on our Hot Swap Controller Products,
call1-800-4-LlNEAR. For applications help,
.
call (40~) 432-1900, Ext. 2453

DESIGN
NOTES
Updated Operational Amplifier Selection Guide for
Optimum Noise Performance - Design Note 140
Frank Cox
Eight years ago, George Erdi wrote a very useful Design
Note (DN6) that presented information to aid in the selection of op amps for optimum noise performance, in both
graphical and tabular form. Design Note 140 is an update of
DN6.lt covers new low noise op amps as well as some high
speed op amps. Although agreat deal has changed in eight
years, especially in electronics, noise is still acritical issue
in op amp circuit design and the L-r'1 028 is still the lowest
noise op amp for low source impedance applications.

VTR3

VTR1

The amount of noise an op amp circuit will produce is
WHERE: VTR1, VTR2 AND VTR3 ARE THERMAL NOISE FROM RESISTORS
determined by the device used, the total resistance in the
(Rl)(R3))
circuit, the bandwidth of the measurement, the temperaR.q=R2+ ( Rl+R3
ture of the circuit and the gain of the circuit. A convenient
4kT = (16.56)(10)-21 J
figure of meritforthe noise performance of an op amp is the
Vn IS THE VOLTAGE S~OT NOISE AND In IS THE CURRENT SPOT NOISE OF
spectral density orspot noise. This is obtained by normaliz- THE ANDOP
AMP AS GIVEN ON THE DATA SHEET.
ing the measurementto aunit of bandwidth. Here the unit is
V = V(4kT)R.q + Vn2+ In2(R,q2)
1Hz and the noise is reported as "nV/'-'Hz." The noise in a
IS THE INPUT REFERRED SPOT NOISE IN A1Hz BANDWIDTH.
particular application bandwidth can be calculated by mulFigure 1
tiplying the spot noise by the square root of the application
bandwidth.
Studying the formula and the plots leads to several concluSome other simplifications are made to facilitate compari- sions. The values of the resistors used should be as small
son. For instance, the noise is referred to the input of the as possible to minimize nOise, but since the feedback resistor
circuit so that the effect of the circuit gain, which will vary is aload on the output ofthe op amp, it must not be too small.
with application, does not confuse the issue. Also, the For a small equivalent source resistance, the voltage noise
dominates. As the resistance increases, the resistor noise
calculations assume atemperature of 27°C or 300 0 K
becomes most important. When the source resistance is
The formula used to calculate the spot noise and the greater than 1OOk, the current noise dominates because the
schematic of the circuit used are shown in Figure 1. Figures contribution of the current noise is proportional to Req ,
2 through 4 plot the spot noise of selected ap amps vs the whereas the resistor noise is proportional to the v'"R;.
equivalent source resistance. The first two plots show
precision op amps intended for low frequency applica- For low frequency applications and a source resistance
tions, whereas the last plot shows high speed voltage- greater than tOOk, the LT1169JFET input op amp is the
feedback op amps. There are two plots for the low obvious choice. Not .only does the LT1169 have an exfrequency op amps because at very low frequencies (less tremely low current noise of 0.8fA1-{Hz ,it also has a very
than about 200Hz) an additional noise mechanism, which low voltage noise of 6nV/-{Hz. The LT1169 also has excelis inversely proportional to frequency, becomes important. lent DC specifications, with avery low input bias current of
This is called 1/f or flicker noise. Figure 2 shows slightly 3pA (typical), which is maintained over the input common
mode range, and ahigh gain of 120dB.
higher levels of noise due to this contribution.
":'"
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D, LTC and LT are registered trademarks of Unear Technology Corporation.
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Highspeed op amps, here defined by sl~W rates,greaterthan-- c '
1OOV/~, are plotted ill;Rgure4. These op amps come'ill a "
wider range of speeds than the precision op amps plotted in
Figures 2 and 3. The faster parts will generally have slightly
more spot noise, but because they will most likely be
selected on the basis of speed, aselection of parts is plotted.
For" example, the LT1354-:U1363 (these are single op
amps; duals and quads are available) are close in noise
performance and consequently cluster close together on the
plot, but have aspeed range of12MHz GBWto 70MHz GBW.

1000

-

300 ;.--LT1028
~LT1128

If 100
~
~

=

.

'/

f.

LT1 007
"3D -LT1037---

~

LT1124

1/

LT1169-

~ 10

b

3;

3

A

The same information is presented in tabular form in
Table 1.

~RESISTOR NOISE ONLY

0,3
10

100
1k
10k 100k 1M
10M
EQUIVALENT SOURCE RESISTANCE (a)
DN140FOa

1000
300

Figure 3: 1kHz Spot Noise vs Equivalent Source Resistance
LT1124
-LT1028
LT1128

LT1001

1000

~

300
LT116~

LT1007
LT1037

~

./.:

RESISTOR NOISE ONLY

If 100

~LT1222==-

,

3

//

V
LT1351~

~RESISTOR NOISE ONLY
0,3
10

Figure 2. 10Hz Spot NOise vs Equivalent Source Resistance

C-LT136~=1
LT1363

r--

b

3;

100
1k
10k 100k 1M
10M
EQUIVALENT SOURCE RESISTANCE (a)

--§lT1221
'

LT1224
30 ~LT1225
LT1226
~
~ 10

§.

0.3
10

tm~~==

r--- LT1220

100
1k
10k
100k
1M
EQUIVALENT SOURCE RESISTANCE (a)
Oftl~OF04

,

"

Figure 4. 10kHz Spot Noise vs Equivalent Source Resistance
(High Speed Amplifiers)

Table 1. Best Op Amp for Lbwest Noise vs Source Resistance
SOURCE R (Re~
00105000
5000101.5k
1.5k 10 3k
3klo 5k
5klo 10k
10k,lo 20k'
20klo 100k
100kl01M
1Ml01.0M

10Hz PRECISION
LT1028, LT1115, LT1128
LT1007, LT1037
LT1124/25/26/27
LT1124/25/26/27
LT1124/25/26/27
LTt001/02
LT1001/02
LT1022, LT1055/56/57/58,
LT1113, LT1122, LT1169
LT1 022, LT1 055/56/57/58,
LT1113, LT1122, LT1169

BEST OPAMP
1000Hz PRECISION
LT1028,LT1115, LT1128
LT1028, LT1115, LT1128'
LT1028,'LT1115, LT1128
LT1007, LT1037
LT1124/25/26/27
LT1113, LT1124/25/26/27
LT1055/56/57/58, LT1113, LT1169
LT1022, LT1055/56/57/58,LT1113
LT1122, LT1169, LT1457
LT1022, LT1055156/57/58, LT1113
LT1122, LT1169, LT1457

10kHz HIGH SPEED
LT1220/21/22/24/25/26
LT1220/21/22124/25/26
LT1220/21 122124/25/26
LT1220/21/22124/25/26
LT1354/57/60/63
L11354/57/60/63
LT1351
L11351

For literatureon our Operational Amplifiers,
call1-800-4-LiNEAR. For applications help,
call (408) 432-1900, Ext. 2593

DN140,.2

DESIGN
NOTES
LTC 1436-PLL Low Noise Switching Regulator Helps Control EMI
Design Note 141
John Seago

Electromagnetic interference (EM I) is a potential problem
for the circuit designer. Switching regulators can cause
EMI in many products. Linear Technology has developed
new techniques like spread-spectrum modulation, phaselocked synchronization and Adaptive Power™ mode that
can reduce the amount of unwanted intelierence.
New IC Solves Old Problems
The LT(;®1436-PLL is a constant-frequency, current mode,
synchronous step-down switching regulator that controls external N-channel MOSFETs for very efficient power conversion. It
also features Adaptive Power mode, which provides constant
frequency switching with good efficiency at light load currents.
Figure 1ashowstheaudiofrequencies generated by the 5Voutput
of the circuit in Figure 2, while supplying 3mA of load current
(0.1 %offuilioad) using acycle-skipping mode of operation. This
mode may cause many cycles to be skipped between bursts of
energy to the output capacitor. These energy bursts intrude into
the audio band at sufficiently low output currents. Rgure 1b
shows that audio frequency noise is completely eliminated by the
Adaptive Power mode under the same conditions.
Traditionally, efficiency is sacrificed to accomplish the audio
frequency response shown in Figure 1b. Large synchronous
MOSFETs are used to force continuous inductor current at the
switching frequency, regardless of the load. The associated
gate charge losses and losses caused by relatively large
inductor ripple current result in very poor efficiency at light

loads. The Adaptive Power mode uses only the small (SOT23) MOSFET, Q3 and 02 in aconventional buck mode to allow
constant frequency, discontinuous inductor current operation, which greatly decreases power loss. The gate-to-source
capacitance of the small MOSFET is significantly less than
either of the two large MOSFETs. Depending on component
selection, there can be a 50-to-1 difference in gate-to-source
capacitance between Q3 and Q1/Q2, so that Q3 requires only
2% of the gate drive power (loss) of Q1/Q2. This provides a
substantial increase in efficiency at light loads.
New Feature Provides New EMI Control
In addition to audio frequency suppression, the LTC1436PLL has three additional RF EMI control mechanisms:
1) The LTC1436-PLL allows switching frequency modulation to spread the spectrum of switching noise. Through
frequency modulation, peakenergy is decreased and spread
over awide range of frequencies as shown in Figure 3. The
normal 190kHz switching frequency and its harmonics are
shown by the bottom trace. The top (dashed) trace shows
the result of modulating the phase-locked loop lowpass
filter (PLL LPF) pin with a 100Hz sawtooth waveform.
Switching frequency energy is reduced by over 20dB when
modulated; second and third harmonics are attenuated
even more in this example. Figure 4 shows the spectrum
£T, LTC and LT are registered trademarks of Linear Technology Corporation.
Adaptive Power is a trademark of Linear Technology Corporation.
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.'
.
out to100MHz resulting from PLL LPF modulation under
the same conditions as in Figure 3.
", "
2) The switching frequency can be programmed ijnywhere
from. 50kHz to 400kHz by selecting the appropriate value
of oscillator capacitor. This places harmonics away frQli\1"
sensitive frequencies like 455kHz.
"

Additional Features

Tije LTC1436-PLL provld~fa power-on reset timer func-

tipnthat flags an out-oI-range output voltage condition ..
along with an iluxiliary regulator that controls an external
PNPtransistorforan additional low noise, linear regulated
output. The LTC1437 has all the features of the LTC1436PLL plus an internal comparator with reference that can be
3) The switching frequency can be phase-locked to an used to detect a low-battery condition or provide other
external system clock so that harmonics and sidebands of useful functions. The basic LTC1436 trades the phasethe switching frequency are common with those generated locked loop function for the additional comparator in the
by the system. This phase lock can be maintained over a LTC1437.
'
±30% frequency range around fa.
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For literature on our Switching Regulators,
call1-800-4-LlNEAR. For applications help,
call (408) 432-1900, Ext. 2361
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DESIGN
NOTES
Ultralow Quiescent Current DC/DC Converters for
Light Load Applications - Design Note 142
Sam Nark
In lightly loaded battery applications that require regulated
power supplies, the quiescent current drawn by the DC/DC
converter can represent a substantial portion of the average battery current drain. In such applications, minimizing
the quiescent current of the DC/DC converter becomes a
primary objective because this results in longer battery life
and/or an increased power budget for the rest of the
circuitry. The fol/owing two circuits provide regulated stepup and step-down DC/DC conversion and consume extremely low quiescent current.

The circuit is capable of providing up to 50mA of output
current (for VIN ;=: 3V). As shown in Figure 2,. typical
efficiency exceeds 70% with load currents as low as 50~.
The low quiescent current of the LTC1516 may render
shutdown of the 5V supply unnecessary because the 12~
quiescent current is lower than the self-discharge rate of
many batteries. However, the part is also equipped with a
1~ shutdown mode for additional power savings.

Ultra low Quiescent Current (10 < 5~)
Regulated Supply
2-Cell to 5V Conversion with 10 = 12~
The LTC1516 contains an internal resistor divider that
The circun in Figure 1 produces a regulated 5V output from a
draws only 1.5~ (typ) from VOUT. During no-load condi2V to 5V input and consumes only 12~ (typical) of supply
tions, the internal load causes adroop rate of only 150mV
current. The LT[;®1516 isa charge pump DC/DC converter that
per second on VOUT with COUT =101lf. Applying a 5Hz to
uses Burst Mode™ operation to provide aregulated 5V output.
0, LTC and LT are registered tredemarks of Linear Technology Corporation.

This circuit achieves ultralow quiescent current by disabling the internal charge pump when the output is in
regulation. The charge pump is enabled only when the
output load forces the voltage on COUT to droop byapproximately 80mV. External capacitors C1 and C2 are then used
to transfer charge from VIN to VOUT until the output climbs
back into regulation. This regulation method results in
approximately 1OOmV of voltage ripple at the output.
0.221lF

Burst Mode is a trademark of Linear Technology Corporation.
90 , - - - . . . , - - - , - - - . , . - - - - - ,

60

1+--+----+---+---1

0.1
1
10
OUTPUT CURRENT (rnA)

100

Figure 2. Efficiency vs Output Current
SHDN PIN WAVEFORMS:

I
I

~~~~~I---VOUT= 5V±4%
lOUT = OmA TO 20mA. VIN ~ 2V
lOUT = OmA TO SOmA. VIN ~ 3V

Figure 1. Regulated 5V Output from a 2V to 5V Input

LOW 10 MODE (5Hz TO 100Hz,
95% TO 98% DUTY CYCLE)
lOUT s 1001lA

I VOUT LOAD ENABLE
MODE (lOUT = 1001lA
TO 50mA)

Figure 3. SHON Pin Waveforms for Ultralow Quiescent
Current Supply
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100Hz; 95% to 98% d,uty cycle signalto the SHON pin
ensures thatt~e circuit ofFigure 1comes out of shutdown
frequently enough to maintain regulation during no-load
or loW-load conditions. Since the part spends nearly all of
its time in shutdown, the no-load quiescent current (see
Figure 4) is approximately equal to (VoUTH1.51lA)/
(VINHEfficiency).
The LTC1516 must be out of shutdown for a minimum
duration of 200}.lS to allow enough. time to sense the
output and keep it in regulation. As the VOUT load current
increases, the frequency with which the part is taken out
of shutdown must also be increased to prevent VOUT from
drooping below 4.8V during the OFF phase. A100Hz 98%
duty cycle signal on the SHDN pin ensures proper regula~
tion with load currents as high as 100!iA. When load
current greater than 1001lA is needed,the SHDN pin must
be forced. low, as in normal operation. The typical no-load
supply current for this circuit with VIN =3V is only 3.21lA.

deliver at least 1OmA output current with inputs as low as
4.8V (that is, froll) a fully discharged 9V battery).
Because the regulator implements a hysteretic feedback
loop in place of the traditional linear feedback loop, no
compensation is needed for loop stability. Furthermore, the
extremely high gain of the comparator provides excellent
load regulation and transient response. However, as with
the LTC1516, the comparator hysteresis necessarily produces a small amount of output ripple. Output ripple can
be reduced to 1OmV-20mV peak-to-peakwith feedforward
capacitor C3 (see Figure 6), but no-load quiescent current
increases by approximately 1.5J1A. Without C3 the quiescent current is about 4.5J1A, but output ripple is 50mV to
100mV peak-to-peak.
R4
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2.0 f - - - - - - 1 - - - + - - - - 1
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I
0.0 '--_----J'--_----!_ _----'
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Figure 4. No-Load Icc vs Input Voltage for Low 10 Mode

R2
2.2M

Q1: TP0610T
Q2: MMBT3906LT1

'-1 ~---+
C3

1nF
(OPTIONAL) .

10mA
C4
22~F

":f" i~~T

Figure 5. Micropower LOO Regulator

Micropower LOO Regulator Consumes <5!!A
The micropower linear regulator shown in Figure 5 delivers aregulated 3.3V output using less than 5J1A quiescent
current. With such low operating current, a standard 9V
alkaline battery can power this regulator for 10 years.
Circuit operation is very straightforward. The LTC1440's
internal reference connects to one input of the feedback
comparator. Afeedback voltage divider formed by R2 and
R3 establishes the output 1J0ltage~ The output of the
comparator enables the current source formed by Q1, Q2,
R1 and R4. When LTC1440's output is low, Q1 is turned
on, allowing current to charge Qutputcapacitor C4. Local
feedback formed by R4, Q1 and Q2 creates a constant
current source from V1N to C4. Peak charging current is set
by R4 and the VBE of Q2, which also provides current
limiting in case of an output short to ground. With the
values shown in Figure 5, the regulator is.guaranteed to

DN142-2

DN142F06

Figure 6. Typical OutputRipple Using 1nF
Feedforward Capacitor

For literature on our DC/DC Converters,
call1-800-4-LlNEAR.Forapplications help,
call (408)432-1900, Ext. 2361

FM
r"lln
TECH~

......,

DESIGN
NOTES
Single IC, Power Factor Corrected, Off-Line Supply
Design Note 143
Kurk Mathews
An ever increasing number of off-line power supplies now
include power factor correction (PFC) in order to reduce
input current and meet future regulatory requirements.
Switching power supplies that incorporate a bridge rectifier followed by bulk capacitance create harmonic currents. These harmonics only increase the supply's RMS
input current, while contributing nothing to real power.
The typical solution to this problem has been to add aPFC
preregulator and a separate controller to an existing
design.

lower part count and improved PC board layout. Start-up is
controlled by separate PFC and PWM soft start pins. The
PWM Soft Start pin is held low, disabling the PWM output
until the PFC stage is in regulation. The PWM will remain
enabled as long as the PFC output voltage stays above 73%
of its preset value (typically 280V out of 383V for universal
input). A separate overvoltage protection pin can be connected to the output through an independent resistor
divider. This ensures overvoltage protection during safety
agency abnormal testing conditions, such as opening the
main feedback path. The two stages are synchronized and
The L~1508 (voltage mode) and LT1509 (current mode)
the PWM turn-on is delayed for 50% ofthe oscillator cycle.
eliminate the need for separate controllers by combining
This minimizes noise and conducted emission problems.
the PFC and a pulse width modulator (PWM) function in a
.single 20-pin IC. PFC is achieved by programming the 2A peak current gate drivers and a1.2Voptoisolator offset
on the Vc pin further simplify the design.
input current of a boost regulator to follow the input line
voltage. This results in a near-unity power factor com- Auniversal input, 24VDC, 300W converter using the LT1508
pared to 0.5 to 0.7 for a typical capacitive input switcher. is shown in Figure 2. The circuit's user benefits inctude low
Linear's unique architecture maintains 0.99 power factor cost, customizable footprint and off-the-shelf magnetics
over a 20:1 load range. Figure 1 shows input current with designed to meet UL and EC safety standards. Following
output powers of 30W, 150W and 300W.
the PFC boost pre regulator is a 2-transistor forward converter that features low voltage (500VDC) switches, low
A number of issues associated with a 2-IC approach are
peak currents and automatic nondissipative core reset.
addressed within the LT1508 and LT1509, resulting in a
Underworstcase conditions (low line, full power), the PFC
and PWM stages have efficiencies. of 90% and 92% respectively. See the graph in Figure 2fortypical overall efficiency
versus input line and output power. The LT1508's low
start-up current (250llA) minimizes start-up resistor power
dissipation. An overwinding on T1 provides the bootstrapped
chip supply. The intermediate bus voltage of 382V is well
2A1DIV
controlled, simplifying the post regulator and increasing
capacitor holdup time compared to a typical off-line converter. This results in lower transformer primary current
and simplified magnetics design. Different or additional
outputs are easily accommodated with this topology by
SmS/DiV
modifying T2 and L1.
Figure 1. Input Current at 30W, 150W and 300W

..a: LTC and LT are registered trademarks of Linear Technology Corporation.
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DESIGN
NOTES
LTl511 Low Dropout Constant-Current/Constant-Voltage
3A Battery Charger - Design Note 144
Chiawei Liao
Introduction
The LT®1511 current mode PWM battery charger is the
simplest, most efficient solution for fast charging modern rechargeable batteries that require constant-current
and/or constant-voltage charging including lithium-ion
(Li-Ion), nickel-metal-hydride (NiMH) and nickel-cadmium (NiCd).
Higher Duty Cycle 'or the L11511 Battery Charger
Maximum duty cycle for the LT1511 constant-currenV
constant-voltage battery charger is typically 90%, but this
may be too low for some applications. For example, if an
STANDARD CONNECTION

SW
BOOST
LT1511

L..---t----I SPIN

18V ±3% adapter is used to charge ten NiMH cells, the
charger must put out 15V maximum. Atotal of 1.6Vis lost
in the input diode, switch resistance, inductor resistance
and parasitics, so the required duty cycle is 15/16.4 =
91.4%. As itturns out, duty cycle can be extended to 93%
by restricting boost voltage to 5V instead of using VBAT,
as is normally done. This lower boost voltage also reduces
power dissipation in the LT1511. Connect an external
source of 3V to 6V at the Vx node in Figure 1 with a 101lf
Cx bypass capacitor.
Enhancing Dropout Voltage
For even lower dropout and/or to reduce heat on the
board, the input diode can be replaced with a FET {see
Figure 2). It is straightforward to connect aP-channel FET
across the input diode and connect its gate to the battery
so that the FET comrnutates off when the input goes low.
The prOblem is that the gate must be pumped low so that
the FET is fully turned on even when the input is only avolt
or two above the battery voltage. There is also a turnoff
speed issue. To avoid large current surges from the
battery back through the charger into the FET, the FET
should turn off instantly when the input is dead shorted.
D, LTC and LT are registered trademarks of Linear Technology Corporation.
HIGH DUTY CYCLE CONNECTION

HIGH DUTY CYCLE CONNECTION

SW
BOOST
LT1511

'----+-.... SPIN
Vx
3V TO 6V
Cx

IOIlF

T '------4~,..,...-._
-

Figure 1. High Duly Cycle

Vx
3VT06V
VBAl

Cx

IOIlF

T·L..~JWi....t-_VBAl

01 = Si4435DY
Q2 =TP0610L

Figure 2. Replacing the Input Diode
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Gatecapacitanc~SloWS turnoff; so a small P-channel ItRx1 = 6.2k, VSAT = 19.5V, VGS =7V, VIN = 21.5V,
(02) is used to discharge th.e gate capacitance quickly']n
the event of an input short.The body diode of 02 Cteates Then RX2 = 18k
Note, Figure 1, 2 and 4 clrcuitsa,e for SA charging currentS~ the LT1511 data
the ne-cessarypumpillg action to keepthegate'of 0110w ·sheet
for other design values.
..
,
during normal operation. Note the 01 arid 02 have aVGS "
spec lim it of 20V. This restricts VIN to amaxi mu ni of 20V.
Figure 3 is a 3A complete constant-current/constantvoltage charger for 15V batteries. Input is from an 18V
±3% adapter. For adapter current limit andundervoltage
lockout functions, please see the LT1511 data sheet.
ForVIN >20V, the circuit in Figure4 can be used to clamp
VGsto<20V. RX1 and RX2are chosen to draw 1mAorless
to ensure that the 2.5V on PROG is sufficient to turn 02
on. This gives a value for RX1 of about 6.2k and RX2 is
calculated from:

Vx
3VT06V

VSAT = Highest battery voltage
VGS = Minimuin 01 gate drive
VIN = Lowest inpulvoltage

-=
02
MBR0540T

Rx
50k

VIN (ADAPTER INPUT)
18V±3%

CLP

CLN
Vee I---<~-~~-""----+---R5
BOOST
UNDERVOLTAGE
LT1511
LOCKOUT
UV
COMP1
~----------.
SW

R6
5k

PROG

Vx-.-I-_---I

3VTO 6V

w,,+--..---t-'

L--......

Figure 4. VIN > 20V Low,Dropoul Charger

GND
. C2
0.471'F

T

01 = Si4435DY
Q2 =VN2222
03 = 2N2222

R - R'(
VSAT
-1)
X2 - X1 VGS- VIN + VSAT

01
MBRD340

Cx

10!1F

SPIN
OVP SENSE

Ve
BAT

1k

.·R3
RS1
825k
0.0330
CIN: TOKIN OR UNITED CHEMI·CONIMARCON
0,25%
BATIERY CURRENT
CERAMIC SURFACE MOUNT
BATTERY
SENSE
L1: 20l'H COILTRONICS CTX20·4
' - - _....._ _--tVOLTAGE SENSE
01: Si4435DY
R4
02: TP0610L
162k
"*50PF
R7 AND C1 ARE OPTIONAL FOR liN LIMITING
0.25%
RS4, R5, R7: SEE DATA SHEET APPLICATIONS
INFORMATION FOR INPUT CURRENT LIMIT AND
UNDERVOLTAGE LOCKOUT

TO MAIN SYSTEM POWER
(A POWER SWITCH MAY BE
NEEDED TO DISCONNECT
LOAD IFTHE LOAD CANNOT
BE ACTIVELY SHUT DOWN.
POWER IS DELIVERED TO
THIS POINT FROM THE
BATIERY THROUGH AN
INTERNAL SW TO Vee
DIODE WHEN ADAPTER
POWER IS TURNED OFF)

VBAT

Figure 3. 3A Conslanl-Current/Conslanl-Vollage Low Dropoul Battel\' Cilarger

For literature: on our Battery Chargers,
call1-800-4"LlNEAR. For applications help,
call (408) 432-1900, Ext. 236Q
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SECTION 3-REFERENCE READING
Avoid Wiring-Inductance Problems ................................................................................................................ RR1-1
Surge in Solid Tantalum Capacitors ............................................................................................................... RR2-1

Avoid wiring-inductance problems.
Properly configured wiring can reduce unwanted
coupling, troublesome feedback and noise pickup.
Do you know that there are 465 nH in just one
foot of 30-AWG wire? And that a 10-ns current
pulse of 10 rnA produces a 0.5-V noise spike? But
place the wire over a ground plane, and you
reduce the inductance to 100 nH and the noise
spike to 0.1 V.
Wiring inductance is often overlooked in the
design of PC boards, back panels and cables. And
many of the less obvious characteristics of inductance are not accounted for, even when an
attempt is made to cons~der inductive effects. The
result of this neglect is noise pickup, unwanted
coupling and troublesome feedback.
You can calculate wiring inductances, however,
and alleviate problems from this source. Let's see
how.
What is inductance?

Inductance, L, can be defined by the equation

L=~cfJ

near, which is the usual case, the effect of the
mutual inductance subtracts from the isolated
self-inductance value and lowers the over-all selfinductance, L,.
Fundamental formulas reviewed

The over-all self-inductance of two mutually
coupled conductors in series (Fig. 1a) is given
by the equation
L,= L, + L.. ± 2Lm,
where
Ls
over-all self-inductance;
L,
self-inductance of one wire, if isolated;
L2
self-inductance Of the other wire, if
isolated;
Lm
mutual inductance between inductors.
If L2 is a current-return conductor of the same
length and diameter as L" then L, .= L2 and
L,:= 2(L, - Lm).
Usually, a load, ZL, connects between the ends
of a feed wire and its return (Fig. 1b). The' ef-

Magnetic flux "lines" cfJ, or linkages represented
by the quantity N</> (turns x flux), accompany

all current flow, I. Flux lines occur both internally and externally to the conductor. Inductance
also is considered the parameter that represents
how well flux lines can oppose changes in the
flow of current in a circuit. The opposition to the
change in flow of current, or self-inductance, is
manifested by a back voltage, e, that develops in
the circuit,
e= -Ldi/dt.
When the flux lines "cut" across, or couple,
with other nearby conductors, voltage is induced
in these conductors. The amount of induced voltage is determined by the degree of coupling, called mutual inductance.
Most engineers know how to calculate the selfinductance of an isolated wire, but they often
overlook the mutual-inductance effect of a nearby return-current conductor. This neglect can
lead to serious errors. If the return conductor is
Paul M. Rostek, Senior Circuit Design Engineer, NCR
Corp., San Diego, CA 92127.
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1. In calculating the inductance between wired paints
in a circuit, you must take into account the mutual inductance (a) to nearby current paths, such as a return
path (b) or between parallel feed paths (0).
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fective inductance, L., of each separate leadfeed or return wire--if the inductances are considered equal, is one-half of the over-all inductance, L,. Thus
L" = L., = (1/2) L,= (L, - Lm)or (L. - L",).
Note that the effective inductance of each wire,
L., .is a lower value than the' self-inductance of
each wire when isolated.
The over-all self-inductance of two conductors
in parallel (Fig. lc) is given by

Since the current flows in the same direction
in both wiring legs, the mutual inductance, L""
limits the reduction in over-all. inductance. At
large .distances between the conductors, .Lin approaches zero and L, attains a maximum reduction of 50% in inductance.
Inductance changes with frequency

Magnetic flux traverses both the outside and
inside of a wire that carries current. The selfinductance is thus composed of both the internal
and external flux linkages. Since more total flux
encloses, or links, the inside of a wire than. its
surface, a filament of the wire near the wire's
center has greater inductance than a filament
near its surface. Thus at high frequency, less
current flows in the wire's interior. This phenomenon is known as the "skin effect," because
the current· concentrates at the wire's surface.
Since the center of the wire carries less current,

L,'=

L,L2 --, L",2 .
L, + L2 - 2Lm
If the current in both conductors is in the same
direction, and the conductors are equal in size
and parallel, then L", is positive. And since
L, = L" then
L - L, +L",
,2
'
and

Table of sample inductance calculations
Self-inductance of 12 in. of 30-AWG circular wires at low frequencies
SINGLE
WIRE

PARALLEL
CURRENTS

PARALLEL
OPPOSING
CURRENTS

RETURN
CURRENT
PLANE

ISOLATED

d=0.02in.

d=O.02In.

h =0.02 in.

415 nH

98nH

140 nH

SEPARATION

d=0.2In.

d=0.2in.

h=0.2In.

INDUCTANCE

346 nH

236 nH

278 nH

SEPARATION
INDUCTANCE

465 nH

Self-inductance of 12 in. of flat conductors at low frequencies
SINGLE
BUS

PARALLEL
BUS

i

c=J0.003

CONFIGURATION

1-0.ol-lT
. ;SEPARATION
INDUCTANCE
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,

FLAT
CABLE

Tc=J~3 1-0.014

i.io 1
Ol

c=J c:::=J'

BUS oVER
GND PLANE

1--0.01--1

c=Jr

1------1

n",,,n,,nuu*,,

ISOLATED

d = 0.02 In.

d = 0.02 In.

h=0.02In.

4B2 nH

116 nH

116 nH

15B nli

Inductances for common wiring configurations
Formulas

Configuration

All dimensions in inches, inductance is in nH
L = 51

()~I.------I-----------~~-f+

,

[In~
r

- 3/4J - - - - Lowfrequency,I»

8=1/4

J ---high frequency I > > r,
limit as f
8
0,

L, = 5 I [ In ~rI -1

-+ 00,

0»,)

ISOLATED WIRE

,
-

+1/2

()

-+

J

--l-r:C j

L = 5 I [ In - 2 t - 1 + - d
m
d
I
Mutual inductance between thin parallel wires .

d

L = L, +L", or L2 +Lm
•
2
2

~------------------~

1.-------..
1-----.;·1

Lm

---_---._+Ll

-+1/2("--)

FEED WIRES IN PARALLEL

r,

2 I - 1 + ~J I > > d
-../rd
2
Over·all self-inductance of two parallel wires, as
used in distribution cables, Dr bus bars, where
current is in the same direction.
L, = 5 I [In

+

L.=L.-Lm
L, = 5 I [ In

+ IL 8 - .::-

FEED AND RETURN WIRES

+1
h

-~
-I

L. = 51 [ In 2r h + p, 8

ZL

J

Self·inductance of a wire only, when current reo
turn .is via a ground plane.

~

FEED WIRE OVER GROUND-RETURN PLANE

2 I)
L, = 5 I [ In ( W + t

,~

"T

J

Inductance of each of two wires in close prox·
imity to each other, with current in each in op·
posite directions.

(w+ )J

1 +"9
2 -1t
+ 2"

Self·inductance of a flat etched conductor, bus
bar Dr ground plane when isolated from a return
path at . low frequency.

ISOLATED BUS BAR

for low frequencies:

L.=51[ In

(w:t)

+2.75!l,
forW

L. =

> d, W > t

2W+tJ
5 I [ In'(-d)
- + 1.5 - - d + - ,
W+
I
9
I
t

ford> W, W > t
for high frequencies and W > > t:

J

2.6
L. = -141
. - [ d' +.c. , .c. = --=,
skin depth
W
-../f
for copper .
Self·inductance of each conductor. Total induct·
ance is the sum of inductances of the feed and
return bus bar.

BUS BAR AND ADJACENT RETURN BUS

2.J

+~~I/
T

L. = 5 I [ In _d__ +
for low frequencies
W+ t
2
Self·inductance of each conductor. If feed conductor (+ I) is flanked by two return flat conductors,
the feed conductor's inductance remains the same.

I---- d----t

FLAT CONDUCTOR AND ADJACENT RETURN· PATH CONDUCTOR
FLAT CONDUCTOR
OVER GROUND-PLANE
RETURN

r

1
,

T

-[

Y

J

L. = 5 I In _6_h__ + P, 8
t + .8W
Self-inductance of flat conductor only,
current return is via a ground plane.

when

RR1-3

1.0

I,,;'

ae

V

CIRCULAR WIRE
RESISTANCE v. FREQUENCY

V

30AWG

QI

~

."

~
24

z

...iii

I

0:

0.0 I

/' V
7

16

Il

I
10
0.00 I

1kHz

-

V

~

10-"

10-

I,..-

V

V V
./

10I,,;'

./

,.

~

I..-

10-'10-

I,,;'

"7

~

~I--'

~V

10-"

V 10-"
~I--'

/

20

.....

V
;/

~

OJ

<.>

i'!
U>

V

V

.....

....

10-"

./

100~Hz

10kHz

IMHz

10MHz

IOOMHz

FREQUENCY (Hz)

2. Skin effect causes an increase in the resistance of. a wire as the frequency increases.

the effective cross-section area is less and the
wire's ac resistance is higher (Fig. 2). In addition the inductance is reduced by a sldn-depth
factor,' as follows for' an isolated circular wire:

-1-

L, = 5.081 [ Ln 2r l + JL a -1 +
J'
where
L, := wire self-inductance in nanohenrys;
r = wire radius in inches;
wire length in inches;
1
p,
relative magnetic permeability (copper
= 1.0) ;
a
sldn depth factor = K/r -y p/p,f (0 < a
< 0.25) ;
P
volume resistivity in ohms-in. = 0.68 x
10-6 for copper;
K = conversion constant = 3168.
The change in inductance with frequency is
small for a circular wire. Sldn effect at· very high
frequencies decreases inductance by roughly 6%
in short wires and about 2 % in long wires. However, in parallel conductors, especially flat bus
bars, the skin effect has greater influence and
should not be neglected.
Lowering the self·inductance.

The diameter of a wire does not have a major
influence on its self-inductance (see table of
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sample calculations). For example, the self-inductance of a 2-AWG isolated wire with a diameter of 0.26 in. is approximately half the inductance of a 30-AWG wire with a diameter of 0.01
in. An increase of the wire size can provide a
reduction of about 50% in self-inductance.
If the current is divided between two parallel
conductors and flows in the same direction in
each, the self-inductance can also be reduced to
half jf the wires are spaced far apart. For example, two. 30-AWG wires, separated by 0.02 in.,
will reduce the over-all self-inductance only 18'/0 ;
and for 0.2-in. separations, by 32%. A separation
of several inches between wires reduces the overall inductance approximately 50% of the selfinductance.
The most effective way to reduce inductance
is to place the forward and return-current conduc~rs in very close proximity. Two 30-AWG
wires separated by 0.02 in., reduce the over-all
self-inductance to one-fifth of a single isolated
wire. Laminated bus bars or multilayer boards
with closely spaced ground and voltage layers
can reduce wiring inductance to one-tenth or
less that of conductors isolated far from their
return, or ground, plane. ••
Reference

1. Grover, Frederick W., PhD., "Inductance Calculations," D. Van Nostrand Co., Inc., 1946.

SURGE IN SOLID TANTALUM CAPACITORS
by John Gill
AVX Ltd, Tantalum Division
Paignton, England

1.0 Introduction
With the introduction of high purity powders, automated assembly and real-time control systems, the base
reliability of Tantalum capacitors has been increasing
steadily in recent years. However, with the increasing
usage of Tantalums in low impedance applications, the
relative significance of the surge failure mode has also
increased. With the present trend to use In Circuit Test
machinery (ICTs) and fast rise time functional testers
for board test purposes, the capacitors are more likely to
experience a high current surge.
Another reason for the increasing level of awareness
of the surge failure mode, is that Tantalum capacitors
are increasingly being used in low impedance circuits,
where previously Aluminum electrolytic capacitors were
used. Ai3 a result they are more likely to see a surge condition. The change from Aluminum is because of their
difficulty in conversion to surface mount technology
packages.
It should be noted that surge fall-out is charac·
terized by initial failures at the first power up of the
board during in house manufacturing test, while the
remaining population continue UIlIdJected during
operational life.
While the absolute ppm levels of failure would not
normally be considered a problem, the failure mode in
Tantalum capacitors is short circuit. Once a capacitor has
become a short, if the current is not limited by a series
resistance, the capacitor can overheat depending on the
amount of fault power the capacitor has available to it.
This makes the problem of concern to the industry.
Tantalum capacitor manufacturers have known of the
problem for many years, and a great deal of Research
and Development has gone into trying to understand the
reason for the failure and a way of preventing its occurrence.
Investigation into surge failure has been complicated
by the fact that Tantalum capacitors can "self-heal", and
thus the failure could clear itself. One mechanism for this
is given in Appendix 1.
Manufacturers have historically recommended 3 Cot 1)
OlunlVolt resistance [16,17,20] be placed in series with
each capacitor. This reduces the probability of a surge
failure by limiting the amount of current available to the
capacitor at switch on. Indeed for many years surge failures were not seen because the user either derated sufficiently or used the prescribed series resistor which prevented the failure occurring.
Manufacturers also recomniend a voltage derating of
Reproduced with permission of AVX Corporation

between 50 and 75% [16,17,18] be applied if the capacitor
is likely to experience fast switch on from a low impedance source, for example using a 35 Volt rated capacitor
on a 12 Volt rail. The effect of voltage derating in steadystate conditions is well known, but derating has been
empirically shown to reduce the number of failures in
dynamic applications also, as will be demonstrated later
in this paper.
Many companies have been analyzing the problem
and trying to find a total solution. This document summarizes these findings and discusses some of the factors
which can decrease the probability of a surge occurring
and also explains what effect surge can have on a
capacitor.

2.0 Cause
The conditions which can cause some Tantalum
capacitors to fail by this mode are either a fast switch
on from a low impedance circuit or a current spike seen
by the capacitor during its operation. To date, research
into the failure mechanism has shown that there are
many factors which are known to increase the probability of a Tantalum capacitor to suffer a failure due to
surge conditions.

2.1 Where to look for a surge condition.
Surge current conditions most commonly occur during the testing of a fully assembled board. Since the
introduction of in circuit test machines into the vast
majority of manufacturing plants throughout the world,
this is by far the most common source of failures
returned to the manufacturer for analysis.
Specialized test procedures can also produce failures.
A typical example occurred with a switch mode power
supply manufacturer. Once the power supply was
assembled, it was functionally tested by powering it up
with maximum working voltage with a maximum current being drawn from the supply. The power supply
was then short circuited to simulate the user applying a
screwdriver directly across the output terminals of the
power supply. When the discharge current through the
capacitors was measured it was found to be in the range
80 to 100 Amps, and dependent upon the point in the
power supplies working cycle the short was applied.
Another possible cause is when the capacitor is being
used to supply the energy required to energize an
inductor, for example a relay coil, a DC motor or a loudspeaker, particular if the inductor is turned on or off by
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means of a transistor; In this case large discharge
currents can be seen by the capacitor, which can cause
failure.
Another cause is particularly prevalent in racked
electronic systems. It occurs when a card is plugged
into a live motherboard. It is known as "hot-plugging"
and causes very large current transients to be seen by
the capacitors on the card.

The three major factors which decrease the likelihood
of surge f8.iJ.ures are:
(a) the amount Of derating used by the circuit design
engineer,
(b) the dielectric thickness designed into the capacitor
by the manufacturer, and
(c) the circuit impedance in series with the capacitor.
But there are many others, such as the type of resin
used as an encapsulant. Ifit has a significantly different
expansion coefficient to that of Tantalum, thenmechanical stress can be placed upon the Tantalum anode as
the capacitor experiences thermal shock, which may
result in internal damage to the anode, increasing the
probability of a surge failure occurring.
The purity of the powder used also affects the surge
performance, as it directly affects the capacitors'
dielectric qUality.

3.0 Effect
There are actually two theoretical mechanisms for a
surge breakdown at present.
Degraded
Area

Figure 1. Cross section showing a degraded area of dielectric.

The first is a degraded dielectric due to an impurity in
the original Tantalum powder. Figure 1 shows a section
of dielectric, which is thinner than its neighboring sections due to an impurity in the Tantalum powder. When
a large instantaneous current is now passed through the
dielectric more current will pass through that thin section than its neighboring sectionS. This disproportionate
amount of energy can cause self~healing to occur, as
described in Appendix 1, or alternatively it can cause the
capacitor to enter a thermal run away reaction which
ultimately leads to failure of the capacitor.

RR2-2

Manganese
Dioxide

iiiiiiiiiii_~--

Tantalum
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2.2 What makes the number of surge
:failures increase?

Current flow

Carbon

Figure 2. Cross section showing· a degraded area of
Manganese Dioxide.

The second is that a thin area of the negative electrode plate (Figure 2), Manganese Dioxide, plays a
major role. In this theory, because the dielectric layer is
uniform, the current is shared evenly throughout the
anode. A thin area of dioxide has a lower resistance than
a neighboring area, but power is 12R, thusthe dissipated
energy is greater. Thus when a large instantaneous current flows, the power dissipated in the degraded area is
higher than in neighboring areas. Again this causes a
''hot spot" to develop and the dielectric to be broken
down, ultimately leading to a short circuit failure. A
more detailed explanation of these mechanisms is given
in Appendix 3.
These areas of thin dielectric and manganese exist in
all solid Tantalum Capacitors, and their presence does
not mean that failures will occur. These features have
been observed to be more prevalent in batches giving a
higher fall-out on the accelerated surge test machinery
used to ensure 100% of AVX SMT C, D, & E case product receives a minimum level of current surge.
When a Tantalum Capacitor fails it can become a
short circuit. Thus a large amount of current can be
drawn from the power supply. If this is not limited by
means of a resistor, or power supply current limit, then
the power will cause the capacitor to heat considerably.
This may cause the capacitor's resin to blacken and char,
which may be localized if associated with a low power
level.
This is, of course, undesirable to both the Capacitor
Manufacturer and the User. Again it should be remembered that this is a low ppm problem in certain applications only, thus the total number of capacitors affected is
very small.
One way of reducing the. probability of the Customer
experiencing failures is for the Manufacturer to implement a screening program. Another is for the customer
to apply derating, as stated in the introduction, or use a
specialized part or if the problem is only associated with .
ICT machines then perhaps modify the voltage profile of
the ICT or add resistance in the power line. All these
reduce the incidence of failure still further.
Where the possibility of any heat damage or short
cil-cuit is required to be absolutely eliminated then AVX,
along with several other manufacturers, has developed
and introduced a fused range of ~pacitors.

These are designed to fail open circuit and not burn. For
further information see Ian Salisbury's paper [15].

4.0 Cure
4.1 From the Manufac1urer's viewpoint. ..

The four batches were all 47pF capacitors and their
rated voltage was 16 Volts. This capacitor was chosen
because it is the highest CV value (752 pFV) manufactured in the D case package, and thus has the largest
surface area. The more surface area the greater the
probability of a weak area in the dielectric. It is also one
of the most popular ratings.
Table 1.

Dielectric thiclmess against surge voltage

4.1.1 Tantalum powder purity.
As we stated in section 3.0, impurities in the
Tantalum powder used to produce the capacitor are
believed to cause points of lower dielectric strength to
form, which during rapid turn-on conditions can lead to a
dielectric breakdown. Over the last 10 years the impurity levels of all major contaminants in the tantalum powder have been reduced by joint development programs
with the powder suppliers. The leakage current of a sintered Tantalum anode can be measured, and the level of
this current is a good measure of the dielectric quality,
and hence of the impurity levels. Figure 3 shows a comparison of the wet leakage current levels of a standard
powder in use in previous years and one of the new high
purity powders presently in use.

Capacitor Working
Voltage (V)

16

16

16

20

Formulation Ratio

R4:1

3.8: 1

4.1: 1

4.3: 1

Formulation Voltage
(V)

54.4

61.2

65.7

87.1

Dielectric Thickness
(nrn)

92.5

104.0

111.7

148.1

12V
CurrentLimit=3A

0.4%

02%

0%

0%

12V
CurrentLimit=5A

0.4%

02%

0%

0%

16V
Current Limit - 3A

6.8%

6.6%

2.4%

02%
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Figure 3.' Wet leakage current against formation voltage.

These programs are of course ongoing and further
improvements are planned.

4.1.2 Dielectric thickness.
To illustrate this factor four control batches of capacitors were made under the supervision of the Research
and Development department at AVX. The batches
were made the same capacitance value, but with different dielectric thicknesses (controlled by the forming
voltage, the higher the value the thicker the ,dielectric),
500 units from each of the batches were then "surged" in
the accelerating surge failure circuit described in
Appendix 2 at rated voltage, and 75% rated voltage. To
determine any relationship between power supply current limit and the number offailures, 500 units from each
batch were also surged at a higher current limit and 75%
rated voltage. The results are shown in Table 1.

It can be seen from Table !that as the forming voltage increases, the number of failures decreases. It can
also be seen that as the derating is increased, fewer failures occur. Derating will be discussed in more detail
later in this paper.
The two sets of results in Table 1 for the 12 Volt surge
(25% derating) show that the current limit set on the
power supply has no effect on the number of failures
which are seen. This is due to the relative slowness of
the vast majority of power supply current limiting circuits (usually of the order of milliseconds) compared with
the microseconds it takes to reach the peak current.
All that the power supply's current limit does is limit
the fault current which is seen by a failed Tantalum
capacitor. The more fault power available to the capacitor, the more catastrophic the failure will be [7]. At low
fault powers it may be seen only as a slight crack in
the casing, at higher fault powers the exterior of the
capacitor may become completely charred.

4.1.3 Ensuring an even Manganese Dioxide coat.
Since the introduction of the 100% surge testing at
AVX (the original equipment tised did not distinguish
surge fallout from the normal line fallout at final test) it
has become possible for A VX to characterize individual
batches for this para~eter. This is due to the development of dedicated equipment capable of dynamic testing
of capacitors, at low series resistance with test statistics
being maintained for the individual batches. In addition,
this fallout statistic can be monitored using statistical
methods, such as SPC, on a code by code basis.

RR2-3

Methodical failure analysis of t}J.e surge fallout compared to capacitors .which exbibjted SlU;isfactory performance revealed a common trend, standard in the external manganese dioxide coating, for failed parts.
Although the average manganese thickness was consistent over all the anode area surfaces, these parts typically demonstrated larger variations in po~ity and
morphology of the outer layers, ~ shown in Figure 4.

Figure 4. Variations in Manganese layer.

Again it should be· remembered that these areas of
thin manganese exist in all solid Tantalum capacitors,
and their presence does not mean that failure will occur.
The Manganese Dioxide layer is built up by dipping
the anodized Tantalum pellet into varying specific densities of Manganese Nitrate solution. The Nitrate is then
decomposed to Dioxide by heating the pellet. By varying the specific densities and number of dips it is possi~
ble to finely adjust the coverage of the Tantalum pellet
with Dioxide to ensure even thick layer on the outer
surface, and excellent coverage of the surface inside the
pellet. This is thim verified by means of a scanning electron microscope sample from each batch of processed
anodes.

4.1.4.1 What screen conditiort$ does AVX use?
A VXuses a circuit as shoWn in Figure 5.
The test sequence is as follows:
(a) The 2200p,F capacitor is charged to the capacitor's
rated voltage.
(b) The probes are brought down ontO the capacitor
under test. The switching FET is OFF at this
stage so no current will flow.
(c) The FET is turned ON, thus allowing current to
flow and the capacitor to charge.
(d) The current is monitored by means of the 0.10
resistOr in the source log of the transistor and the.
part dynamically sentenced according to the following rules. Figure 6 shows the expected current
. waveform. Figure 7 shows a part, which has not
received the minimu~ level of surge current,
possibly due to a bad contact, this part will be
rejected. Figure 8 shows a part which has failed,
,because the current has not fallen to around zero
after a set time delay.
(e) The FET is turned OFF, thus stopping the charging process.
(f) Finally, the probes are lifted and the process
starts again with the next capacitor.
Rated Voltage

all

2200 fLF

4.1.4 Surge screening.
This is·where the Tantalum capacitor manufacturer
tries to simulate the conditions seen a.t the customer by
simulating a worst case surge scenario. Test methodology already in existence has required much refining as it
was not geared to current applications or 100% test
capability.
This is one area that is not clearly defined by the
Tantalum Industry at present. Each Tantalum capacitor
manufacturer has their own set of conditions for this
test.
For example, one standard test requires 24 sample
units to be connected in parallel to a very large reservoir capacitor through a merfUl"Y",etted relay. The
reservoir capacitor is.charged to 1.3 times the capacitors' tinder test rated voltage. The totaJ. circuit resistance .seen by the first capacitor under test~ and the
res~rvoii- capacitods less than 0.1 Ohm. As. will be
sho)VIllater in section 4.3.l, this means that the first
capacitors in line will receive a very large transient
rent, but the capacitor farthest away, will see very littie.
As such, the test unequally ~tresl:!es the capacitors.

cure

RR2-4

0.1 ohm

Figure 5. Circuit schemdic
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this. The capacitors were passed through the previously
described surge equipment (section 4.1.4.1) 3 times at
maximum stress and the number of failures recorded at
each stage.
Thus 99.2% were seen to fail on the first surge and
0.8% subsequently. These figures were determined using
a piece of equipment designed to induce failures.
In standard designs (where less current is available
and 50% derating is incorporated, see 4.2.1) the acceleration is less aggressive and residual failures after the first
surge are uulikely. As such, field surge failures are
extremely rare and any residual surge failure is usually
confined to manufacturers' testing of completed boards.
State of the art surge testing, as used at AVX, thus
includes several acceleration factors over that of a typical customer leT or functional tester.
In addition to the acceleration factors, product is tested 100% through this system, prior to the final parametric test sequence (see appendix 2).

4.1.5 Leakage current.
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Failure level

+-- time determine~
. by capacitance
Figure 8. Part failed due to surge mechanism

A commonly held misconception is that the leakage
current of a Tantalum capacitor can predict whether or
not the unit will fail on a surge screen. Although the
short circuit failure mechanisms can, under lower stress
conditions, be so localized as to still allow good readings
for other parameters, the resultant leakage current will
be high. This fault current is independent of the initial
leakage characteristics as shown by the results of an
experiment carried out at AVX on 47)lF 10V surface
mount capacitors. The results are summarized in Table 2.

Table 2.
AVX uses a circuit as shown in figure 5 to test large
case size surface mount (chip) product. The lower case
size chips inherently have a high ESR which self limits
the maximum surge current the capacitor can see, and as
such are not tested in the same way. Dipped product use
a similar circuit to the large case size chip tester.
The reason for not testing parts in banks (in parallel)
will become clear in a following section. The method used
by AVX provides verification that 100% of capacitors
have survived a minimum level of current surge and
gives valuable feedback to the manufacturing engineers
on a statistical basis to further enhance the process and
design parameters.

4.1.4.2 How many surges should the capacitor
receive?
The vast majority of surge failures occur on the first
surge, as reported in 1980 by H. W. Holland[l] as occuring on the first pulse. Since then experiments carried
out at A VX have shown that even under accelerated
conditions this percentage has grown to almost 100%.
This is due to the improvement of capacitor technology
and the increasing severity of the surge screen test picking up more of the potential failures. The results of a
tria1 of 578,676 capacitors carried out recently prove

Leakage current vs number of surge failures.
Number tested Number failed surge
Standard leakage range
0.1pAto1pA

10,000

25

Over Catalog limit
5pAto5O)lA

10,000

26

Classified Short Circuit
50pA to 500pA

10,000

25

It must be remembered that these results were
derived from a highly accelerated surge test machine,
used to induce a measurable failure rate.

4.2 From the user's viewpoint. ..
4.2.1 Derating.
Most manufacturers of Tantalum capacitors recommend that on a particular voltage rail, say 5 volts, a
capacitor rated at twice that value (10 volts in this case)
be used, if the capacitor is likely to be subjected to a rapid
turn-on from a low impedance source. The capacitor is
said to be derated by 50%.
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Derating is
.
1user's
working
voltage ) x 100%.
(
capacitors rated voltage
The reason for this is that experience has shown that
a TantalUIiJ. capacitor is less likely tofail the higher the
derating applied.
A 10 volt capacitor has a thicker dielectric than a 6.3
volt part, and as such the probability of a defect site
existing which has a low enough activation energy to
cause a short circuit when 5 volts is applied is lower than
with the 6.3 volt part. Thus there are fewer failures than
when It 10 volt part is placed on a 5 voltrail and a surge
applied, than when a 6.3 volt part is subjected to the
same conditions.
Derating can best be summed up by Table 3.
Table 3.

Voltage Rail
3.3
5

Working Cap Voltage
6.3

10

20

12
15

25

~

10

35
Series Combinations (11)
Recommended derating table.

Results of experiments, like those in Table 1, show
this rule's effect on the surge fall-out.
This experiment was scaled up using production
equipment with several million capacitors being tested.
The results III1l shown in Table 4.
Table 4.
No. of units 50% derating
applied
tested

Capacitance
No derating
and Voltage
applied
47].lF 16V
0.03%
1.1%
1,547,587
100jlF 10V
632,875
0.01%
0.5%
0.01%
0.3%
22].lF 25V
2,256,258
Results of production scale derating experunent
As can clearly be seen from the results of this experiment, the more derating applied by the user, the less
likely the probability of a surge failure occurring.
It must be remembered that these results were
derived from a highly accelerated surge test machine,
and ICT failure rates in the low ppm are more likely
with the end customer.
An example: a major manufacturer was experiencing
a 4100 ppm failure rate with 22pF 20V product. This part
was used on both the 12 and 5 volt rails. When the application was examined more closely it was seen that the
failure rate on the 5 volt line was only 20 ppm. 25 volt
parts were supplied for trial with the customer who
reported that the failure rate had dropped down to 231

ppm. This clearly shows that when. the 50% derating rule
is applied failure can be dramatically reduced, and by
close cooperation between the customer and supplier,
this can be eliminated altogether.
An added bonus of increasing the derating applied in
a circuit, to improve the ability of the capacitot to withstand surge conditions, is that the steady-state reliability
is improved by up to an order. Consider the example Of a
6.3 volt capacitor being used on a 5 volt tail. The steady
state reliability of a Tantalum capacitor is affected by
three pa.rameters; temperature, series resistance and
voltage derating. Assuming 40°C operation and O.IQf
volt of series resistance, the scaling factor for temperature will be 0.05 and for resistance unity. The factor for
derating will be 0.15. The capacitor's reliability will
therefore be
Failure rate = Fu x FT X FR x 1%/1000 hours
= 0.15 x 0.05 x 1 x 1%/1000 hours
= 7.5 x 10-3/1000 hours
1
or an MTBF of .7.5xl0-3 x 1000 = 133,333 hours
If a 10 volt capacitor was used instead the new
scaling factor would be 0.017, thus the steady-state
reliability would be

Failure rate

= Fu x FT X FR x 1%/1000 hours
= 0.017 x 0.05 x 1 x 1%/1000 hours
= 8.5 x 10-4/1000 h6urs
1

or an MTBF of

8.5xlO-4

x 1000

= 1176,470 hours

So there is an order improvement in the capacit6r's
steady-state reliability.

4.2.2 Voltage profile shaping.
Figure 9 below shows the profile of a 33pF capacitor
subjected to a 12 volUast turu~on voltage profile with 1
Ohm of circuit resistance in series with it; It can be
seen that the peak current is about 12 Amps.
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Figure 9. 33pF capacitor, 12 Volt surge, 1 Ohm res~tance;
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Example: a 33pF 20V capacitor with a maximum
ESR value of 200 mn at 100KHz is used on a 10 Volt
power line. The power is supplied to the card through a
motherboard. Power is supplied to the motherboard by
a linear regulator which has an output impedance of 150
mn. The contact resistance of the motherboard connector is 100 ron maximum. The daughter board's connector
has a similar contact resistance. The track resistance is
estimated at 50 ron maximum. This gives a maximum
circuit resistance, external to the capacitor of 150 + 100
+ 100 + 50 =400 mn. The theoretical peak current is:
Equivalent resistance =0.4 + 0.2 =0.6 n
Peak current =Voltage!Resistance =10/0.6 =16.7 Amps

Time (Seconds)

Figure 10. Two stage turn-on for a 33pF capacitor
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Figure 11. Ramp profile for a 33pF capacitor.

If the profile were then modified to be a two stage
turn-on, see Figure 10, the capacitor would then be subjected to two current surges of peak amplitude 6 Amps.
This is a less severe test, and even though the capacitor
is experiencing twice the number of surges the probability of a failure is less.
Figure 11 shows a voltage profile which is slowly
ramped up to its final value. In this case the peak current
is less than 2 Amps, and thus this is the least severe of
the test conditions. It should be remembered that the
slower the ramp up the lower the probability of a failure.
This method of reducing the probability of failure is
again of course out of the hands of the Manufacturer,
however, he must be aware of the various factors which
may cause surge. Thus the voltage and current profiles
of a board experiencing failures can help when diagnosing the failure mechanism.

4.2.3 Series Resistance.
The peak current and rise time of the voltage profile
are determined by the amount of circuit resistance in
series with the capacitor. The instantaneous peak current at turn-on will be limited by the capacitors ESR
and the series resistance, thus the peak current can be
calculated from Ohms Law.

From this example calculation it is obvious that the
larger the series resistor the smaller the peak current,
and thus the less likely the capacitor will be to fail.
Example: a major disk drive manufacturer was experiencing problems with 47pF 16V capacitors being used
on a 12 volt rail. The capacitor had a 2.20 resistor in
series with it, across a 12 volt rail. The 12 volt rail supplied the drive motors, which were turned on and offby
means of FETs. The resistor was changed to lOn, which
still allowed the circuit to be operated within its design
parameters, but prevented the capacitors experiencing
the rapid discharge when the motors were turned on.
The failures stopped. Another solution to this would be
to redesign the board and utilize two 22pF 25V capacitors of the same case size in parallel to provide the minimum 50% derating that is recommended (as described in
section 4.2.1). In highly inductive circuits such as this
with no additional resistance available then derating up
to 70% may be necessary.
Of course it is usually not possible for the customer to
insert a series resistor in his power supply line. But, the
customer could reduce the peak current by altering the
voltage profile using methods which were described in
section 4.2.2.
On one occasion it was necessary for a customer to
measure the profile of his leT tester for a particular
board. As no current probe was available a 1n resistor
was placed in series between the return path from the
board and the ICT machine's power supply's ground terminal. Measurements were made but no unusual stresses
were seen in the boards tested could be found .. However,
after the measurements had been made, the line ppm
was seen to drop dramatically. During a follow up visit, it
was noted that the 1n resistor had been left in place,
which thus provided an effective example of series resistance reducing surge fall-out.
Most power supplies, and a large number of plug in
boards, now have a diode between the power line and the
capacitor. This acts as a series resistance during the
surge condition. Figure 12 shows the surge ona 22pF
25V capacitor, running on a 10 volt rail in a telecommunications line conditioning card. In the circuit there was no
diode. Figure 134 shows the same circuit with a 1N4001
diode in series between the connector andthe capacitor.
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Peak =33 Amps
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itors are generally scattered throughout a board.
When a failure is reported, if the surge mechanism is
the culprit, it will be noticed that one location fails more
frequently than the other capacitors on the same voltage
line. The usual location is that nearest to the connector
through which power is applied.
To illustrate the reason why this is the case, a test
board was constructed with three 22p.F 25V capacitors
in parallel on a piece of strip board. The capacitors positive terminals were connected to the strip board by
pieces of wire to enable a current probe to be used for
monitoring the current through each capacitor during a
fast turn-on condition.
The resulting waveforms are shown in Figures 14, 15
and 16.

Peak
5 Ampsldiv

=18 Amps

50....S/divO

Figure 12. CUITent wavefonn without diode.

Peak = 27 Amps
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Figure 14. CUITent through Fttst Capacitor
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Peak

,

5 Ampsldiv

=9 Amps

50 ....S/div

Figure 13. CUITent wavefonn with diode

If the resistance is then calculated for these two
waveforms, using OhJh's Law, Figure 12 yields 30mn
and Figure 13 yields 370mn. It can thus be assumed that
the diode has added 7OmO to the circuit.
This example shows that a diode may only contribute
as little as 70mn of series resistance to a circuit and thus
the capacitor can still experience the large current
surges which can cause failures.

--i--

--~

5 Amps/div

4.3 From the application viewpoint. •.
4.3.1 Capacitors surged in parallel.
In the vast majority of applications, a board will have
more than one capacitor on each power rail. These capac-
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20fLS/div

Figure 15. CUITent through Second Capacitnr.

Peak
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6.0 Conclusions
(1) The only real way to screen for components likely
to fail under turn-on conditions in low impedance
circuits which have a high current availability is
to 100% test capacitors manufactured, and verify
that the parts have received the required
screening current.
(2) Capacitors shonld be individually tested by the
manufacturer otherwise the current is shared
between all the capacitors under test. This makes
the test less severe, and the screening less effective.

- -- -~r---...Io:. 5 Ampsldiv

20p.S/div

Figure 16. Current through Third Capacitor.
As can be clearly seen the capacitor nearest the

power supply takes the ''lion's share" of the available
current and the farther away from the power supply the
capacitor is, the less severe the current surge condition
seen. It is for this reason that the capacitor nearest the
power supply usually fails more frequently than the
others.

5.0 Steady-State Reliability of
Tantalum Capacitors subjected to
single and repetitive surges
The reliability of screened Tantalum capacitors is the
same as unscreened components[5]. Thus they have
identical failure rates and life expectancies. It only
reduces the capacitors' probability offailing due to the
surge mechanism.
50 x 22]1F 25V capacitors were surged 500 times at
rated voltage and 20 Amps. Another sample of 50 pieces
was subjected to 10,000 surges at rated voltage and 20
Amps. These were submitted to an independent test
house for life test analysis together with a control sample
which had received no surges. The results showed that
there was no detectable difference between the three
samples. That is to say the steady state reliability of the
capacitors had not been affected.

(3) The customer shonld use a derating of 50% where
the capacitor is likely to experience a current
surge condition and in highly inductive circuits
this may need to be increased to 70%.
(4) The current limit of the power supply should be
set to the minimum required to power the board
under test, as the lower the current limit the less
severe the consequences of a surge failure.
(5) If possible the voltage profile should be a ramp
turn-on, as this reduces the peak current seen by
the capacitor.
(6) Don't alw8ys assume that the failure is due to

surge, it may be a random failure. A surge failure
will mainly occur the first time the board is powered up, particularly if an ICT "shorts/open circuit
test" on the board previously showed all components to be good. Surge failures will, however,
tend to occur at the specific high stress locations
rather than randomly over the board.
(7) Because derating is one of the biggest contributing

factors to irradicating surge failures, A VX has
embarked on a program of producing extended
range capacitors, specifically for this type of circuit
location. For example, AVX was the first manufacturer to produce a 22pF 25V capacitor in a
D case, and also has an E case capacitor which
allows a 22pF 35V capacitor to be available to the
designer.
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Appendix!
Self-healing in Tantalum Capacitors

The oxygen produced is used up by any Tantalum
oxides other than Tantalum Pentoxide (T~O!0 present in
the capacitors dielectric layer, such as Ta02 or any Mn 0
in the cathode coating.
This can also occur at sites where cracks have
appeared in the Ta205 dielectric due to mechanical stress
being placed on the component during temperature
cycling, due to the different expansion coefficients of the
materials used (particularly the resin).

Figure 17. Cross section showing a degraded area.

Ifthere is an area on the Tantalum "slug" (the industries term for an anode) which has a thinner dielectric
than the surrounding area, then the larger proportion of
the capacitor's current (charging, leakage, etc.) will flow
through that site, see Figure 17, thus that area will heat
up. If the temperature at the fault site increases to
between 400 and 500°C then a reaction [3] takes place
which converts the conductive Manganese Dioxide,
which has a resistivity of between 1 to 10 Ohm/cm3, to
the less conductive Manganese Oxide (Mn203) which has
a resistivity of between 106 -107 Ohm/cm3. Thus the
defective site is effectively ''plugged'' or "capped", as
shown in Figure 18, and the fault site clears.

Figure 18. Schematic showing a healed site.
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Appendix 2
The development. of a surge accelE!rator and
test method.
Because of the low levels of failure being dealt with, a
way of accelerating the number of failures which are
seen had to be found. The factor knownto influence the
number of surge failures most isthe circuit series resistance. Thus a 'zero' series resistance surge tester was
designed for use as the accelerator. The circuit resistance was, of course, not zero, however multi-ganged
FETs were used together with thick copper cabling
between the power supply and the capacitor under test.
The reservior Capacitor used was a 10,000p.F, 100V lowESR «21 mn) AlUminum capacitor. Iri this way the
resistance was kept to below 200
A circuit
schematic is shown in Figure 19.
Relays were. not used as the method of switching
because of their unreliable nature, and also to cut out any
possibility of contact bounce. The FETs were driven
hard to ensure a fast turn-on time. The capacitors were
tested at their rated voltage. No derating was applied
(except where the test condition was to show the effect
of derating on a surge performance).
An additional result from the analysis of the data
showed that the surge test must be applied 100% to be
effective.
Although it has been shown that some batches do suffer more from surge failure than others, it has also been
proven that there is capacitor to capacitor variation
within a batch. Thus a sampling techuique is not really
applicable to surge screening. This is particularly true
since the number of failures is at the ppm level.
Example: If the fall-out generated for a given batch
by surge screening is 100 ppm, the probability of a capacitor failing is 0.0001. If an average batch size is 10000
units, then the number offailures likely in a batch is 1. If
each batch is checked by sampling 50 units at random
then the probability of catching that failure is 0.005.
That is, the odds on missing faulty units would be
200 to 1.

mn.
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Power Supply -ve

Figure 19. Schematic of the accelerated surge tester.

A failure was defined as being a component which
exhibited a voltage Qr ~nt profile which was not the
norm or a component which when measured was outside
the components limits.

Appendix 3
Surge Breakdown in Tantalum Capacitors
a) Manganese
Methodical failure analysis of the surge fallout compared to capacitors which exhibited satisfactory
performance revealed a common trend standard in the
external manganese dioxide coating of the failed parts.
Although the average manganese thickness was consistent over all anode surfaces, these parts typically demonstrated larger variations in the porosity and morphology
of the outer layers:

Figure 20 illustrates an area of thin manganizing on
the external body of the Tantalum capacitor, infilled with
the higher resistivity coating.
Figure 21 illustrates the uneven current distribution
that occurs during a rapid switch-on from a low impedance source. More current will flow locally as indicated
by vector B producing a localized ''hot spot" as described
in Figure 22.

Mn02
Dielectric
Chemical stripping of the failed parts to expose the
dielectric scars indicated a failure location pattern:

Localized "HOT SPOT"
Figure 22.

silver line

**
*
* failure sites
*

+ve

TOP VIEW

-ve

current path

~::::::
ag .coating

SIDE VIEW

The failure sites were noted to be a single point,
intense breakdown area coincident with the current flow
path of least resistance between the positive termination
wire and the external cathode silver coat.
In order to further understand the association of the
visual information collected as compared to the occurrence of surge related failures, a possible model was
created.

The intense local current causes an increase in local
temperature due to Joule heating at the point of thin
manganizing. If this temperature reaches a sufficiently
high level, the normally amorphous dielectric will be converted to its crystalline phase and may develop an
extremely localized conductive track through the dielectric, at that site. The probability of developing such a site
is also proportional to the intrinsic impurity level of the
dielectric. In applications where series resistance is
incorporated, this can initiate a self healing mechanism.
However if the current availability is unrestricted, then
further h~ating will occur and the area of affected dielectric will increase until catastrophic failure occurs.
(b) Dielectric

Tantalum

Figure 23. Cross section showing a degraded area.
Figure 20.

c~~~~

Mno2
Ta205
Ta

t·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·
Figure 21.

medium resistivity
very high resistivity

low resistivity

If there is a degraded area of dielectric (Figure 23),
perhaps due to an impurity in the original Tantalum
powder used to manufacture the capacitor, and the
capacitor is subjected to a rapid charge, more of the current will pass through the degraded area than the neighboring areas of dielectric. This causes the degraded area
to heat up.
If the energy has been limited by addition of external
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series resistance or sufficient derating has been, the
capacitor can self heal, as described previously in
Appendix 1. If, however, this is not the case the extreme
heat generated causes the Tantalum Pentoxide dielectric
layer to change state from the amorphous state to a crystalline state. The crystalline oxide has a lower density
than the amorphous oxide, and thus a crack appears in
the dielectric.
This allows mOre current to flow, thus more heat is
generated, and more oxide changes to the crystalline·
form.
The final outcome is that the capacitor becomes a
short circuit.

The level of current (or power) then applied to the
capacitor determines whether the unit suffers minimal
damage, chars or flames. R. W. Franklin's paper on overheating in failed Tantalum capacitors[7] shows that a
TAJ surface mount capacitor can withstand 1 Watt with
no external damage, but above this level charring will
occur.
These areas of thin dielectric and manganese exist in
all solid Tantalum capacitors, and their presence does
not mean that failures will occur. These features have
been observed to be more prevalent in batches giving a
higher fall-out on the accelerated surge ,test machinery
used to ensure 100% of A VX product receives a mini-

NOTICE: Specifications are subject to change without notice. Contact your nearest AVX Sales Office for the latest specifications. All statements,
information and data given herein are believed to be accurate and reliable, but are presented without guarantee, warranty; or responsibility of any
kind, expressed or implied. Statements or suggestions concerning possible use of'our products are made without represe[ltation or warranty that
any such use is free of patent infringement and are not recommendations to infringe any patent. The user should not assume that all safety measures are indicated or that other measures may not be required. Specifications are typical and may not apply to all applications.
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Linear Technology Corporation
Rm. 602, No. 46, Sec. 2
Chung Shan N. Rd.
Taipei, Taiwan, R.O.C.
Phone: 886-2-521-7575
FAX: 886-2-562-2285
UNITED KINGDOM
Linear Technology (UK) Ltd.
The Coliseum, Riverside Way
Camberley, Surrey GU153YL
United Kingdom
Phone: 44-1276-677676
FAX: 44-1276-64851

Linear Technology Corporation
1630 McCarthy Blvd.
Milpitas, CA 95035-7417
Phone: (408) 432-1900
FAX: (408) 434-0507
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