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A simplified circuit diagram for the 8038 VCCS is shown in
Figure 4. The VCCS output is given by:

I, = N+ Veear — Ve

R M

PIN 4

Q

C? ;

Figure 4. Simplified Circuit Diagram for the 8038’s
Voltage-Controlled Current Source.

RA
PING

Figure 5. Improved VCCS with Added Feedback Amplifier.

7
REF < <
2R < By R,
ST b3 /Z{ B
Rz
—o I 1.I
DAC-20 8038 —o0 M\
Vin Lo o
L Cexr
DIGITAL ;

INPUTS

Figure 6. Digitally Controlled 8038.

This current source is not linear enough for the digital pro-
gramming because Vggqp varies with |y while Vggqy does
not. Adding a feedback amplifier to the VCCS, as shown in
Figure 5, makes the output very linear by forcing the voltage
at Pin 4 to equal V), so that the VCCS output is simply:

=N

Bn @

h
The excellent linearity of the current source permits the out-
put frequency (foy) of the 8038 to be controlied by the DAC
as shown in Figure 6. The digital inputs to the DAC set the
voltage at point V|y, and thereby control the output fre-
quency of the 8038. Ry and Cexr set the frequency range of
the 8038 and R1 and R2 set the increment at which the fre-
quency changes (although there are two current sources,
the lowest sine wave distortion is obtained when ;=15
therefore, only Rp need be considered in calculating foy).

The internal comparators of the 8038 limit the triangle wave
amplitude to 1/3 Vgc. If 11 =15 so that rise time = fall time,
and |1 = V|n/Ra, then

=Vin

—— 3)
2/3 Vg Ra Cexr

fout =

The voltage at the output of the DAC-20 is given by:

N __
100 X R1,

VRer

R @

Vpac = Vin =

where N is a two-digit BCD number. The most significant
digit of the DAC-20 (comprised of four binary bits) can over-
range to hexadecimal F (equivalent to decimal 15) so that N
can range from 1 to 159.

The complete function generator schematic is shown in
Figure 7. The component values listed will control the 8038
output from 100Hz to 15,900Hz, which covers almost all of
the audio range. (Note that a 00 input should halt the
generator; however, leakages and offsets keep the
generator operating — in a bread-board version, the output
was 19Hz.)

S; and S, are hexadecimal and decimal thumbwheel
switches, respectively, for setting the desired frequency.
Frequency linearity is excellent with f,,; within 2% of pro-
grammed value over the entire frequency range. Sine wave
distortion can be adjusted to less than 1%, and varies less
than +0.2% over the output range.

The Precision Monolithics REF-02 supplies a very stable
reference voltage to R3, which sets the DAC-20 full scale
current at 3.18mA. R1 converts the DAC output current to a
voltage at the noninverting input of the OP-02, which then
sets the f,;; of the 8038. D1 and R6 protect the 8038 input
from transients during power supply turn-on and C1-R5 roll
off the op amp loop.

Since the DAC-20 has a high-compliance current source out-
put, an external voltage source can be applied at V y if exter-
nal control of f, is desired. A modulating voitage can also
be capacitively coupled into V|y to provide a frequency-
modulated output. Another way of modulating would be to
apply the external signal to the DAC reference input to
modulate the reference voltage.
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Calibration of the generator is straightforward. Since the
8038 symmetry adjustments affect frequency, these are per-
formed first. With a digital word of F9 (HEX) applied to the
DAC, RB2 is adjusted for one 50% duty cycle square wave
output and R13 and R14 adjusted for lowest distortion sine
wave. Then, with a DAC input of 01, R11 is adjusted for a
50% duty cycle square wave and R7 for f,;; = 100Hz. Finally,
with a DAC input of A0, R2 is adjusted for f,,; = 10kHz and
the calibration is complete.

For audio testing, a generator with logarithmic sweep is
very desirable. The addition of only 3 IC’s provides log
sweep as well as programmable counters on the input of the
DAC-20. When S3 is open the oscillator will produce 16
cycles at each frequency step, producing a logarithmically
related sweep. The log nature of the sweep is shown by the
controlling equation for the counter.

f
Count=f£ dt
16

but the frequency out, fp, is proportional to the count

fo =100 count

f f df
o [1og o fp- 8 Jo
100

When S3 is closed, the 74192 and 74193 counters act as
transparent latches, so that thumbwheel switches S1 and
S2 can be used to program fq ;.

Microprocessor control of the generator is very simple since
the DAC-20 is compatible with all logic families. Any CMOS,
NMQOS, or bipolar output device will drive the DAC-20, or a
memory write pulse can be used to latch data into the
counters (Figure 9). If the counters are used with up control
one bit of an /O port or an external switch must be used to
select swept or programmed output.

The “intelligence” added to this instrument by DAC control
allows operation from up or thumbwheel switches and per-
mits easy interface to the IEEE 488 bus with the popular
GPIB chips.

REF(-) REF{+) 0

DAC-20

vic io
usB 58/ Ja
5 |67 |8 |9 |10]11]12

RB2
D1 500
R4 R9
1N748A o o0k R12
> HF >
SYMMETRY
RB1
:‘f 4.7k
SR11
c1 VW '?"IDOI(
i $ro lie
1 $100k SYMMETRY
4 5 6
& o
8 8038 3 SJE o
2 11+
ml °
0 |1 12 1

b
I

SINE
DISTORTION
R14

10k

R13 2, |
100k

S1 = HEX SWITCH
S2 = BCD SWITCH

v J)Vm

O V- =-18V

Figure 7. Complete Circuit Diagram for Programmed Function Generator.
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+5V
it i &l
| 1 5k
|
| N
|
| 1
| Vie DAC-20 8038 Lo AA :
i
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| I !
! i
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L CIRCUIT OF FIGURE4 |
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Figure 8. Log Sweep Modification of Programmable Function Generator.
8038 F—
DAC-20
wsB LS8 0" = PROGRAMMED FREQ.
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Figure 9. Microprocessor Interface to Function Generator with Software Selectable Sweep.
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DESIGNING DIGITAL REPEATERS
WITH ICs

Precision Monolithics Inc.

APPLICATION NOTE 48

This note describes the use of the RPT-82 and the RPT-83,
PCM carrier repeater integrated circuits, which perform all of
the active functions required for a regenerative repeater
operating at 1.544-2.048 Megabits per second (Mbps) data
rates on PCM lines.

Most of the problems in digital voice transmission are caused
by the transmission medium itself rather than by the transmit
or receive hardware.

This is particularly true for the most commonly used medium,
twisted-pair cable designed to carry analog voice-frequency
signals in the 300- to 3700-Hz frequency range.

As more and more transmission routes are called upon to
accommodate digital data, it becomes important, in terms of
system cost and installation time, to use existing cable inter-
changes. As a result, audio-frequency-grade cable is called
upon to transmit high-speed digital data. This was made pos-
sible through the development of digital regenerators.

A digital regenerator consists of two repeaters, one in each
transmission direction. Repeaters receive digital data streams
and retransmit them to the next receiver position. Current
integrated-circuit repeaters eliminate the loading coils that
were originally used to introduce a flat-band response over
the voice band. A T1 repeater (the U.S. standard) can accept
adegraded signal, regenerate it, retime the pulse stream, and
transmit it over another 6000 feet of twisted-pair cable. The
action taking place in the regenerative repeater stage is
depicted within the dashed-line portion of Figure 1. When
digital carrier repeater circuits are installed, the operating
error rate for carrier systems with audio-grade cable pairs is
well within the limits necessary for adequate voice
communication.

[

REGENERATIVE REPEATER
e e e
OR

]
(1) TRANSMISSION (2)] PREA;#;;'FIER
LINE T ALBO )

_FLU___I'L

INTERFACE

1
1
7
\ 9@ rme!
DECISION

TIMING

Figure 1: The functional elements of a regenerative repeater
section are shown within the dashed line. The results being a
re-shaping of the incoming pulses, which in turn enables a
re-timed and regenerated data stream.

Several different integrated circuits are being used in the
latest generation of repeater equipment. These circuits have
cut the number of components required to build a digital
regenerator while improving its capabilities and performance.

To grasp the concepts concerning use of the devices, it is
helpful to first examine some of the basic theories relating to
practical digital transmission.

The present T1 carrier uses bipolar or mark inversion digital
format shown in Figure 2. There are several specific advan-
tages provided by this coding system.

UNIPOLAR

+v

Figure 2: In the bipolar (alternate mark inversion) digital
format, alternate 1 bits are inverted in polarity.

First, the maximum energy of the waveform is found at one-
half of the bandwidth (data-transmission rate) of the system.
For a binary code (see Figure 3), the most significant fre-
quency is found at the zero level rather than the mid-
frequency. This means that the energy spectrum encom-
passes double the bandwidth (3.088 MHz) of the transmission
rate for the T1 rate. The bipolar scheme keeps the spectrum
within the 1.544-MHz bandwidth of the transmission system.

1.544 MHZ DC

772 KHZ

.- BIPOLAR
PCM TRAIN

ENERGY
ENERGY

BIPOLAR

UNIPOLAR

: "
772'KHZ 1544 MHZ  3.088 MHZ 3.088 MHZ

FREQUENCY

722 KHZ 1.544 MHZ
FREQUENCY

Figure 3: The (alternate mark inversion) bipolar digital format
keeps the spectrum within the 1.544MHz bandwidth of the
transmission system. The average dc component on the
transmission pair is zero.

AN-48




[BrArT\APPLICATION NOTE 48
PMI

L 174

Another important characteristic of a bipolar code is that the determining the relationship of the active components within
average dc component on the transmission pair is zero. This the repeater. v

is important in regenerator development because it allows The functional components of a repeater integrated circuit
the same channel to be used for data transmission and power are illustrated in Figure 4. The repeater amplifies the incom-
supply. An advantage of this design approach is that extra ing signal and equalizes the received signal to compensate
pairs for powering a repeater location are not necessary with for attenuation distortion and phase distortion. The analog
a simplex power arrangement. amplifier also has a feedback loop that provides for a variable
Still another advantage provided by bipolar code is the cap- §mplif§cation deper.\dent on.t.hg threshold detected for the
ability to detect single-bit errors within the transmitted data. incoming pulses (either positive or negative). Either of two
Since the sequence of pulses has alternating polarity, the methods can. be used to obtain equahzano‘n: in the first
absence of a pulse will be received as a bipolar violation. approach, a fixed value of cable attenuation is provided; in
Though error bursts could produce incorrecterror counts, it the second approach, automatic equalization can be used
has been purported that the difference between the true with constan_t modification taking place to handle variable
error rate and measured error rate is negligible in high-error line lengths in that transmission section. The monolithic
channels. approach provides an equalization network and variable line

, R matching circuitry.
If the error rate is low enough to show differences for burst-

error occurrences versus single-error counts, the channel The repeater must provide a timing-recovery circuit to
will probably be performing well enough to make the differ- ext‘ract the data trangmns;nop clock from the ln.comlng pulse
ence unimportant. ; train. The recovery circuit will normally comprise a resonant
. circuit tuned to the peak energy level of the incoming signal.
There are also some problems associated with bipolar cod- The resonant circuit is “energized” by the transitions at the
ing. For example, since retiming depends on the incoming received channel with the resonant frequency dependent on
pulse stream, a long series of zeroes will have a very low the Q of the circuit. A higher Q can allow the circuit to remain
energy content. Some oscillator-resonant circuit designs active through longer periods of zero signals levels. The
may then damp out completely and fail to restart. This will recovered timing pattern is then used in the reproduction of
depend on the Q of the circuit. the incoming series of pulses.
Some carrier designs have moved to different coding schemes The repeater must be capable of differentiating between a
to restrict the number of zeroes possible in a legal transmis- data pulse and channel noise. The noise due to adjacent
sion. In European systems especially, the HDB3 code (high- channel pairs or interference due to signals in adjacent time
density bipolar with no more than three zeroes in succession) slots must not negate the reception of the proper incoming
has often been incorporated. In this discussion, however, the pulse sequence. Jitter due to timing variations from repeater
straight bipolar coding scheme will be considered when section to repeater section can disrupt the signal detection
1A

Voo

AGC |—4

CHANNEL 3 ‘ ‘ § ‘ \ CHANNEL

IN out

EQUALIZER SIGNAL
AMPLIFIER

--—** D -

THRESHOLD GATE REGENERATOR BUFFER
DETECTOR

FUNCTIONAL DIAGRAM
OF DIGITAL REPEATER

TIMING EXTRACTION
& SHAPING

Figure 4: Functional diagram of a repeater integrated circuit shows the equalizer (to compensate for attenuation and phase
distortion) and analog amplifier with feedback to provide variable amplification dependent on the detected threshold.
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by causing pulse thresholds to be measured at the improper
intervals. Pulse detection is accomplished by the detection
of proper threshold levels and correct timing intervals. The
repeater then will retime the detected levels to provide for a
new pulse train. It is important when retiming the waveform
thatthe input from the threshold detector precede the timing

strobe. This ensures that the output pulse will follow the
reconstructed timing, reducing the jitter components.

Thefinal functional block necessary for the complete repeater
function involves the regeneration of the output pulses. The
buffer stages drive the output transformer to produce a posi-

C
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CONTROL
12 Vcez Vet =
e e L L S .
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| circuIT
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—y STROBE | " :g °
16 - ~N A FF(+) 1
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FILTER OUTPUT 2 i D1 |
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| DIODE : ouTPUT
Rg ==C R c = PEAK
F F AT DETECTOR |
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= Rg 2 / FF(-) 1 0
° AAA— s a
vy | FULLWAVE ::D |
31 RECTIFIER 17
{ 1
< 1
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— — — ANALOG — DIGITAL

~ GROUND ~ GROUND

Figure 5: In PMI’s RPT-82 and RPT-83, equalization and amplification of the incoming pulse train takes place through an

amplifier with an external network controlled by feedback.
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Figure 5A: Voltage waveforms at the outputs of the various functional blocks within the RPT-83 integrated circuit. The output
pulses of the amplifier trip some combination of the level-detecting comparators.
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tive or negative signal on the channel output pair. The design
is such that, in most instances (U.S. and European), the
generated signals are nominally square pulses. Different
theories as to improving performance by band-limiting the
output stage have been discussed and, in some instances,
implemented. However, the majority opinion still seems to
favor the square-wave components.

The repeater can be considered a combination of discrete
yetinterrelated functions. The overall function of the repeater
is the shaping of incoming pulses, the retiming of these
pulses, and the generation of an equivalent output stream.

IC APPROACH

In PMI's RPT-82 and RPT-83, the equalization and amplifica-
tion of the incoming pulse train is achieved through a bipo-
lar amplifier with an external equalization network controlled
by feedback from the amplifier outputs (Figure 5). The result
is that the pulses peak so the majority of the pulse amplitude
is restricted to its own time slot.

The automatic attenuation of the pulses isdone by an ALBO
(automatic line build-out) circuit actuated through a buffer
circuit on chip. The output pulses of the ampilifier will trip one
orall of the three level-detecting comparators. In terms of the
ALBO feature, if the incoming pulses exceed a specified
peak-reference value, the comparator generates current
pulses that flow into the ALBO filter external to the chip and
charge capacitor Cg,

The voltage at the ALBO filter is applied, in turn, to the base
of theinternal ALBO buffer transistor. The buffer will turn on
when its base voltage exceeds approximately 1.7 volts. This
‘ON voltage' is also specified in the electrical characteristics
of both the RPT-82 and RPT-83. The ALBO diode acts as a
series impedance, normally much larger, and therefore the
dominant factor, than the shunt impedance of the external
network. As the current increases at the buffer, the diode
impedance decreases and the shunt impedance becomes
dominant.

The overall effect is to increase the ALBO attenuation as the
filter voltage level increases. The result is that the feedback
loop will adjust itself until the pulses out of the preamplifier
are equal to the fixed reference. The references for the other
level detector and rectifier are set at fixed ratios of this peak
reference. Therefore, their thresholds are fixed with respect
to the pulse shape and relative amplitude.

On the RPT-83 (not the RPT-82), a clock shutdown circuit,
which is activated by the current levels from the ALBO
buffer, is also provided. This shutdown circuit turns off the
clock amplifier at low input levels, thus neither the regener-
ated clock nor the strobe outputs are enabled at the output
buffer flip-flops. The circuit was incorporated to prevent
random-noise pulses from being reproduced as valid output
pulses. The problem, however, can be that at long line
lengths the correct signals are too low in energy to activate
the clock circuit. Presently, PMI has customers using both
schemes in their repeater designs.

The timing of the circuit is based upon the pulsing of a

resonant tank circuit. The full-wave-rectifier comparator
output pulses the tank network. The pulses try to “force” the

oscillator circuit to phase lock to the incoming pulse wave-
form, while the tank attempts to resonate at its preset (with
external components) frequency. The result of the two fac-
tors is a clock circuit that runs at an average bit rate for the
incoming waveforms.

Again, the value of Q for the tank circuit will help determine
the oscillator accuracy. If the Q is high, the resonant fre-
quency dominates and itis more difficult to phase-lock to the
incoming pulse rate. A high Qcircuit also changes consider-
ably with the temperature and long-term component drift. A
Q value that is too low will cause adverse affects on the
oscillator circuit by the jitter presentin the pulse stream. This
means the jitter will then also be transferred to the output
pulse train as well. For both the RPT-82 and RPT-83, Qs of
greater than 75 are recommended.

Thelogic-threshold comparator provides the detection func-
tion for incoming pulses. For positive received pulses, a
negative pulse is generated on the T+ line; for incoming
negative pulses, a pulse is sent on the T- line. The clock
amplifier “squares” the timing waveform from the oscillation
circuit and produces a square clock signal and a negative
strobe pulse. The strobe pulses are ‘ANDed’ with the logic
outputs (T+ or T-) to set the output buffer flip-flops.

The strobe is coincident with the positive edge of the clock
signal generated by the tank circuit. Once the appropriate
flip-flop is set by the combination of the logic outputand the
strobe pulse, the output driver stage causes current to flow
through the proper half of the output transformer, thus
regenerating the received bipolar pulse. The falling (nega-
tive) edge of the internal clock signal serves to reset the
output flip-flops and thereby terminate the output pulse.
This is important to prevent the regenerated waveform from
following the data threshold instead of the clocking circuit.

One optionis made available to users of both the RPT-82 and
the RPT-83. The internal clock oscillator can operate in
either an injection-locked mode or a pulsed-tank mode. By
grounding a pin on the device, the oscillator is free-running
butis phase-locked to the full-wave rectified output. With the
pin open, the oscillator will only operate when pulsed by an
incoming signal. The circuit then “rings” until the next
incoming pulse is received from the rectifier. In both cases,
the overall effect is to phase-lock the resonant circuit to the
average frequency of the pulse train.

The completed T1 repeater may look something like Figure 6
in a typical configuration. The input transformer provides a
two-to-one step-up from the 100-ohm characteristic impe-
dance of the line. The matching impedance, in this case, is
doubled to approximately 400 ohms. A fixed attenuation is
added to provide a fixed line build-out of approximately 6dB.
The automatic build-out then provides a varying attenuation
for line lengths up to 36dB.

The equalization network is added to give the preamplifier
higher gains at higher frequencies. This compensates for the
roll-off characteristics of the preamp and the transmis-
sion line.

The oscillator tank circuit provides the resonant frequency
forthe oscillator. Itis controlled by current pulses generated
as the incoming waveform is received.
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Figure 6: The complete T1 repeater system (1.544MHz) using the RPT-83 integrated circuit. The input transformer provides a 2:1
step-up from the 100 ohm line impedance.
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Figure 7: The simplex power supply design consists of two zener diodes and a diode float connected to the center taps of the line
transformers. Nominal voltages are 4.4 and 6.8V.
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FIGURE 8A: Shows the voltage waveforms within the circuit.

Figure 8: Integrated-circuit repeaters can also be used in clock-recovery circuits, as shown.

The ALBO filter aids in integrating the pulse output of the
detector. As the voltage increases, more current flows
through the ALBO diode, and the line build-out is character-
istic of longer line lengths.

The power-supply current is available over the signal pair.
The simplex power design consists of two zener diodes and a
diode float connected to the center taps of the line trans-
formers (Figure 7). The nominal voltage values required are
4.4 and 6.8V.

This design meets the specifications called forina T1 carrier
repeater. The integrated circuit uses less than 13mA total
current (both voltage supplies). This means the maximum
output current for the total repeater circuit will be under
50mA at worst-case conditions (all ones output signal).

A final application of the integrated circuits is the use of the
repeater device in a clock recovery circuit. Data transmission
is becoming more important in areas other than long-
distance digitized audio. In these instances, the capability of
recovering clocking from the data stream can be advantage-
ous. This can mean single-pair connections that can transfer
data without additional wiring for timing and clock signals.

-
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Using the RPT-83 in conjunction with a precision compara-
tor, such as the PMI CMP-01, will provide a recovery scheme
capable of reproducing a clock waveform from input levels
as low as 35mV peak-to-peak. Any system that requires clock
retrieval from a data signal and synchronization to that signal
can use a circuit similar to this design shown in Figure 8.

The test circuit was operated with an AMI incoming code at
frequencies from 64kHz up to 1.544MHz. In the published
design, the incoming data waveform is capacitively coupled
to an input attenuator using fixed external components and
the internal ALBO diode. Since the impedance at pin 1 of the

device varies inversely with the amplitude of the input signal,
the voltage at the preamplifier input (through resistor R2) will
be held to less than 100mV peak-to-peak amplitude. This
gives the design an input dynamics range of greater than
45dB while still producing a constant output waveform.

In the circuit shown in Figure 8, tests show none of the
external component values to have critical tolerances. The
design can be used to recover clocking from an incoming
data stream—again a capability that has proven advanta-
geous for designers of data interfaces in many areas other
than telecom carrier exchanges.
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A VARIABLE-FREQUENCY, CLOCK-RECOVERY CIRCUIT

Precision Monolithics Inc.

APPLICATION NOTE 50

This note describes a high-performance clock-recovery cir-
cuit, employing an RPT-83 repeater IC and a CMP-01 IC
comparator, which helps derive a clock pulse from, and syn-
chronizes it with, an incoming data signal. The circuit
accepts a low-level bipolar pulse train (35mV peak-to-peak,
minimum) while producing a usable recovered clock signal.
Since the circuit also accepts high-level inputs (10V peak-to-
peak, minimum), it can attain a 49-dB dynamic range.

The RPT-83 chip is conventionally connected, except that
input and output transformers are not required and the
(internal) output transistors are left as an open circuit (Fig-
ure 1). The recovered clock signal is picked off the RPT-83’s
clock amplifier (pins 11 and 12) by the CMP-01 comparator.

USING THE RPT-82 OR RPT-83

The comparator’s output is basically a square wave at the
data rate frequency (which, for this example, is the T1 trans-
mission frequency of 1.544 Mbits/s).

Clock recovery can be best understood by referring to a
more detailed diagram of the RPT-83’s oscillator section and
external tuned circuit (Figure 2). Grounding pin 13 creates a
“locked oscillator” operating mode. Floating pin 13 creates a
“pulsed tank” operating mode.

In the pulsed-tank mode, the external tuned circuit is stimu-
lated each time the full-wave rectifier demands a current
pulse. Between pulses, the tank circuit “rings” at its resonant
frequency, damped only by R8 and the on-chip transistor
collector resistor R.

Veet
{ TANK CIRCUIT IS TUNED TO 1.544 MHz T 4av
L1 = 50uH OSCILLATOR [ ¢g
CONTROL 200pF
@' 1k
" 2 RECOVERED
Veez 1 8 cLock
6.8V o 200F
cmpot LML
R8 3
OPTIONAL | ————
GROUND — 69k = =
= 13 [10]15 14 1112
5V
® cLock t
oo Ve AMP )
LAT/ > 5000
sHuTDOWN ¢ OSCILLATOR $
CIRCUIT DATA
RPT-83 ONLY p——O (INVERTED)
STROBE
ALBO
BUFFER
= ~y DATA
~N A ® 111 010N/ INPUT
A f ] I- f ol
FFe —C. PRE AMP
D1 T s o ® ouTPUT
ALBO (COMPARATOR
nc: F DIODE THRESHOLDS)
A ul
= = FULL-WAVE
= R3 Lnl a = RECTIFIER
0.1u4F VWA~ @ ° PEAK
10kQ  10kQ | PRE AMP S oy DETECTOR
INPUT - PEAK o
A 2 DETECTOR D; 7 FULL-WAVE
1 3k pe 1 © ® —u LI~ RECTIFIER
R1< 13k2  100pF T s ouTPUT
2%Q ®
— PE
=
DATA ct cs - FULL-WAVE ® U U 3515?,’1”
WPUT T OMuF ¢——) P ® RECTIFIER
PRE AMP THRESHOLD OSCILLATOR
RS 5 OUTRUT DETECTOR RPT-82 OR RPT-83 gscuLa
® VAV N2ET INTEGRATED CIRCUITS ® /\/\/\/\/\/ T o
Re < 20kQ FULL-WAVE
51oni RECTIFIER
o1 REGENERATED
Touwe - ® e s
= J7 ANALOG GROUND

Figure 1: The clock-recovery circuit shown above will accept a 35mV peak-to-peak (minimum) bipolar pulse train and produce
recovered clock pulses at the data rate frequency (1.544Mbits/s for this example). Key waveforms, shown in correct timing
relationship, illustrate the circuit's operation. Comparator CMP-01 provides amplification and offset for a good TTL interface.
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In the locked-oscillator mode, the oscillator runs continu-
ously. It is injection-locked to the full-wave rectifier pulses
by the second emitter of on-chip transistor Q. The oscillator
circuit drives a buffer emitter follower, which in turn drives a
clock amplifier. The clock amplifier has a differential output
(pins 11 and 12) and squares the sinusoidal oscillations orgi-
nating at pin 14.

Since the clock amplitude at pins 11 and 12 is only 1Vp-p
around a common-mode dc level of 4.5V, the CMP-01 com-
parator provides a good interface to TTL or other logic. A
small capacitor, C4, may be connected across pins 11 and 12
to delay the clock relative to the data.

The circuit shown in Figure 1 does not make use of the data
outputs of the repeater IC. However, if a data waveform is
required in addition to the clocking pattern, the change in
circuit configuration required is minor. By tieing the output
leads of the two flip-flops together (pins 8 and 9) and adding a
5000hm pull-up resistor to +5V, an inverted data waveform is
made available.

How “pulsed-tank” and “locked-oscillator” modes are select-
ed is shown in Figure 2. Pickoff points for a regenerated
clock signal (within the clock amplifier) are also evident in
the diagram.

The circuit described in this note was designed and tested
only with alternate-mark-inversion (AMI) codes. However, the
system should work equally well with any return-to-zero
code and would suit any of the many AMI-code variants. It
can handle data rates up to 2.0 Mbits/s.

Designs have been tested at frequencies from 64kHz up to
1.544MHz by simply modifying the tank circuit. In all cases,
performance met desired expectations.

CMP-01

BUFFER
EMITTER
FOLLOWER

CLOCK AMPLIFIER

- PIN 13 CAN BE GROUNDED FOR OPERATION IN
OPTIONAL LOCKED-OSCILLATOR MODE

P —
120uA CURRENT PULSE
FROM FULL-WAVE RECTIFIER
STIMULATES PULSED-TANK
OSCILLATOR MODE

Figure 2: Detailed view of the RPT-83’s oscillator and clock
amplifier shows how “pulsed-tank” and “locked-oscillator”
modes are selected. Pickoff points for a regenerated clock
signal (within the clock amplifier) are also evident.
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SAMPLE/HOLD CIRCUIT MONITORS TWO INPUT SIGNALS
AND TRACKS THE SMALLER OR LARGER SIGNAL

Precision Monolithics Inc.

APPLICATION NOTE 53

INTRODUCTION

In control applications involving two sensors it may be
necessary to select the smallier or larger of the two sensor
signals for control purposes. Possible applications include
electronic automobile antiskid control, depth measurement
and temperature monitoring. Automatic selection of the
signal of interest eliminates the wasteful and expensive
hardware and software duplication needed to monitor,
digitize and evaluate the two signals.

The circuit described provides a two channel sample-and-
hold amplifier that automatically tracks the larger or smaller
(user programmed) of two input signals. It is implemented
with only one integrated circuit which can replace up to three
|C packages that would be necessary (dual switch, compara-
tor, quad op amp) in other implementations. This IC, the
GAP-01, contains a comparator and two transconductance
input amplifiers (A & B), whose outputs are switched by
internal current mode switches into the voltage follower
output buffer(C). Two digitally selectable signal paths through
the device are possible via the Channel A, Channel B control
signals.

Circuit operation is straight forward. In Figure 1, the signal
paths through Channel A and Channel B are configured for
gains of +1. The comparator monitors the input signals

relative magnitudes. With the MIN/MAX control in the
“Minimum Track” position (MAXIMUM/MINIMUM = “0"),
and the system in “TRACK” (TRACK/HOLD = “1”). The
minimum or smaller of the two input signals, A or B, is
present at the GAP-01 output (Photograph 1). A“1” compara-
tor output indicates input B is less than input A.

el TRACK MINIMUM VALUE Ji

A INPUT ERRE ! {

Photograph 1. Minimum Value Track/Hold

GAP-01

AINPUT O—

A +
3
+ c

O Vout

GATED “GM"
AMPLIFIER

BINPUT O-

A\../\

TRACK/HOLD O-

+
o
]

M

'86

=

\

MAXIMUM/MINIMUM O

Figure 1. Minimum/Maximum Value Track/Hold
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By setting MAXIMUM/MINIMUM to “1” the larger of the two
input signals is tracked (Photograph 2). The exclusive “OR”
gate simply inverts the comparator output.

AINPUT i

Photograph 2. Maximum Value Track/Hold

Gains other than +1 are achievable by changing the GAP-01
feedback ratio as shown in Figure 2.

By setting the TRACK/HOLD control to “0” both the A and B
amplifier outputs are disconnected from the output buffer
amplifier input, thus putting the system into “hold” and

maintaining the last output stored on the external capacitor
Cy. This capacitor serves both as a loop compensation and
hold, or storage, capacitor (Photographs 1 and 2). Droop
rates of 0.2mV/msec are typical.

This powerful minimum/maximum track and hold system is
easily constructed from the versatile GAP-01.

Rz
A
Vv

CHANNEL A
o—

GAP-01

CHANNEL A -
INPUT

O—AA- + c

ouTPUT
O

R2
1+ —

GAIN = R

CHANNEL B e
IN

CHANNEL B = 1

<l e,
I5oopF
= Ra=Re=3

R Ry

Figure 2. Alternate Gain Configuration
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CROSS-PLOT GENERATOR ALLOWS QUICK

A/D CONVERTER EVALUATION

Precision Monolithics Inc.

APPLICATION NOTE 101

INTRODUCTION

The testing of analog-to-digital converters (ADCs) can be a
difficult and time consuming process. The cross-plot generator
described here provides a quick, low-cost way to evaluate ADCs.

ADCs AND THEIR TESTING

Analog-to-digital converters generate a digital code for each
discrete value of analog input voltage. The number of codesisa
function of resolution. For example, an 8-bit device has 256
codes. The resolution is equal to 1/256 of the full-scale analog
voltage. 12-bit converters have 4096 codes and can resolve to
1/4096 of the full-scale voltage. The number of codes can be
expressed as 2" where n = number of bits.

Testing ADCs can be a difficult task. Modern high-resolution
devices tax the speed and accuracy of measurement equipment.
Linearity tests are highly data-intensive and dynamic measure-
ments require complex and costly test apparatus.

CROSS-PLOT GENERATOR

The cross-plot generator is a simple approach to ADC evalua-
tion. The system uses basic test equipment, simple logic and
timing, and is compatible with converters of any resolution.

The test circuit (see Figure 1) consists of two D/A converters
(DACs) which reconstruct the digitized information and display
the data in a dot-matrix format (see Matrix Photos). This format
allows the user to view the entire transfer function in real time.

CROSS-PLOT MATRIX

Each dot in the matrix represents one digital code. Missing or
narrow codes are identified as missing or dim dots in the
displayed matrix.

This test method yields four types of data:
1. Missing code identification
2. Dynamic response (conversion speed)
3. Converter code-width
4. System noise

FIGURE 1: Block Diagram

HIGH BYTE
DAC

ADC
OSCILLOSCOPE

BITS X/2TO X -1
X-INPUT
BITSOTO (X/2)-1

Y-INPUT

LOW BYTE
DAC

X = NUMBER OF ADC BITS OF RESOLUTION

ZERO-SCALE
00 0000 0000

HALF-SCALE
10 0000 0000

The dot-matrix field for a 10-bit converter is pictured
above. The photo illustrates a 32 X 32 dot-matrix or
1024 dots.

The DUT is an ADC-910 operating with a nominal 6us
conversion time. The inputs are a 10Hz, 0 to 10V triangle
wave and a TMHz clock pulse train. These inputs resultin
approximately three conversions per code.

__FULL-SCALE
1111111111

As illustrated in the photo above, missing and narrow
codes are clearly visible as weak or absent dots in
the array.

In this case, as conversion speed is increased beyond the
ADC's capability, missing codes are observed.
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FIGURE 2: Block Diagram

H.P. 3314
WAVEFORM GENERATOR

The cross-plot test set-up is shown above. The equipment
required is: a waveform generator, pulse generator (used
as an external clock), oscilloscope with X-Y function, and
afrequency counter or second oscilloscope (to determine
clock frequency and conversion time).

The ADC is configured in a free running (continuous
conversion) mode. An input triangle wave and clock are
applied to the ADC (see Timing Diagram). The ADC

e o[ Jo-
ooo oooa
0ooo oooo
o o o
i PM.7545
ANALOG :
e peoaer TEK 4658
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CONVERTER
1 X o
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170V
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H.P 80128
PULSE GENERATOR
=4 CLOCK  CONVERSION
| = == . W SOMPTE H.P. 5328A
COUNTER
° —
Cx cc -
== o0 oo %
— 2 © o o o
—

executes a conversion and presents the data to the Data
Bus. The data is then divided into higher and lower order
bytes and latched into the DACs by the latch control line.
Following current to voltage conversion, the DAC outputs
drive the oscilloscope (higher order driving the X-input,
lower order driving the Y-input), creating the dot-matrix
field.

MISSING CODES

One form of converter malfunction occurs when some digital
codes are absent or missing. Missing codes can cause serious
problems in systems level applications. These missing codes
can be identified as holes in the dot-matrix field.

DYNAMIC TESTING

Conversion speeds can be measured with the cross-plot genera-
tor. A slow triangle wave is applied to the ADC’s input. The
waveform’s voltage is adjusted to sweep from just below zero-
scale to just above full-scale. The triangle-wave test frequency
should be chosen so that the analog input remains within
1/2 LSB during the converter’s conversion time. The conversion
clock frequency is then increased until conversion codes (dots
in the array) first begin dropping out. A frequency counter is
used to determine the clock frequency and conversion time.

Alternately, a second oscilloscope may be used, monitoring the
ADC’s Conversion Complete line, to determine directly the
minimum conversion time.

CODE WIDTH

Code-width, or differential nonlinearity, is a measure of the
width of the converter’s quantizing bands. Each band or code-
step has a finite value. As the input voltage is slowly swept,
several conversions take place for each code value. Since the
number of conversions is dependent upon code-width, shorter
codes produce fewer conversions. The intensity of each dot
displayed in the matrix is a direct function of the number of
conversions and hence the code-width. Dimmer dots, therefore,
denote narrower codes and higher differential nonlinearities.
Narrow code-widths are depicted in the dot-matrix photograph.
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SYSTEM NOISE

The cross-plot generator can be used to determine the repeat-
ability of ADCs. By slowing down the input triangle wave
frequency to 0.1Hz, the oscilloscope should ideally display one

either due to layout or the ADC itself, the oscilloscope display
will show two, three, or more dots simultaneously. This is an
indication of undesirable noise in the system causing multiple
output codes for a single analog input voltage.

dot at a time when the input voltage is between code transitions.
As the input voltage approaches a code transition, two dots will
appear on the oscilloscope screen. Once the input voltage
moves to the next code, a single dot will again appear on the
oscilloscope screen. If the ADC system has noise problems,

FIGURE 3: Schematic

Checking prototype circuits with this test can help quickly
identify the noise level and source. Proper location of bypass
capacitors, central analog ground, and digital signal lines can be
easily determined, speeding the system debugging process.

+5V
! M2
-Eozz,ur ) . +
's8 15V
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*TIE UNUSED INPUT BITS
TO DIGITAL GROUND

The cross-plot schematic is shown above. A pair of PM-
7545s are driven directly by the ADC's outputs. The DACs
drive the X-Y inputs of the oscilloscope after current-to-

voltage conversion by the OP-01s. Reference voltage for
the converters is provided by a REF-01.
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FIGURE 4: Timing Diagram

CLOCK

1

START/CC

ANALOG INPUT = 0 TO 10V

A typical timing diagram for a 10-bit successive approxi-
mation conversion system (ADC-910) is shown above.
The analog input is a slow triangle wave sweeping the full
input range of the converter (shown here asa unipolar 10V
range).

The clock provides a time base for the converter and is
several orders of magnitude faster than the input fre-

T

quency. This high clock frequency, relative to the analog
input, insures that the analog voltage changes less than
1/2 LSB during the conversion time.

The START/CC signal (sometimes termed BUSY) is gen-
erated by the ADC and can function as a data-load pulse
for the DACs.
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’ VERY LOW NOISE
OPERATIONAL AMPLIFIER

Precision Monolithics Inc.

APPLICATION NOTE 102

APPLICATIONS

® High Precision Instrumentation

® Microphone Preamplifier %R éR
® Tape-Head Preamplitier > ¢ ¢
® Strain-Gage Amplifier

FEATURES ) |

® Very Low Voltage Noise . ............... 500pV/\/ Hz ] {

® High Gain-Bandwidth Product . .............. 150MHz MAT-02

® High Open-Loop Gain...................... 3x 107

® HighCMRR........ ...t 130dB

® Very Low Offset Voltage Drift .............. <0.1uV/°C 2mA
GENERAL DESCRIPTION v

In situations where low output, low-impedance transducers ) I
are used, amplifiers must have very low voltage noise to HNO MAT-02 _O-IN

maintain a good signal-to-noise ratio. The design presented
in this application note is an operational amplifier with only
500pV/+/ Hz of broadband noise. The front end uses MAT- 2mA
02 low-noise dual transistors to achieve this exceptional per-
formance. The op amp has superb DC specifications compat-
ible with high-precision transducer requirements, and AC
specifications suitable for professional audio work.

MAT-02

PRINCIPLE OF OPERATION

The design configuration in Figure 1 uses an OP-27 op
amp (already a low-noise design) preceded by an amplifier
consisting of three parallel-connected MAT-02 dual transis-
tors. Base spreading resistance (Rpp) generates thermal v-
noise which is reduced by a factor of v/3 when the input
transistors are parallel connected. Schottky noise, the other
major noise-generating mechanism, is minimized by using a
relatively high collector current (1mA per device). High cur-
rent ensures a low dynamic emitter resistance, but does Figure 1: Simplified Schematic
increase the base current and its associated current noise.

Higher current noise is relatively unimportant when low-

impedance transducers are used.

Simplified Schematic for Very-Low-Noise Operational
Amplifier
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CIRCUIT DESCRIPTION

The detailed circuit is shown in Figure 2. A total input-stage
emitter current of 6mA is provided by Q4. The transistor acts
as a true current source to provide the highest possible
common-mode rejection. Ry, Ry, and Rj ensure that this
current splits equally among the three input pairs. The con-
stant current in Q4 is set by using the forward voltage of a
GaAsP light-emitting diode as a reference. The difference
between this voltage and the base-emitter voitage of a silicon
transistor is predictable and constant (to within a few per-
cent) over the military temperature range. The voltage differ-

ence, approximately 1V, isimpressed across the emitter resis-
tor Ryowhich produces atemperature-stable emitter current.

Rgand Cq provide phase compensation for the amplifier and
are sufficient to ensure stability at gains of ten and above.

R;isaninput offset trim that provides approximately £300uV
trim range. The very low drift characteristics of the MAT-02
make it possible to obtain drifts of less than 0.1uV/°C when
the offset is nulled close to zero. If this trim is not required,
the R4, R7, and Rg network should be omitted and Rs/Rg
connected directly to V+.

O +15V
Ry Rg
220 20
NULL
[
Ry, 1000
Rg Rg 100nF
1.5k, 0.1% 1.5kQ2, 0.1% $
R, 1502 Cq, 0.014F N
| 6
0P.27\ » OUTPUT
3|
vt
— N I 1
*—
] B J
H H 100nF
A IR SR — 4 MAT-02
RSSO S PSS Hpp—— -
s |
< <
- Rq - S2ra
1 390 I >
| I
I ]
L [ IR — 4 MAT-02
r-—— ——|-——-- -1
i |
: | 2
R
2 Y
1 a0 | 2N2905
: |
1
[ SN, JV NV A, 4 MAT-02 RED
LED
Sk R 7
3 12 /
3000 1800
O -15V

Figure 2: Complete Amplifier Schematic
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AMPLIFIER PERFORMANCE

The measured performance of the op amp is summarized in
Table 1. Figure 3shows the broadband noise spectrum which
is flat at about 500pV/y/ Hz . Figure 4 shows the low-
frequency spectrum which illustrates the low 1/f noise corner
at 1.5Hz. The low-frequency characteristic in the time domain
from 0.1Hzto 10 Hzis shown in Figure 5; peak-to-peak ampli-
tude is less than 40nV.

Table 1: Measured Performance of the Op Amp

Input Noise
Voltage Density at 1kHz 500pV/+/ Hz
Input Noise
Voltage from 0.1Hz to 10Hz 40nVp_p
Input Noise Current at 1kHz 1.5pA/+/ Hz
G=10 3MHz
Gain-Bandwidth G =100 600kHz
G = 1000 150kHz
Slew Rate 2V/us
Open-Loop Gain 3x 107
Common-Mode Rejection 130dB
Input Bias Current 3uA
Supply Current 10mA
Nulled TCVps 0.1uV/°C Max
T.H.D. at 1kHz G = 1000 0.002%

Spectrum analyzer display of broadband noise with a
gain of 10,000.

Horizontal axis = 0 to 2.5kHz.

Normalized vertical axis = 830pV/\/ Hz R.T.l.

e, =507pV/\/ Hz at 1kHz.

Figure 3: Spectrum Analyzer Display — Broadband

Low frequency noise spectrum at a gain of 10,000
showing a low 1.5Hz noise corner.

Figure 4: Spectrum Analyzer Display — Low Frequency

Peak-to-peak noise from 0.1 to 10Hz.
Overall gain is 100,000.

Figure 5: Oscilloscope Display

CONCLUSION

Using MAT-02 matched transistor pairs operating at a high
current level, it is possible to construct a high-performance,
low-noise operational amplifier. The circuit uses a minimum
of components and achieves performance levels impractical
with monolithic amplifiers.
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AN-103

TAKE THE GUESSWORK OUT OF
SETTLING-TIME MEASUREMENTS

Take the guesswork
out of settling-time

measurements

By building an oscilloscope input amplifier
and a step generator, you can use off-the-

shelf laboratory oscilloscopes to make precise
measuvements of the settling times of fast

linear civeuits.

Because linear circuits are getting faster and faster, it’s
becoming increasingly difficult to accurately measure
such circuits’ dynamic performance. Available test
equipment is inadequate to measure the dynamic per-
formance of these circuits, which have settling times as
fast as 100 nsec. Such equipment either lacks the
requisite sensitivity or has poor overload characteris-
tics, which mask the effects you're trying to observe
(see box, “Sources of error in fast-linear-IC measure-
ment”).

To test a device accurately, you must use test equip-
ment that has much better resolution than the device
under test will ever require. To test fast linear circuits,
you have to observe small effects superimposed on a
very large signal change. ‘But if you increase oscillo-
scope sensitivity enough so you can see these small
effects, you will almost certainly produce overload
conditions in the oscilloscope. Off-the-shelf oscillo-
scopes do not provide the resolution you need at the

Reprinted from EDN, September 19, 1985
©1985 CAHNERS PUBLISHING CO.

extreme ends of a large step signal, and they won’t be
able to handle the overload conditions.

To make an accurate determination of settling time—
especially for op amps and fast D/A converters—you
need to build two items of special test equipment: a
step-function generator (Fig 1) and an oscilloscope
input amplifier (Fig 2).

Fig 1’s step-function generator lets you evaluate the
recovery characteristics of the available oscilloscopes.
Further, by providing a reference signal that has
precisely known characteristics, the generator will
eliminate guesswork in settling-time measurement.

The oscilloscope input amplifier in Fig 2 provides a
resolution to 200 pV/div on a voltage-input range of
+10V, or 200 nA/div on a current-input range of +10
mA. This input amplifier will allow you to make 0.01%
settling determinations without having to estimate the
magnitude of small and questionable oscilloscope im-
ages. This test system provides settling-time measure-
ments to 50 nsec for 8-bit measurements and will allow
you to perform dynamic tests on 12-bit devices at full
operating speeds.

Test fixture removes sources of error

Fig 2 shows the complete test fixture. This test
fixture, which will eliminate most sources of error,
consists for the most part of discrete components and
CA3127 transistor arrays. The main amplifier chain
consists of cascaded differential amplifiers IC, through
IC,, with emitter followers between each stage to

209



[OnAT\APPLICATION NOTE 103
{PMI)

Off-the-shelf scopes don’t provide the vesolu-
tion you need at the ends of a layge step
signal.

perform buffering and level shifting. Although these
amplifiers overload in the presence of large inputs, they
do not saturate, and they recover from overload within
approximately 15 nsec. )

It’s essential that you place each amplifier section in a
separate, well-shielded compartment. If the shielding is
not adequate, the entire amplifier chain may oscillate at
several hundred megahertz.

The Viy path has a gain of 0.5 between the input
terminal and the summing junction. IC; and IC, provide
most of the system gain; you set the product of their
gains to a value between 4 and 100 by varying the bias
currents fed into the differential amplifiers. IC; and IC,
together form a linear output driver with a gain of 2 and
a differential output swing of no more than =160 mV;
thus, an oscilloscope set for an A+B display of vertical
inputs with B inverted and a sensitivity of 20 mV/div

needs to handle only two screens’ worth of signal; this
small input range does not overload the oscilloscope
input circuitry. All signals are measured relative to
ground, not to some bias point.

The offset voltage is provided by transistors Q
through Q; and their related components. Transistor
Q:, the offset voltage source, operates at a bias of 25
mA to reduce its output impedance, and it has a
feedback loop to reduce the output impedance still
further at high frequencies. Transistor Qs acts as a
buffer between Q. and amplifier IC,, which, with three
analog switches of ICs, constitutes an S/H amplifier that
stores the offset level.

The test fixture has an autozero feature, which
offsets the final output value of the device under test so
that it falls on the oscilloscope baseline. The test fixture
cycles continuously through the four time states shown
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— i
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Fig 1—Use this perfect-step generator for checking your oscilloscope. Output power VMOS transistors Q, and Q; exhibit no saturation effects
and switch the analog output cleanly to ground or to Vegr (rominally 10V). The step rate is greater than 1500 V/usec.
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Sources of error in fast-linear-IC measurement

It’s often difficult to measure
the performance of fast linear
ICs, mainly because off-the-shelf
laboratory oscilloscopes either
can’t handle the sensitivity you
require or mask the effects
you're trying to observe.

When you use off-the-shelf
equipment to measure the per-
formance of a fast linear circuit,
your measurements may be inac-
curate because such equipment
doesn’t allow you to see the ac-
tual shape of a waveform. And
you can'’t accurately estimate the
actual shape of a waveform by
assuming that it follows an expo-
nential curve; if you do so, your
estimation may be wildly inac-
curate.

Although many components of
analog waveforms are exponen-
tial—overshoot, ringing, and the
response produced by feed-for-
ward compensation fall into this
category—waveshapes are often
composed of components that
are not exponential, although
they may seem to be. Overload
recovery, for example, is almost
never exponential, and thermal
tails can have almost any shape.

Fig A shows the difference be-
tween an actual waveform and
an expected exponential curve.
The lower diagram in Fig A
shows an analog signal moving
from some initial value to a
higher level and then settling to-
ward a final value. The area
within the dashed lines is ex-
panded by a factor of 2000 in the
upper diagram. You'll see that
overshoot and recovery compo-
nents cause the waveform to
have a tail that crosses the lines
representing the £1-mV accept-
able settling window more than
once.

The time that elapses between
the start of the rising edge and
the last entry into the settling
window is called Tsgrrie. The
dashed curve in Fig A approxi-
mates the sum of all exponential

components of the waveform; if
the real waveform followed this
exponential curve, you could
easily determine settling time.

However, most electronic cir-
cuits exhibit, after slewing, a
slow-settling component that’s
not exponential. One of the most
troublesome components of this
kind is the tail generated by a
device input stage that’s driven
into overload by a step function.
It’s hard to determine the differ-
ence the tail makes, because a
wide range of overloads will pro-
duce the same recovery charac-
teristics—for example, a 10V
step and a 20V step might both
produce an identical 1-mV set-
tling component, which would
appear as a 0.01% tail on the
10V step, but a 0.005% tail on
the 20V step.

Although a 0.005% tail on the
20V step appears to indicate bet-
ter system performance, the
performance is actually un-
changed. Other causes of tails
are thermal changes, the desta-
bilization of a power supply or of
bias, and the characteristics of a
device that’s recovering from
saturation; tails due to these

causes are not symmetrical for
input steps of opposite slope.

The pole/zerd pairs in op amps
that use feed-forward compensa-
tion are particularly trouble-
some. Many such amplifiers have
settling times of 1 psec or less
for settling accuracies of 1 or
0.1%. However, when these am-
plifiers must settle to an accura-
cy of 0.01%, the settling time
increases to 3 psec or more.

This phenomenon is significant
in oscilloscope probes that atten-
uate, because such probes often
use pole/zero pairs to smooth out
response aberrations over a
wide frequency range, but in the
process they produce linear tails
of 1% or more.

Noise, too, can be a source of
confusion. Noise peaks that con-
stantly cross the settling window
may make you, think the device
under test hasn’t settled, even
when the device’s contribution
to the waveform is constant. Ac-
tually, 16-bit D/A converters
never really do settle; to esti-
mate their performance, you just
have to smooth the output wave
and ignore the noise.

1 mV/DI.
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Fig A—This typical settling waveform shows what you can expect to see on a
low-sensitivity oscilloscope (bottom) and an expanded view (top) of the details that are

difficult to measure.
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Fig 2—This settling-time test fixture has an autozero feature, which ensures that the final output of the device under test will fall on the
oscilloscope baseline. The fixture has special protection against overloading of the oscilloscope input circuits.
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If you assume that settling tails too small to
see cleavly ave exponential, your estimate
may be wildly inaccurate.

in Table 1. Comparator IC;, acts as an 800-Hz clock
oscillator that generates the time states with the aid of
IC,2, a 4-bit counter, and IC,;, a decoder. IC,, divides
and squares the clock signal; ICy; provides four non-
overlapping but closely synchronized state signals.
The repetition rate of the complete cycle (S, through
S,) is set at approximately 200 Hz to allow the oscillo-
scope to develop sufficient brightness. During the first
state (S,), when the device under test is at its final
value, ICs measures the unbalance of amplifier IC,.
The output of IC; drives IC, (an S/H amplifier) to
change the offset voltage in the direction that tends to
rebalance IC,. This coarse autozero voltage settles

TABLE 1—TIME STATES AND ACTIONS
FOR AUTOZERO FUNCTION

TIME —>
STATE s, s, S, S,
VALUE FOR
DEVICE FINAL FINAL INITIAL FINAL
UNDER
TEST
SYSTEM COARSE FINE STARTING DISPLAY
FUNCTION | AUTOZERO|AUTOZERO MARK SETTLING
(TEST FIXTURE | CHARACTERISTIC
1S OVERLOADED)

f

SCOPE TRIGGER

toward the end of time state S;. Exactly at the end of
S1, ICs (in conjunction with IC;) samples and holds the
voltage on capacitor C; (C; is in ICy’s feedback loop).
This voltage acts as a reference voltage for the succeed-
ing time states.

Although it’s stable to several tens of microvolts, the
coarse autozero voltage is not accurate enough to
ensure that the final output value of the device under
test will be offset onto the oscilloscope baseline. The
largest error occurs when the fourth analog switch of
IC; disconnects ICq from IC,, delivering a charge from
the switch to the integrator input and causing a step of
approximately 1 mV. To correct for the effects of this
step, IC; and ICq force IC; and IC, to come to balance
during state S; by injecting feedback. At the end of
state S,, IC; samples and holds the voltage that brought
the fixture output to balance; input baseline variations
of =10V cause less than 20 wV of output baseline shift.

In state S;, the fixture sends the device under test to
its initial value; at this time, the amplifiers of the
fixture will probably be overloaded, but will recover
rapidly. In state S,, the device under test settles back
toward its final value and the oscilloscope is triggered
so that you can observe the settling event through the
fixture.

The test fixture accepts either a current input (con-

nected directly to the summing junction) or a voltage
input (connected via a 1000Q) resistor). The effective

TRACE | VERTICAL | HORIZONTAL TRACE | VERTICAL | HORIZONTAL
A 1 mV/IDIV 20 nSEC/DIV A I 5V/DIV | 20 nSEC/IDIV
@ B 5V/IDIV 20 nSEC/DIV ®) B 1 mV/IDIV l 20 nSEC/DIV

Fig 3—The step-function generator settles to 0.01% within 70 nsec toward ground (a) and toward 10 V (b). These scope photos show settling

times of the step generator and the test fixture alone.
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impedance of Ry and Ropr in parallel is 5001, and the
time constant is approximately 7 nsec. (A lower imped-
ance would improve settling speed, but some sources,
which have difficulty in driving even the 1000() input
impedance at the voltage input, would: not tolerate any
decrease.)

Transistors Qs through Qy, alleviate this difficulty by
simulating a negative resistance of —1000€, which can
be-switched in parallel with the 10000 voltage-input

VERTICAL J HORIZONTAL

TRACE
A 5V/DIV 2 uSEC/DIV
B 200 wV/DIV 2 pSEC/DIV
C SV/DIV 2 WSEC/DIV
D 200 pV/DIV! 2 nSEC/DIV

Fig 4—The long-term step-generator tail is approximately 80 pV
when settling to ground and approximately 300 WV when settling to
10V.

resistor. When actuated, the negative-resistance simu-
lator raises the impedance at the voltage input to
approximately 30,0000 and provides whatever current
is needed to assist the device under test in placing its
normal output current through the input resistor.

Determine settling times accurately

Fig 3 shows the settling times—both toward 10V and
toward ground—that you obtain when the edge genera-
tor is driving the test fixture. The combined settling
time of both units to within 0.01% of 10V is 70 nsec or
less, measured from the point where ringing is no
longer visible after slewing (at the second major divi-
sion on curve A) to the last crossing of the 1-mV
division (curve B). It’s difficult to know what each unit
actually contributes to the combined settling time;
however, it seems probable that the fixture settles
within 50 nsec, and that, beyond the 40-nsec mark, the
display shows the real settling tail of the edge genera-
tor plus a small, slow, thermal response from the
fixture.

The size of the tail, as you can see from Fig 4, is
approximately 80 nV when the signal is settling to
ground and 300 wV when it’s settling to 10V. A
supply-voltage glitch occurs on each transition of the
output, so the edge generator probably creates some of
the tail. )

When you're applying a large signal to the input of
the test fixture, you may find that the signal source
develops a long settling tail in driving the 1-kQ resis-
tors. In that case, switch in the negative-resistance
simulator. ‘ :

TRACE | VERTICAL | HORIZONTAL TRACE | VERTICAL | HORIZONTAL
A 200 LV/DIV 50 NSEC/DIV A ] 200 pV/DIV 50 nSEC/DIV
@ B SV/DIV 50 NSEC/DIV (b) B SV/DIV 50 nSEC/DIV

Fig 5—Even at 0.002% (16-bit) resolution, settling time for the step-function generator-is only 150 nsec toward ground (a) or toward 10V

(b).
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Overload recovery is almost never
exponential.

When it’s driven by a fast signal source, the nega-
tive-resistance-simulator circuit can cause short-term
ringing. Thus, when you're testing very fast devices,
you may have to use the normal 1000 input for the
short-term measurements and then switch in the im-
pedance buffer for an accurate display of the long-term
effects. Fig 5’s photos, which were taken with the

negative-resistance simulator inactive, show that even
with 16-bit resolution, the test system’s settling time is
less than 150 nsec.

You can use Fig 2's test fixture to test op amps as
well as D/A converters. The scope photos in Figs 6 and
7 show the settling times of a standard, high-accuracy
op amp (OP-07) and a fast FET op amp (OP-16). Fig 8
shows the settling times of two 565A 12-bit D/A con-
verter devices from different manufacturers.

The 565A devices require a special test setup, be-
cause their full-scale output is only —2 mA, in contrast
with the fixture’s £10-mA input range. This sensitivity
penalty degrades the signal-to-noise ratio. You should
ground the feedback and offset resistor of the 565A
devices to prevent their capacitance from slowing the

B

TRACE | VERTICAL | HORIZONTAL TRACE | VERTICAL | HORIZONTAL
A 5V/DIV 10 wSEC/DIV A 5V/DIV 10 nSEC/DIV
@) B 1 mV/DIV 10 WSEC/DIV ®) B 1 mV/DIV 10 NSEC/DIV

slewing is finished.

Fig 6—A standard high-accuracy op amp settles in 65 psec when operating as a unity-gain follower. Settling is complete 8 to 10 psec after

TRACE | VERTICAL | HORIZONTAL TRACE | VERTICAL |  HORIZONTAL
A 5V/DIV 500 nSEC/DIV A 5VIDIV 500 NSEC/DIV
@ B 1 mV/DIV 500 nSEC/DIV ®) ) 20 mV/DIV 500 nSEC/DIV

'Fig 7—A fast FET op amp settles to 0.01% within 1.5 wsec toward ground (a) and toward 10V (b). The last ringing peak that grazes the 1

magor vertical division is taken as the 0.01% settling point.
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It’s essential that you place each amplifier
section in a separate, well-shielded
compartment.

settling. You should also bypass the reference output
with a 1-pF tantalum capacitor to prevent the refer-
ence from destabilizing.

To measure current, ground the voltage input termi-
nal of the fixture, or terminate it with a 508 resistor,
and connect the converter output to the current-input

terminal of the fixture. The input impedance is now
50012, but by reckoning it as 1000Q2, you can maintain
the calibration of the gain switch. Thus, 1 mV/div on
the gain switch equals 1 pA/div of input, or approxi-
mately 2 LSB of the converter output. The first device
seems to settle within its 250-nsec specification, even
though it has a slow tail (approximately =1 LSB) (Fig
8a). This tail is probably real, but you should, of course,
always be suspicious of any measurements at these
speeds and sensitivities. The second device exhibits a
large glitch on the off-to-on transition (Fig 8b); this
glitch is probably caused by destabilization of the
device’s reference input amplifier. Fig 8c shows a
compression of Fig 8b’s glitch so that the whole glitch is
visible. EDN

(c)

TRACE VERTICAL | HORIZONTAL TRACE | vemmicaL | HORizoNTAL
A 0.5 mV/DIV 50 NSEC/DIV A 0.5 mV/DIV 50 NSEC/DIV
B 0.5 mV/DIV 50 ASEC/DIV B 0.5 mV/DIV 50 NSEC/DIV
c 0.5 mV/DIV 50 NSEC/DIV c 0.5 mV/DIV 50 NSEC/DIV
D 0.5 mV/DIV 50 NSEC/DIV D 0.5 mV/DIV 50 NSEC/DIV
(a) (b)
A
TRACE VERTICAL HORIZONTAL
A 2 mV/DIV 50 NSEC/DIV
B 2 mV/iDIV 50 NSEC/DIV
c 2 mV/IDIV 50 nSEC/DIV
D 2 mV/DIV 50 NSEC/DIV

Fig 8—Two 565A D/A converters (a and b) exhibit similar settling times but one (b) generates a large glitch at the off-to-on transition. A

compression of the glitch appears in c.
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RADIATION EFFECTS OF LINEAR
INTEGRATED CIRCUITS

Precision Monolithics Inc.

APPLICATION NOTE 104

INTRODUCTION

In the years ahead, the understanding of radiation effects and
the radiation hardening of integrated circuits will take on an
increasingly important priority. Precision Monolithics Inc. has
been actively participating in many programs that require
radiation-hard ICs. Through years of involvement and charac-
terization, a good amount of useful radiation hardness data on
PMVI's products has been generated and is available. This
application note is intended to be an introduction to the
different radiation environments and their effects on linear
integrated circuits. It summarizes the radiation hardness char-
acteristics of a selection of PMI's products. For more in-depth
discussions of this important topic, additional sources are
referenced in the bibliography.

Many electronic systems may encounter exposure to various
radiation environments such as in a nuclear power plant,
nuclear explosion, and natural sources. It is vital for these
systems to withstand a sufficiently high radiation level and still
remain fully functional. The primary effects of radiation are on
semiconductor components. The effects range from a mild but
recoverable disturbance, or an intermittent failure, to a catas-
trophic destruction of the components (and therefore the
system). Consequently, the system designer must anticipate
the worst case radiation environments under which the system
must operate; select the appropriate radiation-hard components
that can withstand the anticipated environment; and provide
some safeguards in the event the worst case is exceeded.

RADIATION ENVIRONMENTS

There are three basic classes of radiation environments which
electronic systems are exposed to. The most prominent class is
that of very high radiation levels for a very short period of time
(nanoseconds to microseconds), such as a nuclear event.
Survivability in such environments is crucial for many military
systems. The second class is environments which have low
levels of natural electron and proton radiation. Spacecraft
systems and satellites fall into this category. These types of
equipment are required to withstand low-rate cosmic environ-
ments for years without suffering appreciable degradation.
Although, certain satellites require hardening to survive nuclear
events as well. The third class is an environment where there is
steady-state gamma and neutron irradiation for along period of
time. This environment is most prevalent in nuclear power
generation and fuel reprocessing systems.

In the following sections, three types of radiation will be
discussed. They are transient dose radiation, neutron radiation,
and total dose radiation. Each type of radiation has markedly
different effects on linear integrated circuits. Therefore, the
radiation hardening techniques are also different. Several
techniques will be presented along with a summary of radiation
tolerance of a selection of PMI products.

TRANSIENT DOSE RADIATION

The primary example of transient dose radiation is that which is
produced by a nuclear event. It consists of intense pulses of
x-rays or gamma rays lasting for up to one microsecond. This
form of radiation is also called prompt gamma radiation and is
typically measured in rad/sec, where a rad is 100 ergs/gm
energy deposited in a specific material. In the case of silicon
semiconductors, the units are then rad (Si)/sec.

When gamma rays are absorbed in semiconductor materials,
ionization interaction occurs. The high energy absorption
separates electrons from their parent atoms and produces large
quantities of positive ions and free electrons. The normally
minority-carrier dominant semiconductor junctions become
highly enhanced with excess charge carriers. With an electric
field applied, large amounts of photocurrents flow across the
P-Njunctions. Atlight to moderate radiation levels, circuits can
be upset or saturated. At higher levels, triggering of parasitic
P-N-P-N structures through the substrate can occur. This type
of high current latchup may result in device burn-out if adequate
protection is not provided (Ref. 4, Ref. 10, Ref. 11). At the extreme
dose level, the excess carrier population approaches the doping
levels of the semiconductor materials, destroying the semi-
conductor junction and transforming itinto a resistive element.
If the power supply currents are not externally limited, large
amounts of currents will conduct, which may fuse bond wires or
burn-out metal interconnections on the semiconductor circuit.

Linear bipolar ICs tend to be more sensitive than digital MOS
ICs. The most sensitive device parameters affecting linear
bipolar ICs are leakage current and transistor beta. Furthermore,
linear ICs have a much longer recovery time (in hundreds of
microseconds) after photocurrents dissipate, compared to
digital ICs. CMOS ICs, on the other hand, have inherent P-N-P-N
structures which are prone to latchup under irradiation.

TRANSIENT DOSE
RADIATION HARDENING TECHNIQUES

The potentially destructive high current saturation under irradi-
ation is prevalent and difficult to prevent. The most important
hardening technique from a system designer’s perspective is to
provide sufficient current limiting for the circuit. Current flowing
through a linear IC should be limited to less than one-half
ampere, or at a level that burn out will not result. Itis prudent to
select high frequency part types to allow for bandwidth degra-
dation. In addition, these devices have small geometries, thus
limiting the ionization process, reducing photocurrent generation.
Indeed, one should select ICs that are inherently radiation hard.
These devices tend to have a higher survivability rate and can
recover quickly. System designs must take into account the long
recovery time (on the order of hundreds of microseconds) of
linear ICs after irradiation. Finally, it should be noted that stored
charge in an external capacitor can also sustain a large peak
current flow in a momentarily saturated, active device. Selection
of capacitor values should be chosen to store less than 10uJ
of energy.
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NEUTRON RADIATION

Neutron bombardment from a nuclear event is the primary
cause of this type of radiation. It is measured in fluence of
neutrons/cm2. The uncharged neutrons, when colliding with
atoms in the semiconductor lattice, cause permanent displace-
ment, or damage, to the crystal lattice and therefore degrade
performance characteristics. The damage decreases minority
carrier lifetime and carrier concentration, resulting in beta
degradation of transistors in linear ICs. Defects in the lattice
structure also increases reverse leakage currents across device
junctions. Furthermore, bulk resistance rises dramatically. The
beta degradation exhibits some ability to recover. The transient
part, and usually the majority, of the degradation anneals out
within milliseconds to a second after exposure. The permanent
part remains and can only be partially restored by high
temperature annealing. But the bulk resistivity changes are
essentially permanent.

Once the transistor carrier lifetime and mobilities are degener-
ated, the fy (gain-bandwidth) of transistors also suffers. The
amount of degradation varies, depending upon the specific
process and geometry of the transistors. Neutron radiation has
the greatest degradation effect on lateral PNP devices in ICs.
Gain and bandwidth usually suffer the most damage.

For operational amplifiers, the main parameters that are most
susceptible are the open-loop gain, Ayor; input bias current, Ig;
input offset current, lpgg; input offset voltage, Vpg; and slew rate,
SR. Low power op amps which operate on low current levels are
particularly sensitive to damage under neutron irradiation
environments.

NEUTRON RADIATION HARDENING TECHNIQUES

The degree of hardening required depends on the anticipated
amount of radiation exposure a system is designed to withstand.
In general, the system designer should choose high frequency
components in anticipation of bandwidth degradation. The
design should tolerate degradation of Ig, Iog, Vos, AvoL, BW, SR,
and Z,y parameters. Where gain parameter drift is critical, use
closed-loop design to minimize error. Avoid low power devices
where failures are critically disruptive. Finally, shielding should
be provided where practical.

TOTAL DOSE RADIATION

This type of radiation refers to a steady state, continuous
exposure of gamma rays and x-rays. The primary effect is a
cumulative build-up of trapped charges on the surface layers of
integrated circuits. Total dose refers to the total dose absorbed
over time, which is measured in rads (Si) absorbed. This type of
radiation is typically found in spacecraft environments and
nuclear power plants.

At low dose levels, the trapped charges within the dielectric
layers can cause surface channeling and high surface recombi-
nation velocities. The results are increased leakage currents and

reduced gain. Depending on the design, various op amps will
exhibit degraded input parameters such as input offset voltage,
input bias current, and input offset current. Similarly, the open-
loop gain and output drive capability also suffer degradation.
Typically, a total dose of less than 10 krad (Si) causes no
appreciable changes in parameters in bipolar operational ampli-
fiers and comparators. At high dose levels, bulk damage due to
silicon displacement can occur with severe and permanent
degradation of device parameters.

CMOS integrated circuits are generally more sensitive to total
dose radiation. Charges that are trapped in gates and field oxide
cause shifts in threshold voltage and device transconductance.
Failures may include malfunction and out-of-specification para-
metric changes.

TOTAL DOSE RADIATION HARDENING TECHNIQUES

Radiation hardening techniques for total dose are very similar to
neutron radiation due to the similarity of the degradation effects.
Basically, a design should provide sufficient tolerance for
degradation in operating parameters of linear 1Cs. Where
practical, extensive shielding should be used.

PMI PRODUCT PERFORMANCE

PMI has been actively involved in performing product radiation
characterization using the Scanning Electron Microscope (SEM).
SEM has been demonstrated to be an effective tool for predicting
the total dose sensitivity of a device. Carefully controlled test
sequences have been conducted on separate CO80 and SEM
sample devices from common wafers. Test data compiled indi-
cated high correlation between the two radiation sources.

The basic methodology for using the SEM as a total dose
radiation source has been reported and well-documented in a
number of scientific journals over the past several years. The
SEM method is currently being used at PMI to identify wafer lots
suitable for radiation screening. Table 1 summarizes the relative
radiation tolerance of various PMI products. It should be
understood that when reviewing the information, the rankings
are based on functionality and should serwe only as a guide. The
suitability of any particular product depends on the application,
the expected environment, and the shielding level under con-
sideration. Once the environmental condition is known, the
selected device should undergo further evaluation and/or testing
to assure its critical parameters will meet the performance
requirements of the system involved.

(Note: PMI does not have the in-house capability of performing
COe60total dose or neutron irradiations. These tests are performed
in conjunction with end users at remote facilities. PMI actively
participates in supplying devices into radiation-sensitive applica-
tions, but must separately consider each application to supply
devices which have been individually or lot screened for
radiation hardness. Consult PMI factory to discuss specific
requirements and PMI capabilities.)
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TABLE 1: Ranking of Radiation Tolerance of Selected PMI Products

Radiation
Tolerance
Category

Maximum Radiation
Level (Rad)

Product/Description

Excellent
Performance

Greater than 1 Meg

CMP-01, Fast comparator

CMP-02, Fast comparator

DAC-08, 8-bit D/A converter
DAC-100,-10-bit D/A converter

OP-15, High-speed FET-input op amp
OP-16, High-speed FET-input op amp
OP-17, High-speed FET-input op amp
REF-01, +10V precision reference
REF-02, +5V precision reference
SW-01, Quad analog switch

SW-02, Quad analog switch

SW-05, Dual analog switch

SW-06, Quad analog switch

SW-201, Quad analog switch
SW-202, Quad analog switch

Good
Performance

500k—1 Meg

AMP-01, Precision instrumentation amp
MAT-01, Matched transistor pair

OP-01, High-speed op amp

OP-02, High-speed op amp

OP-05, Low-noise precision op amp

OP-06, Low-noise precision op amp

OP-07, Low-noise precision op amp

OP-08, Low-input-current op amp

OP-12, Low-input-current op amp

OP-27, High-speed, low-noise precision op amp
OP-37, High-speed, low-noise precision op amp
PM-108, Low-input-current op amp

Moderately 250k—500k

Sensitive

CMP-404, Quad low-power comparator
MUX-08, Analog multiplexer

PM-111, Precision comparator

PM-139, Quad low-power comparator

Sensitive 100k—250k

CMP-04, Low-power comparator

OP-20/21, Low-power op amps

OP-22/32, Programmable low-power op amps
OP-220/221, Dual low-power op amps
OP-420/421, Quad low-power op amps

PMI continues to collect radiation tolerance data on its product
line. The following summarizes the critically affected param-
eters of each product and its radiation tolerance level. its intent
is to provide a relative point of reference to the system
designer. The ratings are based on collected radiation data
available at the time of this printing. From time to time,
products undergo design improvements which may impact the
relative radiation tolerance of these devices. Designers are
urged to consult PMI factory for additional information.

D/A Converters

DAC-08, 8-Bit D/A Converter
Excellent radiation performance. Survives 3X106 rads total
dose. Widely used as an industry-standard device in military
and space applications.

DAC-100, 10-Bit D/A Converter

Excellent radiation performance. Virtually no degradation
at 1x106 rads total dose. Industry-standard device in military
and space applications.

Operational Amplifiers

OP-01/02, High-Speed Op Amps
Good radiation performance. lg increases 20 times (20X),
Ayo decreases 10X, minimal Vog degradation to 1X106 rads.
OP-05/06/07, Low-Noise Precision Op Amps

Good radiation performance. Ig increases 200X, Ayo de-
creases 10X, minimal Vog degradation to 1X106 rads.
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OP-08/0P-12/PM-108, Low-Input-Current Op Amps
Good radiation performance. Very lot-process dependent.
|Ig degradation ranges from 20X to 70X depending on
production lot. Vog shows some degradation at 1X106 rads
and Ayp degrades 50X to 100X depending on the lot. Output
drive capability degrades significantly at 1X106 rads.

" OP-09/11, Quad General-Purpose Op Amps

Good radiation performance. Ig and Ay degradation range
15X to 30X at 1X106 rads. Some Vpg sensitivity.

OP-15/16/17, High-Speed, FET-Input Op Amps
Excellent radiation performance. Very little degradation on
all precision parameters at 1X106 rads. |z shows some
sensitivity to junction leakages at 1X106 rads, but still
performs well.

OP-20/21/22/32/220/221/420/421, Low-Power Op Amps
Sensitive devices. Low-power device family operates at low
current which makes them susceptible to radiation damage.

-Good performance at low level radiation (<100 krads
range).

OP-27/37, High-Speed, Low-Noise Op Amps
Good radiation performance. Minimal Vog degradation,
Ayo degrades 2X, and Igincreases 250X at 1X106 rads. Good
high-gain, low Vpg device in radiation environment.

OP-77, Low-Noise Precision Op Amp
Excellent radiation performance. Virtually no Vpog degra-
dation, Ayp remains greater than 1 million, Ig increases
100X at 1x106 rads. Excellent post radiation op amp
characteristics.

Comparators

CMP-01/02, Fast AComparators
Excellent radiation performance. Low Vg, Vgar drift, mini-

mal change in response time, and lg increases 15X to 20X at
1X1086 rads.

CMP-04, Quad Low-Power Comparator
Sensitive device. Production lot dependent. Some Vpg
sensitivity, Ig increases 30X at 250 krads. Device non-
functional at greater than 250 krad. Good comparator for
low level radiation applications.

CMP-404, Quad Low-Power Comparator
Moderately sensitive device. Vog maintains low values up to
100 krads. Ig increases 15X to 30X at 250 krads. Device
- becomes non-functional above 500 krads. Good for low
level radiation environments.

PM-111/211, Precision Comparators

Moderately sensitive device. Good performance up to 500
krads. Becomes non-functional above 500 krads. Good
comparator for moderate radiation levels.

PM-139, Quad Low-Power Comparator

Moderately sensitive device. Good performance up to 500
krads. Has proven track-record in many military and space
programs.

Other Linear Devices

AMP-01, Low-Noise Instrumentation Amp
Good radiation performance. Maintains high-gain and low
Vos above 1X106 rads. lg increases 200X to 300X at 1X106
rads.

REF-01/02, Precision References

Excellent radiation performance. No degradation in line reg-
ulation; load regulation degrades by 2X at above 1X106 rads.

SW-01/02/05/06/201/202, Analog Switches
Excellent radiation performance. Very little degradation at
1X106 rads. Used in a number of military and space programs.

MUX-08/24, Analog Multiplexers
Moderately sensitive device. Input logic current increases
30X to 40X at 500 krads. Maintains functionality up to 500
krads. Good performance at less than 500 krads.

MAT-01, Matched Transistor Pair
Good radiation performance. Maintains high breakdown
voltage; beta degrades 2X at high current levels and 10X at
lower current levels at 1X106 rads.

CONCLUSION

Radiation environments create a myriad of challenges for the
system designers. Since the primary impact of radiation on a
system is performance degradation in semiconductor devices,
then, appropriately, radiation hardening begins at the com-
ponent level. The hardness of alinear IC depends largely on its
fabrication process, circuit topology, and circuit layout. Each
device type must be characterized under irradiated test condi-
tions, in order that the designer can select the appropriate
devices to minimize the impact which a radiation environment
will have on the system. A fundamental design philosophy
should be one of designing into the system adequate allowance
for component degradation and still perform the intended
function. This implies the system designers should select
components with the optimum trade-off between the best initial
specifications and a set of acceptable post-radiation specifi-
cations, provide safe current limiting protection in the event
dangerously high radiation levels persist, and finally, provide
sufficient radiation shielding.
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APPLICATIONS OF THE MAT-04,

A MONOLITHIC MATCHED QUAD TRANSISTOR

APPLICATION NOTE 105

The MAT-04 is a monolithic device containing four low-noise,
tightly matched transistors, which dramatically improves the
performance of many amplifier and analog computational
circuits. This note describes several of these designs which
capitalize on the superior characteristics and dynamic range
of the MAT-04. These applications include a low-distortion
voltage-controlled attenuator, a very low-noise (1.2nV/y/ Hz )
high-speed instrumentation amplifier, a 900pV/\/ Hz ultra-
low noise audio preamplifier, a vector summing amplifier, a
squaring amplifier, and a square-root amplifier.

Discrete circuit designers repeatedly run into the problem of
circuit component mismatches that limit performance. Pas-
sive component mismatching can be reduced by using tighter
tolerance components, but active components present a
more difficult problem. Discrete transistors exhibit poor beta
and Vgg(on) matching, even within single transistor families,
which severely degrade amplifier performance. Most availa-
ble transistor arrays however, were developed to save board
space rather than to provide accurate parametric matching.
Only a few are designed to have tight matching tolerance.

The MAT-04 uses advanced layout and process techniques to
guarantee that the offset voltage between any two transistors
in the device will be no more than 200uV, and beta mismatch
will not exceed 2%. Additionally, the MAT-04 transistors are
designed for high beta (400 minimum) and 40V minimum

FIGURE 2: Voltage-Controlled Attenuator

breakdown. It exhibits a low 0.4Q bulk resistance, which is
important in logarithmic circuit applications. The MAT-04
uses a symmetrical quad transistor pinout (Figure 1) which
allows incorrect orientation of pin 1 without damage. The
base-emitter junctions are internally diode-protected against
reverse zener breakdown, which protects against degradation
of beta and matching characteristics.

VOLTAGE-CONTROLLED ATTENUATOR

A useful MAT-04 application is the Voltage-Controlled Atten-
uator (VCA) of Figure 2. This circuit, widely used in profes-
sional audio applications, is difficult to implement using dis-
crete transistors due to distortion induced by transistor
mismatching. The MAT-04 offers excellent matching which

FIGURE 1: Pin Connections
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dramatically reduces distortion. The VCA provides low-
distortion attenuation over a wide range of control voltages,
and can be used as a low-distortion gain control in an audio
amplifier.

The VCA design is based upon the amplifying characteristics
of a differential pair. Figure 3 shows the classic differential
pair. With zero volts between the inputs (V;y=0V), the current
in each side of the differential pair is equal and therefore the
output voltage equals zero. Small changes in V|y unbalance
the currents flowing in each side of the differential pair and
produce an amplified differential output. The total stage cur-
rent (1) of the differential pair is constant regardless of the
input voltage. Matching of the transistors in a differential pair
is critical, as any device mismatch will cause DC errors and
upset linearity.

FIGURE 3: Classic Differential Pair

V+

R
S L

1
2
<

Vin

In the Voltage-Controlled Attenuator, the input signal modu-
lates the stage currents of the two differential amplifier stages.
Op amps A2 and A3, in conjunction with transistors Q5 and
Q6, form two voltage-to-current converters that transform a
single input voltage into differential currents, which form the
stage currents | yand I g (see Figure 2) of each differential pair.
The transfer function of the voltage-to-current converter is:

-Vin
1) lpo=
(1) 1a R2
ViN
2) lg= ——
(2) Ig 5

Low-cost unmatched transistors can be used for Q5 and Q6,
since they are inside the feedback loop of op amps A2 and A3.
Their beta mismatch has minimal effect on output offset.

If all the bases of the MAT-04 are at ground potential, then the
stage currents of each differential pair split equally among
each transistor. The output is taken from one side of each

differential pair (Q2 and Q3) and converted to a single-ended
signal by op amp A1 which has a stage gain of 1. The gain of
the overall circuit with the bases of the MAT-04 at ground
potential is:

(3)
Vour _ (l)(v)(fﬁ> _ (—l)(V)<Ef‘_)
VIN 2 N R5 2 ™ >
_ (R2 - R6 + R4 * R5)
=VN ——————
(2R2 - RS5)
\/
and since R2 = R4 = R5 = R6, _CiliT=1
ViN

When a positive control voltage is applied, most of the stage
current is diverted into transistors Q2 and Q3, resulting in an
increase in circuit gain. However, when a negative control
voltage is applied, most of the stage current is diverted

through transistors Q1 and Q4, with a subsequent decreasein
circuit gain.
The ideal transfer function for the Voltage-Controlled Attenu-
ator is:
Vout 2
(4) =
Vin

R14
-V, -0
¢ °°NT“°L)( R13 + R14 )
( . )
q

1.38 X 1023y
°K

1+exp

where k= Boltzmann constant=
T = temperature in °K
q = electronic charge = 1.602 X 1019 C

From the transfer function, it can be seen that the maximum
gain of the circuit is 2 (6dB). Figure 4 shows the increase,in
attenuation as the control voltage becomes more negative.

FIGURE 4: Voitage-Controlled Attenuator,
Attenuation vs Control Voltage at 1kHz, 25°C
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The Voltage-Controlled Attenuator accepts a 3Vrms input
and easily handles the full 20Hz — 20kHz audio bandwidth as
indicated in Figure 5. Distortion typically runs under 0.03%
and the noise level is more than 110dB below maximum
output.

To insure best performance, resistors R2 through R7 should
be 1% metal film resistors. Since capacitor C2 can see asmall
amount of reverse bias when the control voitage is positive, a
nonpolarized tantalum capacitor or two polarized capacitors
connected back-to-back should be used.

FIGURE 5: Voltage-Controlled Attenuator,
Attenuation vs Frequency

5

A LOW-NOISE, HIGH-SPEED INSTRUMENTATION
AMPLIFIER

The circuit of Figure 6 has performance characteristics which
make itideal for usein high precision transducer and profes-
sional audio applications. The circuit uses a high-speed op
amp, the OP-17, preceded by an input amplifier consisting of
aprecision matched dual transistor, the MAT-02, and a MAT-
04. The arrangement of the MAT-04 is known as a “linearized
cross quad” and acts as a voltage-to-current converter to
provide feedback to the input stage. The OP-17 acts as an
overall nulling amplifier to complete the feedback loop. Resis-
tor pair R1 and R2, and resistor pair R3 and R4 form voltage
dividers that attenuate the output feedback due to the limited

| | Hlﬂﬂ I | input range of the “cross quad” arrangement. Biasing for the
N v input stage is set by zener diode Z1. At low currents, the
0 b q effective zener voltage is about 3.3V due to the soft knee
N characteristic of the zener diode. This results in a bias current
g -5 of 530uA per side for the input stage.
§ The gain of the instrumentation amplifier, with the values
g - shown in Figure 6, is:
w
E _15 | VeontroL =~ ||
g -5 'CONTROL H g 5 VOUT _ 33,000
N (5) Vi  Ra
) “
-25
10 100 1k 10k 100k
FREQUENCY (Hz)
FIGURE 6: Low-Noise, High-Speed Instrumentation Amplifier
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TABLE 1
. G = 1000 1.2nV/\/Hz
s
9 y G=10 30nV/\/Hz
G =500 400kHz
Bandwidth G =100 1MHz
G=10 1.2MHz
Slew Rate 40V/us
Co‘mm'on-Mode G =1000 130dB
Rejection
. ) G =100 o
Distortion f = 20Hz to 20kHz 0.03%
Settling Time G = 1000 10us
Power 350mW

Consumption

FIGURE 7: Spot Noise of Discrete Instrumentation Amplifier
at Gain = 1000 from 0 to 25kHz

NORMALIZED VERTICAL AXIS = 2.6nV/+/Hz PER DIVISION
REFERENCED TO INPUT (R.T.1.).

en AT 10kHz = 1.20V/\/Fiz

FIGURE 8: Low Frequency Noise Spectrum Showing Low
2Hz Noise Corner; Gain = 1000

HORIZONTAL AXIS = 0 TO 5Hz

The performance of the amplifier is summarized in Table 1.
Figure7 shows the input-referred spot noise to be flat at about
1.2nV/+/ Hz overthe 0 —25kHz bandwidth. Figure 8 shows the
low frequency noise spectrum which highlights the low 1/f
noise corner at 2Hz.

In situations where small output, low impedance transducers
are used, such as strain gages, amplifiers must have low
voltage noise to maintain a good signal-to-noise ratio. The
low voltage noise of 1.2nV/\/ Hz suits this instrumentation
amplifier for use in many low impedance transducer ap-
plications.

A LOW-NOISE HI-FI QUALITY PREAMPLIFIER

The AC-coupled preamplifier of Figure 9 exhibits an input-
referred noise voltage density of only 900pV/\/ Hz ata gain
of 200. Preamplifier noise is minimized by using a single-
ended input stage consisting of three transistors of a MAT-04
connected in parallel. This technique lowers the effective
base-spreading resistance, reducing thermal noise from this
source by a factor of v/ 3. Tight matching of the three paral-
leled transistors is a critical requirement. If the matching is
poor, onetransistor will steal most of the stage current, effec-
tively removing the two other transistors from the circuit.
Noise reduction, achieved by paralleling the transistors,
would therefore be lost. Schottky noise, or shot noise, is
minimized by using a relatively high stage current of 2mA.

The fourth transistor (Q1) of the MAT-04 is used to bias the
input stage. Op amp A1 forces the voltages across R1and R2
to be equal, setting the bias currentat2mA. Overall feedback
for the preamplifier is provided by resistors R7 and R8. Gain
for this circuit is:

Vout _ R8 +50
©® Vin 50
The circuit is characterized with the gain of 200. Compensa-
tion components R3 and C2 may need to be optimized for
other values of gain. Open-loop gain of the preamplifier is
over 10 million.

Figure 10 illustrates the wide bandwidth of the preamplifier.
Figure 11 shows the broadband noise spectrum (0 — 25kHz) to
be flat at 900pV/+/ Hz . Distortion of the preamplifier is
0.035% at Voyt = 10V,.p, f = 10kHz.

225

AN-105



BT\ APPLICATION NOTE 105
{PMI)

FIGURE 9: Low-Noise AC Preamplifier
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NONLINEAR CIRCUIT APPLICATIONS

Another application area where precision matched transistors
are a powerful tool is in the generation of nonlinear functions.
These are based upon the transistor’'s logarithmic property where: Vr kT
which has the following form:

() Vag=Vy |n(:—§>

Ig = saturation current
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Thecircuitof Figure 12is a vector summing amplifier that has
the following generalized transfer function:

(8) Vour =kvVa2 + Vg2

where K is a scale factor
The circuit (see Figure 12) consists of two log amplifiers each
using two transistors and an op amp. The voltage across the
series transistors Q1 and Q2 is equal to the voltage across Q3

and the base-emitter of Q4. Summing this voltage loop leads
to:

| | ! |
9) Vry |n<¢) +V-|-2In<é> =vT3|n<é) +yT4|n(I°T‘iT>

Alltransistors are precisely matched and at the same temper-
ature, therefore the Ig and Vr terms cancel. Equation 9 is
simplified to:

(10) 2Inly=Inlp+Inlg=In(ia"lp)
Exponentiating both sides yields:
(1) 1h2=1a"1o

Similar analysis for transistors Q7, Q6, Q5, and Q4 leads to:
(12) 12=1lg"lo

Summing the currents at the emitter of Q4 gives:

(13) lo=la+tlpg

Solving equations (11) and (12) for 1 oand | g, and substituting
into equation (13) yields:

2 |52
(14) |0='|L +2 = 2112
(o)

lo

FIGURE 12: Vector-Summing Amplifier

Op amp A3 forms a current-to-voltage converter giving

VOUT=|O'R2)
Va2, (Vg)\2
(71) " (%)
R1

For the circuit of Figure 12, R1 =R3,and R2=—,

V2

(15) VOUT =R2

(16) Vour = (%)\/VAZ + Vg?

A value of R1/y/2 for resistor R2 builds in a scale factor of
1/1/ 2, which allows +10V to be applied to both inputs simul-
taneously without the danger of Voyt exceeding the output
range of op amp A3. The built-in protection diodes on the
MAT-04 aliow the input voltages to go negative without dam-
aging the MAT-04. Under this condition, the output voltage is
zero. The interconnections of the two MAT-04s in the circuit
reduce errors due to inherent mismatching and temperature-
induced differences between the two matched quad transis-
tors. The accuracy of the vector summing amplifier is better
than 0.5% over an input range of 10mV to 10V.

The MAT-04 can also be used to implement other nonlinear
functions such as the square and square-root circuits shown
in Figures 13 and 14 respectively. Similar to the vector sum-
ming amplifier, the analysis begins by summing the voltages
across transistors Q1, Q2, Q3, and Q4 of the squaring circuit
shown in Figure 13;

(17)  V1q ln<:‘s_":) + Vpp ;n<:;’_h;>

= VT3 In(lﬁ) + VT4 In(lﬂgf)
Is3 Is4

R1

Va
33kQ

c3

11

17
100pF

R2
AAA

VWA
23.3k(}

-0 Vour

R3
33k

Ve
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FIGURE 13: Squaring Amplifier
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Once again, all the transistors are precisely matched and at
the same temperature, so the Ig and Vt terms cancel giving:

(18) 2Inliy=Inlg+Iniggr =In(lg * Iger)

Exponentiating both sides of the equation leads to:

_ ()2

(19 lo IREF

Opamp A2 forms a current-to-voltage converter which gives
Vout=R2- . Substituting (V|n/R1) for [)yand equation (19)
for Igyields:

_(R2\ V)2
@) Vour= (=) (&})

Asimilar analysis made for the square-root circuit of Figure 14
leads to its transfer function:

— ror / (ViN)(Irer)
(21) Vour=R2 T

In these circuits, Iggr is a function of the negative power
supply. To maintain accuracy, the negative supply should be
well regulated. For applications where very high accuracy is
required, a voltage reference may be used to set Iggr. An
important consideration for the squaring circuit is that a suffi-
ciently large input voltage can force the output beyond the

operating range of the output op amp. Resistor R4 can be
changed toscale Iggr, or R1 and R2 can be varied to keep the
output voltage within the usable range.

Unadjusted accuracy of the square-root circuit is better than
0.1% over an input voltage range of 100mV to 10V. For a
similar input voltage range, the accuracy of the squaring cir-
cuit is better than 0.5%.

Insummary, the accuracy of nonlinear circuits depends heav-
ily upon the logarithmic conformance of the transistors used
inthe circuit. Extrinsic resistances and the Early effect cause a
deviation from the ideal logarithmic transistor behavior. For
small values of Vg, the collector-base voltage, these effects
can be lumped together as an effective bulk resistance, rgg.
The logarithmic transistor relationship of equation (7)
changes to:

|
(22) VBE=vT|n(,—°S—) +(Ig rge)

An obvious way to reduce rgg-induced error in nonlinear
circuits is to reduce the maximum collector currents, but the
op amp offsets and leakage currents become a limiting factor
at low input levels. An operating range of 10uA to TmA is
recommended. The MAT-04, which is specifically designed to
have a low bulk resistance of 0.40), further reduces rgg-
induced error in nonlinear circuits.
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APPLICATION NOTE 106

This note examines some of the numerous and widely-used
applications of the operational amplifier. While not attempting
to listevery possible application, it presents several basic circuit
configurations that can be modified to suit applications other
than those listed. In each case, significant op amp or circuit
characteristics are discussed to aid the user in adapting the
circuit to a particular need. Table 1 provides an index to the
applications contained in this note.

TABLE 1: Op Amp Circuit Applications

Figure Application

1 +200mA Servo Motor Amplifier

2 Precision Programmable Gain Amplifier
3 Bilateral Current Source

4 Precision Current Pump

5 High-Sensitivity Voltage Comparator

6

7

8

9

Micropower 5V Regulator
Micropower 1.23V Bagdgap Reference
Versatile Triangular Wave Generator
Wide Range, Low Current Ammeter
10 Precision Threshold Detector/Amplifier
11 Wide-Dynamic-Range Light Detector
12 Isolation Amplifier
13 Dual Programmable Window Comparator
14 +36V Low Noise Operational Amplifier
15 High Q Notch Filter
16 Piezoelectric Transducer Amplifier
17 High Stability Voltage Reference
18 Precision Dual Tracking Voltage Reference
19 RIAA Phono Pre-Amplifier
20 Headphone Amplifier
21 NAB Tape Head Pre-Amplifier
22 Microphone Pre-Amplifier
23 Micropower Wien Bridge Oscillator
24 Micropower Instrumentation Amplifier
25 Piecewise-Linear Amplifier (Decreasing Gain)
26 Piecewise-Linear Amplifier (Increasing Gain)
27 Current Monitor Circuit
28 Free-Running Square-Wave Oscillator
29 Precision Analog Multiplier/Divider
30 Precision Absolute Value Circuit
31 Thermocouple Amplifier with Cold-Junction
Compensation
32 Instrumentation Amp (2 Op Amp Design)
33 +200V Low Offset Operational Amplifier
34 Impedance Transforming Amplifier
35 Precision Current Sinks
36 Low Noise AGC Amplifier
37 Amplifier With Active Output Clipping
38 Low Power Amplifier With Squelch

AN-106

A COLLECTION OF
OP AMP APPLICATIONS

FIGURE 1: £200mA Servo Motor Amplifier

a1l
2N6554

Q2 -
2N6551 @
LJ
m

Rg sets the bias point for transistors Q1 and Q2. Because
VBe(on) varies greatly with temperature, a guardband is
required to prevent Q1 and Q2 from conducting simul-
taneously. Rg should be selected such that the transistorsdo
not conduct until Iy, equals the op amp quiescent supply
current, Igy. The transistors will begin to conduct at about
VBE (ON) = 0.5V.

In this design,

_ VBeon) _ 05
Tsy + Iy 0.0025 + 0.0025

To maximize voltage swing across the motor, V1 must be
minimized. If at full load V1 = 0.2V with V+ = 15V and Vggy =
0.8V, the voltage across the motor will be:

=1000

Vp = (V' -2) - Vgg1 -V1=(15-2)-0.8-0.2
=12.0V

Vin may be scaled with a resistive divider as:

VIN _ R1+ R2

Vi R2

With R1=240kQ and R2=10kf), Viy=5V will produce
Im = 200mA. -




;

BT\ APPLICATION NOTE 106
{PMI)

FIGURE 2: Precision Programmable Gain Amplifier FIGURE 3: Bilateral Current Source

;
DIGITAL INPUT 100kS2 +0.1%  Tk$2 1% ;
+15V
¢} |
4
Vin O
(:25mV TO =10V 18 16 ‘Lo,m:
RANGE DEPENDING S I
ON GAIN SETTING.) <>R -
‘1> i . 10kS2 0.1%
1 lout 1 . VREF {17 - O—A—
/‘M‘ v 10192 £0.1%
IN AAA To) lO T
f Qur 2 PM-7541 10KS2 £0.1% ha y
3| +
c1
I
+15V 220pF
I
0.14F .
2| I ;
7 6 = 100k £0.1% |
opP-41 —O VouT b
s, AT RoyT TRIM
‘.‘:‘ 10k O
(e}
0.1uF . . —
I Compliance is better than £11V at an output current of 20mA,
- and the trimmed output resistance is typically 2MQ with R < 5
5000. For the resistor values shown, the maximum V) is 200mV.

The digitally programmable gain has 12-bit accuracy over the
range of —1to0-1024 and 10-bitaccuracy to-4096. The low bias
current of the OP-41's JFET input maintains thisaccuracy, while

FIGURE 4: Precision Current Pump

C1 limits the noise voltage bandwidth allowing accurate Ra
measurement down to microvolt levels. MWy
100k
R2
DIGITAL IN GAIN (Ay) - 0—wA \
v 100k op-77 A YN XAy
4095 -1.00024 N A3 vV °UTR4
2048 -2 + O— WA + Ay =gz R2=R3,R4=Rs
1024 -4 100k2 loyT(MAX) = 10mA
512 -8 as *
256 -16 15;.:;1 op-77
128 -32 -
64 -64
32 -128
16 _256 ALL RESISTORS ARE 0.1% OR BETTER.
8 -512
4 -1024 . . . .
2 2048 Accuracy of lgyr isimproved by using a noninverting voltage-
1 -4096 follower in the feedback loop. To maximize voltage compliance
0 OPEN LOOP of loyT, R1 should be minimized.
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FIGURE 5: High-Sensitivity Voltage Comparator

T 0 +5V
I 0.01uF % .
- o TTL COMPATIBLE
onf L OUTPUT
ceramic T 1N6263

0 -5V

This comparator circuit is capable of resolving a submicrovolt
difference signal. The OP-50, operating without feedback,
drives a second gain stage which generates a TTL-compatible
output signal. Schottky-clamp diodes prevent overdriving of
the long-tailed transistor pair and stop saturation of the output
transistor. Power supply voltage is set to £5V to lower the
quiescent power dissipation and minimize thermal feedback
due to output stage dissipation. Operating from 5V supplies
also reduces the OP-50 rise and fall times as the output slews
over a reduced voltage range. This, in turn, reduces the output
response time.

Itis common practice with voltage comparators to ground one
input terminal and to use a single-ended input. The historic
reason is poor common-mode rejection on the input stage. In

FIGURE 6: Micropower 5V Regulator

contrast, the OP-50 has very high common-mode rejection and
is capable of detecting microvolt level differences in the
presence of large common-mode signals.

The comparatoris not fast, butitis very sensitive and can detect
signal differences as low as 0.3uV. With large input overdrives,
the circuit responds in approximately 3us. If sharp transitions
are needed, the use of a TTL Schmitt-trigger input is recom-
mended. A table of Response Time vs. Input Overdrive is shown
below.

INPUT OVERDRIVE 100mV 10mV  1mV 100V  10uV

Positive Output Delay
Negative Output Delay

3.2us
1.8us

5us 40us 340us 2.4ms
5us 50us 380us 4.5ms

+6.5V < Vi < +30V
-0

QUIESCENT CURRENT =~ 50uA AT 9V

LOAD REGULATION, 0.001% / mA

LINE REGULATION, 0.01% / VOLT

TEMPERATURE COEFFICIENT, 40ppm /°C (-25°C TO

+85°C)

301kQ 100ks2
1% 1%
>
"\mg 301k
1%
3], 4
oP-22 6
Al
2 8 Q1
- N2222|
7
45V
0 OUTPUT
11k 10MQ (10mA MAX)
1%
__ L 0.1uF
MAT-01 T SET
! ouTPUT
| I P A |
* —0 ov

This 5V regulator is ideal for instrumentation requiring good
power efficiency. Low-power 3-terminal IC regulators typically
draw 2mA to 5mA quiescent current compared to only 50uA
with this discrete implementation. Maximum load current is

10mA as shown, and can be increased by changing Q1 to a
power transistor and proportionately increasing the set current
of A2.
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FIGURE 7: Micropower 1.23V Bandgap Reference
SUPPLY
+3V TO +30V
O
360k<2 1% % 2.2MQ 1% 1N914
3 7
6 22k
OP-22FZ 2N2907
2
- 1 8
}
_____ 0.01uF VOUT = 123V QUIESCENT CURRENT, 154A AT 5V
6 \l 0—5mA INCREASING TO 20uA AT 10V.
- OUTPUT VOLTAGE TEMPERATURE
IN2222 COEFFICIENT (OVER 0° TO 70°C),
20ppm/°C TYPICAL.
68k 1% LINE REGULATION, 0.01%/VOLT.
DUAL LOAD REGULATION, 0.001%/mA.
TRANSISTOR < Pe P
140k$2 1% MAT-01GH { M2 $ 22M82 $ 2.2M9
p
SET
20kS$2 OUTPUT
VOLTAGE
o
A micropower bandgap voltage reference operating at a reference with better performance than micropower IC shunt
quiescent current of 15uA may be constructed using an OP-22 regulators and has the advantages of being a series regulator.
and a MAT-01 dual transistor. The circuit provides a 1.23V
FIGURE 8: Versatile Triangular Wave Generator
+15v
R5& 3kL
<

— +6.2V
——6.2V
Triangular waveshapes of £10V from 100Hz to 500kHz are The amplitude of the triangle wave may be adjusted via R2 as:
obtained with values of R1 from 15M(} to 3k(} as given by: Ve 110k
Vg 6.2V

1=m,vs=e.2v,vp=1ov
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FIGURE 9: Wide Range, Low Current Ammeter

Q1A
1/2 MAT-02EH

INPUT O-

3Kk

D1
% 1N914

100uA
METER

@
2N2222 10n4

D2
LM113

L~

Q1B
1/2 MAT-02EH

This ammeter can measure currents from 100pA to 100uA
without the use of high value resistors. Accuracy is better than
1% over most of the range, depending upon the accuracy of the
divider resistor and the input bias current of the op amp. Using
the OP-41 as the input amplifier allows low end measurement
down to a few pA due to the 5pA input bias current. Because
the voltage across the inputs of the inverting amplifier is forced
to virtually zero, the current meter’s effective series voltage drop
is less than 500uV at any current level.

FIGURE 10: Precision Threshold Detector/Ampilifier

Calibration is simple, requiring only one adjustment. R4 is used
to adjust full scale deflection with a 1uA input current. This will
give maximum accuracy over the operating range of currents.

The low Vpog and exceptionally good log conformance of the
MAT-02 assure high accuracy over the full 6 decade operating
range.

FIGURE 11: Wide-Dynamic-Range Light Detector

1N4148

When V < Vqyy, the amplifier output swings negative, reverse
biasing diode D1. Therefore Vo1 = V1.

When V|\ = Vyy, the loop closes, and
R2
Vout = Vru + (Vin - VTH)( 1 +ﬁT)

C is selected to smooth the loop response.

~4pF
1L
10

mMQ M

i34

L0 Vout = 0.5V/nW

L|GHT§ ]

HP5082-4203

This circuit produces an output voltage proportional to light
input over a 60dB range. The 5pA input bias current of the
OP-41 assures a low output voltage offset.
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FIGURE 12: Isolation Amplifier

ISOLATED INPUT

Vin O

GROUNDS AND SUPPLIES
REFERENCED TO
POWER SUPPLY 2.

GROUNDS AND SUPPLIES
REFERENCED TO
POWER SUPPLY 1.

|
|
|
|
|
|
|
|
|
|

R2, S R2,
5k 1«Q

Meareomenr T T 1
|

il

|

—NVW—f
LED,
a

HCPL-2530

@ R4y,

~15V 2k

-15v

INPUT VOLTAGE RANGE: 1V
NONLINEARITY: <0.5% (DC)
POWER BANDWIDTH: 100kHz

"our=V|N(”;%)

In conjunction with two optocouplers, or a dual optocoupler
such as the Hewlett-Packard HCPL-2530, three OP-43's can be
combined to create an isolation amplifier. In this sort of amplifier,
the input and the output operate on separate power supplies,
allowing extremely high common-mode voltages to be dealt
with. In industrial applications, an isolation amplifier protects
instrumentation from high voltages at the sensing site. When
interfacing with a computing system, an isolation amplifier will
protect the rest of the system from a sensor which accidentally
' becomes shorted to a high voltage.

The isolation amplifier operates on the principle that the
nonlinearities of one optocoupler will be tracked by the
nonlinearities of another, if they are well matched. By using an
optocoupler in the feedback loop of A2, nonlinearities of the
isolating optocoupler will be cancelled. Vo will equal V;y plus an
offset created by imperfect matching between a and b side
resistors and optocouplers.

A3 is an output buffer for the isolation amplifier. The low bias
currentensures that it does not affect the voltage it is amplifying.
Gain is realized in this stage, and any offsets induced in the
previous stages may be corrected by offsetting this op amp.
Although shown in the circuit as a simple gain stage, this output
amplifier may take any form desired. It may be configured as a
filter or other waveshaping circuit as needed. The only require-
ment is that the buffer notdisturb the currents in the optocoupler
feedback circuit, thus noninverting amplifier configurations are
preferred. For highest linearity, the currents in the two LEDs
should track as closely as possible.

With stable supplies, the circuit has excellent reponse and
displays less than 0.5% DC nonlinearity with a2V, _;signal. The
high speed of the OP-43 gives the circuit a power bandwidth of
100kHz, while the majority of the power budget is consumed in
biasing the LEDs. The dual optocoupler provides isolation
against 600VDC common-mode voltages. Higher isolations
may be achieved using two separate optocouplers, such as
HP’s 6N136.
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FIGURE 13: Dual Programmable Window Comparator

ReBA

1/4 DAC-8408
DIGITAL IN DAC A

1/4 DAC-8408
DAC B

Y

+V

VH R1

1/4
OP-420
/

1/4
CMP-404

Vout

14
CMP-404

'N

Vi

Only three ICs are required to fully implement two independent
programmable window comparators. The quad, latched, 8-bit
CMOS DAC-8408 together with the quad micropower OP-420
provide digitally-programmable HIGH and LOW thresholds to

FIGURE 14: +36V Low Noise Operational Amplifier

the CMP-404, quad low-power comparator. The outputs of the
threshold comparators are wire-ORed with a common pull-up
resistor producing Vot =+V only when V<V <Vy. Total
supply current for the full circuit is less than 2mA.

AAA

’ O +36V
L
ImuF
-0 Vout
=_h2
AV gy
R3, R4 = 1/2WATT
az
2N2907A

Qs R
e

—0-36V

An OP-37 provides a low-noise front end for this amplifier
which is capable of delivering over =200mA to a load with a 70V
peak-to-peak output swing. Transistors Q1 and Q2 are series
regulators stepping down the supply voltage for the OP-37 to

+15V, while transistors Q3 and Q4 provide the high current
output drive. R3 and R4 form an output voltage gain stage
whose gain, Ay = 3, is reduced to unity at high frequencies by
C1 to maintain stability.

236




BRAT\ APPLICATION NOTE 106

{PMI)-
FIGURE 15: High Q Notch Filter FIGURE 17: High Stability Voltage Reference
R1
B lzmA 1.8k
S
3
p—O Eqg = 10V
S
o1 -6k
PN
P +5ppm/°C
© 2nR1CH
R1=R2=2R3
C1=C2=C3/2
R3
6.4k
_L AycL = 16

The low bias current and high input impedance of the OP-41
enable small value capacitors and large resistors to be used in
this 60Hz notch filter. The 5pA bias current only develops 100V
across R1 and R2.

FIGURE 16: Piezoelectric Transducer Amplifier

OUTPUT

[J TRANSDUCER
LOW FREQUENCY CUTOFF = R1 C1

Piezoelectric transducers often require a high-input-resistance
amplifier. The OP-41 can provide input resistance in the range
of 1012Q), however, a DC return for bias current is needed. To
maintain a high Ry, large value resistors above 22MQ are often
required. These may not be practicable.

Using this circuit, input resistances that are orders of magnitude
greater than the values of the DC return resistors can be
obtained. This is accomplished by bootstrapping the resistors
to the output. With this arrangement, the lower cutoff frequency
is determined more by the RC product of R1 and C1 thatitis by
resistor values and the equivalent capacitance of the transducer.

The simple bootstrapped voltage reference provides a precise
10V virtually independent of changes in power supply voltage,
ambient temperature, and output loading. Correct zener operat-
ing current of exactly 2mA is maintained by R1, a selected
5ppm/°C resistor, connected to the regulated output. Accuracy
is primarily determined by three factors: the 5ppm/°C temper-
ature coefficient of D1, 1ppm/°C ratio tracking of R2 and R3,
and operational amplifier Vog errors. The OP-77, with TCVg of
0.3uV/°C, contributes only 0.05ppm/°C of output error, thus
effectively eliminating TCVqg as an error consideration.

FIGURE 18. Precision Dual Tracking Voltage References

R2 R4 RS
AAA
VW

Precision dual tracking voltage references using a single
reference source are easily constructed using OP-10. These
references exhibit excellent stability vs. temperature/time, low
noise, and excellent power supply rejection.

In the circuit shown, R3 should be adjusted to set Iggg to
operate Vggr at its minimum temperature coefficient current.
Proper circuit start-up is assured by Rz, Z1, and D1.

2
Vz1 < VRer V1= VREF( 1 +R—)
R1
(V1 - VRer) (—R5 )
R3=_—— =7 V2=V1{—+
IRer R4

Output Impedance (Al:1.0mA—5.0mA) 0.25 X 10730
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FIGURE 19: RIAA Phone Pre-Amplifier

FIGURE 20: Headphone Amplifier

C4(2)
220uF

RS
+ ¢ ) +
f 100k$2
LF ROLLOFF =
IN

MOVING MAGNET
CARTRIDGE INPUT

c3
R
475 2 £ {¢ o
e 0.474F
b J outeur
A1 Lo, JRe
97.6k$2 -1 0.03uF S 15k
s — o
% Lc2
TEna T00UF
R3
10002
L G = kHz GAIN

R1
=001 (14 =5
=98.677 (39.9dB) AS SHOWN

The OP-27 isused in this phono pre-amplifier circuit because of
its low noise characteristics. It contributes only 3.2nV/\/ Hz
voltage noise and 0.45pA/\/ Hz current noise to the circuit. To
minimize noise from other sources, R3 is set to 100Q. This
generates additional voltage noise of only 1.3nV/\/ Hz . Witha
1kQ) source, the circuit noise measures 63dB below a TmV
reference level, unweighted, in a 20kHz bandwidth.

R1, R2, C1, and C2 form a very accurate RIAA network with
standard component values providing the necessary time
constants of 3180, 318, and 75usec. For initial equalization
accuracy and stability, precision metal-film resistors and film
capacitors of polystyrene or polypropylene are recommended
since they have low voltage coefficients, dissipation factors,
and dielectric absorption. (High-K ceramic capacitors should
be avoided here, though low-K ceramics—such as NPO types,
which have excellent dissipation factors, and somewhat lower
dielectric absorption—can be considered for small values.)

Capacitor C3 and resistor R4 form a simple —-6dB-per-octave
rumble filter, with a corner at 22Hz. As an option, the switch-
selected shunt capacitor C4, a nonpolarized electrolytic, by-
passes the low-frequency rolloff. Placing the rumble filter's
high-pass action after the pre-amp has the desirable result of
discriminating against the RIAA-amplified low-frequency noise
components and pickup-produced low-frequency disturbances.

This circuit is capable of very low distortion over its entire
range, generally below 0.01% at levels up to 7Vrms. At 3V output
levels, it will produce less than 0.03% total harmonic distortion
at frequencies up to 20kHz.

56082

FROM PRE-AMP OUT

HEADPHONE
10092 TO 2kQ
IMPEDANCE

R1
4k

For low level Pre-Amp Out signals, the amplifier gain may be
increased by reducing R1 according to:

_ 20k
Ay-1
Note that two amplifiers are required for stereo applications.
Performance: (Vo1 = 8Vgums, R1 = 4k()
T.H.D @ 100Hz = 0.0025%
@ 1kHz=0.003%
@ 10kHz =0.011%
Signal-to-Noise Ratio > 80dB
Response Flatness = +0.4dB from 10Hz to 20kHz
Bandwidth = -3dB @ 56kHz

R1

238



[T\ APPLICATION NOTE 106
PMI

FIGURE 22: Microphone Pre-Amplifier

FIGURE 21: NAB Tape Head Pre-Amplifier
- 0.47uF
op-37 —) VouT
TAPE L
HEAD Fa G + 15K
R1
313k
= R2 0.014F =
T1 = 3180us
T2 = 50us

A pre-amplifier for NAB tape playback is similar to an RIAA
phono pre-amp, though more gain is typically demanded, along
with equalization requiring a heavy low-frequency boost.

The network values of this configuration yield a 50dB gain at
1kHz, and a DC gain greater than 70dB. Thus, the worst-case
output offset is just over 500mV. The DC resistance of the tape
head will add to this a bias-current-induced offset voltage. To
minimize this contribution, the head’s DC resistance should be
low, preferably below 1k(}. A single 0.47:F output capacitor can
block the final output offset without affecting the dynamic range.

The tape head can be coupled directly to the amplifier input,
since the worst-case bias current of 80nA with a 400mH, 100uin.
head (such as the PRB2H7K) will not be troublesome.

One potential tape head problem is presented by amplifier bias
current transients at power-up or power-down which can
magnetize a head. Although the OP-37 is free of these bias
current transients, it is always good design practice to control
the speed of power supply rise and fall to eliminate transients.

FIGURE 23: Micropower Wien-Bridge Oscillator (P4 < 500uW)

R1 R3 c1 R6

suF | 1000

LOW IMPEDANCE
MICROPHONE INPUT

<
< R7 OUTPUT
(2 =50 TO 20092) < 10ka

B3 _na
R1 R2

ke 316k 4

This simple, but effective, fixed-gain transformerless micro-
phone pre-amp amplifies differential signals from low-imped-
ance microphones by 50dB, and has an input impedance of
2kQ). Because of the high working gain of the circuit, an OP-37
helps to preserve bandwidth, which will be 110kHz. As the
OP-37 is a decompensated device (minimum stable gain of 5), a
dummy resistor, R, may be necessary, if the microphone is to
be unplugged. Otherwise the 100% feedback from the open
input may cause the amplifier to oscillate.

Common-mode input-noise rejection will depend upon the
match of the bridge-resistor ratios. Either close-tolerance
(0.1%) types should be used, or R4 should be trimmed for best
CMRR. All resistors should be metal-film types for best stability
and low noise.

Noise performance of this circuit is limited more by the input
resistors R1 and R2 than by the op amp, as R1 and R2 each
generate a 4nV/\/ Hz noise, while the op amp generates a
3.2nV/\/ Hz noise. The rms sum of these predominant noise
sources will be about6nV/\/ Hz , equivalentto0.9uV in a20kHz
noise bandwidth, or nearly 61dB below a 1mV input signal.
Measurements confirm this predicted performance.

<
%soom MR £1MQ
S

2

I

9V == 300pF

q

3

%300DF MR §1M!Z

—O Vout
3V,_p AT 1kHz

3MQ

THD <0.5% AT Voyr1 = 3Vp_p

D1, D2 — IN914

Requiring less than 60uA of supply current, this micropower
Wientbridge oscillator isideal for battery-powered instrumenta-
tion. Output level is controlled by nonlinear elements D1 and

D2. When adjusted for 3V,,., output, the distortion level is below
0.5% at 1kHz.
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FIGURE 24: Micropower Instrumentation Amplifier

SENSE

VWV~

b 200k

AAA

WA

100k$2

ALL RESISTORS ARE 0.1% OR BETTER.

200kQ

REFERENCE

This instrumentation amplifier requires only 200uA total qui-
escent current (Vg =0V) and operates on single voltage
supplies from +1.6V to +36V. Input and output voltage range is

0Vto (V' - 1.5) volts with CMRR above 100dB. Differential gain,
Ay, is adjusted with a single resistor, Rg, as given by:

_ 800kQ
G Ay -2
FIGURE 25: Piecewise-Linear Amplifier (Decreasing Gain)
+5v
>
01 ::$530ks2
TRANSFER FUNCTION
5
1N4148 S
3 . l\{
3 A xN\
SR N
D2 S 20kS2 2 \
L ‘g ,
[=]
1N4148 ?&m 2
- Ay = -2
3 -1
2
VAL .
200 \ N\
+15V - N Ay = -1
o) _a \\ |
R1
Vi ‘554321012‘3&£5
10k$2 -2 -4 - - -
O Vour Vin (voLTS)

Vewp (D1,02) = 0.6V

This circuit is useful in linearizing a nonlinear input signal or
creating a nonlinear output function from a linear input. At
Vour = 0V, both D1 and D2 are reverse biased, and Vg ,1/ViN =
—-R2/R1. As V| goes positive, Vo T becomes negative according
to that gain until a threshold is reached, -(Voyt + VFwp)/R4 =
15V/R3, where D1 becomes forward biased. For more positive
values of Vy, the gain is:

Vour __ (R2:R4) _ R2-Vewp
Vin __ (R2+ R4)RT (R2+ R5)Vin

A similar action occurs as Vy goes negative. Beyond the point
where D2 becomes forward biased, (Voyt — Vewp)/R5 = 15V/R8,
the gain is:
- (R2 * R5) R2- VFWD
Vin (R2 + R5)R1  (R2 + R5)V|y
Additional diode/resistor combinations can be added to further
contour the gain.

Vour _
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FIGURE 26: Piecewise-Linear Amplifier (Increasing Gain)

+15V

1N4148

R1

—AAA

VWV
20k$2

Vin O

D1

1N4148 —

-15V

R6
150ks2 Vewp (01,02) = 0.6V

-15V

TRANSFER FUNCTION

5
N T
4 Ay = -2
3 Y
2 {
G \
g ™
g, AN
75 Av=—1‘\K
3 - S
-2
\\—
-3 rd
\)
vy Ay ~ ~2¥
. PN
5 4 -3 -2 1 0 1 2 3 4 5
Vi (VOLTS)

This circuit performs the linear-to-nonlinear or nonlinear-to-
linear transformation by increasing gain beyond fixed thresh-
olds. At VN =0V, both D1 and D2 are reverse biased, and
Vout/Vin = —R2/R1. As V|y goes positive beyond the threshold,
(Vin — Vewp)/R5 = 15V/R6, D1 conducts, and the gain becomes:

Vour _ _R2(R1+R5)  Vrwp - R2
ViN (R1-R5) Vin * RS

FIGURE 27: Current Monitor Circuit

As Vy goes negative beyond the threshold, (V| + Vewp)/R3 =
15V/R4, D2 conducts, and the gain becomes:

Vour _ R2(R1+R3) | Vewp - R2

Vw  (R1-R3) ViN - R3

Additional diode/resistor combinations can be added to further
contour the gain.

FIGURE 28: Free-Running Square-Wave Oscillator

V1O AN
12

This versatile monitor circuit can typically sense current at any
point between the =15V supplies (|V1]| < 14.3V guaranteed). This
makes it ideal for sensing current in applications such as full
bridge drivers where bi-directional current is associated with
large common-mode voltage changes. The 120db CMRR of the
OP-77 makes the amplifier's contribution to common-mode
error negligible, leaving only the error due to the resistor ratio
inequality. Ideally, R2/R4 = R3/R5. This is best trimmed via R4.

R3

AAA

VWA
68k
+Vg
N 7
opP-77 LI —C VA ‘dq:FL
3
Lc 3
“To0.01uF
~Vs R1
100k2
<SR2
imom
f= 1

= . 2R3 - n(B11R2)

Thissimple oscillator creates a square-wave output of £ (Vs — 2V)
at 1kHz for the values shown.
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FIGURE 29: Precision Analog Multiplier/Divider
Co
Il
LA
R2
AAA -
VWA~
20k
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200k 2 3.3kQ2
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S 10Rg
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+
v ROR2 VxVy
= OouT ™ 202 TV
VxVy
4 Vout =0
R1 20k z
A
R1 200kQ
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WA
Co = 30pF 200k$2
Ww<vzsiov
ALL RESISTORS ARE 0.1%

This multiplier/divider achieves its excellent performance
through the low emitter resistance, rgg, and superior Vos
matching of MAT-04 quad transistor array. In this circuit,

linearity error due the transistors is less than +0.1%. The OP-77
helps maintain accuracy with a Vog less than 25uV. For even
higher accuracy the offset voltages may be nulled.

FIGURE 30: Precision Absolute Value Amplifier

D1
1N4148

[

————0 Vout
0<Voyr <10V

|2|

2N4393

-15Vv

The high gain and low TCVps assure accurate operation with

appears as acommon-mode signal to the op amps. The OP-77E
inputs from microvolts to volts. In this circuit, the signal always

CMRR of 1uW/V assures errors of less than 2ppm.
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FIGURE 31: Thermocouple Amplifier With Cold-Junction Compensation
+15V
2
¥
220F < | ReF-01 2 10.000v
4
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d "7 1.07M0
> E
sh3 3922 0.05%
ISOTHERMAL & 47k 1% :
BLOCK : sy
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1N4148 3 R2 8 /6
205k 8 @ 5002 10
> 1% ook % NG
=) Cu R 2 w
\./ AW
TYPES oP-77 & O Vout
+ cul, A5 3
V c (ZERO) 1000 S + 7 o
b IR AP gy = 10uF W
21008 506 Ll
% %
A
COLD-JUNCTION A
COMPENSATION ANALOG 0.1uF
GROUND _15v

This amplifier can be used for type S, J, and K thermocouples
with the appropriate resistor values as shown below. R9 is
chosen to give a +10.000V output for a 1,000°C measurement.

The high gain, low noise, and low offset drift of the OP-77 can be
used to create a thermocouple amplifier with superb linearity.
They combine to give a total accuracy typically better than

+0.5°C.

Cold-junction compensation is performed by R1, R2, and D1 SEEBECK

which is mounted isothermally with the thermocouple termi- TYPE COEFFICIENT,a R1 R2 R7 R9
nating junctions. Calibration is done using R5 after the circuit K 39.2uV/°C 110Q0 5.76kQ) 102k 269k
has §tabilized for abou't 15‘ miputeg. A copper 'wire short is J 50.2uV/°C 1000 4.02k0) 80.6kQ 200k(
applied across the terminating junctions simulating a zero °C " -

ice point. R5 is then adjusted for 0.000V output. The short is S 10.3uV/°C 1002 20.5k0 392",9 1.07M0

then removed, and the amplifier is ready for use.

FIGURE 32: Instrumentation Amplifier (2 Op Amp Design)

R1

99KsL vour

R1
VouT = Vin (‘ + ﬁ)

R1_B4
R2 " R3 +0.005%

-0 - k2

adjusted with respect to Voyt. This simultaneously corrects for

This differential amplifier offers high input impedance and a
Side “B” offset voltage. For the circuit values given, Ay = 100.

power supply rejection ratio greater than 100dB. Because the
high circuit gain occurs in Side “B”; Side “A” offset should be
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FIGURE 33: +200V Low Offset Operational Amplifier

+200V

D1, D2 = 1N4148
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u
L

Ay=-12

o
-200v

The OP-77 isthe heart of this high voltage amplifier designed to
drive piezo flexture elementsin precise positioning applications.
The high gain and low offset voltage of the OP-77 produce an
accurate, stable drive voltage to the piezo device allowing
predictable, repeatable sub-micron movements to be easily
controlled.

FIGURE 34: Impedance Transforming Amplifier

The output of the OP-77 creates a proportional current drive
through the common-base connected Q1 to the base of Q3. Q3
formsa Class A amplifier with bias resistor R5, and transistor Q2
is simply an emitter-follower used for output currentboost. R6 is
necessary to prevent oscillation caused by the capacitive
loading of the piezo device on the output of the amplifier.

c
ha Tl
1t

aTuF

—0+
47uF

Vout

60052 LINE

_ Your

Vin

This is an efficient, flexible circuit simulating a source imped-
ance equal to the load impedance. By definition, if Rg = R, then,

A
Ay = V(UNL20ADED)

The unloaded gain is roughly R3/R2. When the output is
loaded, a second feedback loop is closed whose gain, Ay =
RL/R1, combines in parallel with AvunLoaDED) tO give:

Av(UNLOADED) * Av

A =
V(LOADED) Av(UNLOADED) T Ay

AV(UNLOADED)
2

These approximations assume that R1 < R2 and R2 < R3. The
OP-50 requires no compensation for the circuit values shown
and can easily drive the 600Q} line.

If R3/R2 = RL/R1, then AV(LOADED) =
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FIGURE 35: Precision Current Sinks
V+
POSITIVE CURRENT SINK POSITIVE CURRENT SOURCE
R R1
L ® AAA
o J 1
T VO 20082
N 2002 [l IRF520
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Viy >0V R1
R Vin SOV
FULL SCALE OF 1V, L

Io= 1AV

These simple high-current sinks require that the load float
between the power supply and the sink. In these circuits,

FIGURE 36: Low Noise AGC Amplifier

OP-77’s high gain, high CMRR, and low TCVpg assure high
accuracy.

20.5k2

MA-

R1 0.05 Vin
Vin

(40mV — 4.1Vp_p, 65Hz) 10k

1N4153
100k

D3
1N746A

OVour —LN
0.2,
e o (0.2v,,_,, 65Hz)
AW il
20.5k92 j":\'/‘""F
R3 RS R11 0o

20.5k$2

+15V/

1Ng14

~15V

Inthiscircuit, a JEET transistor is used to control the gain of the
low-noise OP-27 amplifier over a two-decade input voltage
range. For inputs from 40mV to 4.1V peak-to-peak, the AGC
maintains a 0.2V peak-to-peak output.

Amplifier A2 performs an absolute-value operation on Vgoyt
and sums the result with a 0.2V reference on capaciator C2.
The deviation of this sum, Vg, from zero isamplified by A3 and
controls the gate of the JFET. If the peak-to-peak amplitude of

VouT exceeds 0.2V, Vg becomes positive and drives the JFET
gate negative. This increases the JFET's channel resistance
lowering the gain of the A1. The reverse of this occurs if Voyt
falls below 0.2V peak-to-peak.

The values of C1 and C2 are chosen to optimize the circuits
response time fora given input voltage frequency. This example
was designed for a 65Hz signal. Higher frequencies would
justify lower values for C1 and C2 to speed the AGC response.
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FIGURE 37: Amplifier with Active Output Clipping

VIN O—AAA—
100k$2
——O VOUT

TRANSFER FUNCTION

Vi + 1.4v

Vourt (VOLTS)

R2
R1

Ay = -

Vi - 14v

o
Vi (VOLTS)

This configuration allows adjustment of the op amp’s maximum
output voltage. Below the clipping levels, circuit gain is
Av =—R2/R1. As Vgt rises above (Vy + 1.4V), the base/emitter

FIGURE 38: Low Power Amplifier With Squelch

of Q1 becomes forward biased, allowing collector current to
flow to the summing node, thus clamping VouT. A similar action
occurs as Voyt goes below (V| — 1.4V) and is clamped by Q2.

R3
AAA

W

mme

+ 1N4148

+
14
2N5460 oP-421 »——0 Vout
Al
SR
<r 100k$2

L . 1N4148

The OP-421is the heart of this variable squelch amplifier which
requires less than2mA of supply current (R_ = «). A1 providesa
high impedance input amplifier with A, = 1 + R2/R1. Its output
drives a unity gain outputbuffer, A4, and a peak detector with a
time constant set by C1 and R5. When the output of the peak

detector, Vp, exceeds the adjustable threshold, V1, the com-
parator, A3, drives the gate of the P-channel FET high, turning it
OFF. Atlower input signal levels, Vp falls below Vry, and the FET
turns ON, clamping the input of A4 to ground.
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SALES OFFICES
REPRESENTATIVES

on Monolit

CORPORATE
HEADQUARTERS

PMI

1500 Space Park Drive

P.O. Box 58020

Santa Clara, CA 95052-8020
(408) 727-9222 TLX 3719 541

ALABAMA

HUNTSVILLE

EMA

309 Jordan Lane, Northwest
Huntsville, AL 35805-2621
(205) 830-4030, (800) 633-2920
TWX 810-726-2110

ALASKA
Contact Northwest Marketing,
Bellevue, WA Office

ARIZONA
SCOTTSDALE

PMI SALES OFFICE

8526 E. Monterey Way
Scottsdale, AZ 85251-5926
(602) 941-1946

SCOTTSDALE

SUMMIT SALES

7802 E. Gray Rd., Suite 600
Scottsdale, AZ 85260-3460

(602) 998-4850 TWX 910-950-1283

ARKANSAS
Contact Genzel Sales & Assoc., Inc.,
Tulsa, OK Office

CALIFORNIA

LOS ANGELES

PMI SALES OFFICE

4025 E. La Paima Ave.
Anaheim, CA 92807-1716

(714) 666-0140, (213) 642-0142
TWX 910-328-6591

LOS ANGELES

PMI SALES OFFICE

18531 Roscoe Bivd., Suite 212
Northridge, CA 91324-4641
(818) 886-6881

SAN DIEGO

L & S ASSOCIATES

11772 Sorrento Valley Rd., Suite 235
San Diego, CA 92121-1017

(619) 455-0055 TWX 910-322-1730

SAN JOSE

QUADREP INC.

2713 N. First St.

San Jose, CA 95134-2099

(408) 946-4000 TWX 910-338-0207

SANTA CLARA

PMI SALES OFFICE

4633 Old Ironsides Dr., Suite 312
Santa Clara, CA 95054-1806

(408) 727-6616 TWX 910-338-2102
TLX 3719 541

COLORADO

BOULDER

FRONT RANGE MARKETING
3100 Arapahoe Ave., Suite 404
Boulder, CO 80303-1082

(303) 443-4780 TWX 910-940-3442

LITTLETON

PMI SALES OFFICE
7488 W. Roxbury PI.
Littleton, CO 80123-4738
(303) 979-8533

CONNECTICUT
UNIONVILLE

PMI SALES OFFICE

P.O. Box 43

Unionville, CT 06085-0043
(203) 673-9995

DELAWARE
Contact Tech-Com Marketing,
Sellersville, PA Office

DISTRICT OF COLUMBIA
Contact Conroy Sales,
Baltimore, MD Office

FLORIDA

ALTAMONTE SPRINGS

PMI SALES OFFICE

Bldg. Il, Suite 2505-5

405 Douglas Ave.

Altamonte Springs, FL 32714-2505
(305) 788-1403, (800) 223-6147
TWX 910-861-4079

ALTAMONTE SPRINGS
LAWRENCE ASSOCIATES, INC.
711 Turnbull Ave.

Altamonte Springs, FL 32701-6420
(305) 339-3855 TWX 510-953-7602

BOCA RATON

LAWRENCE ASSOCIATES, INC.
2151 N.W. 2nd, Suite 104

Boca Raton, FL 33431-7405

(305) 368-7373 TWX 510-953-7602

CLEARWATER

LAWRENCE ASSOCIATES, INC.
1605 Missouri Ave.

Clearwater, FL 33516-1220

(813) 584-8110 TWX 510-953-7602

MELBOURNE

LAWRENCE ASSOCIATES, INC.
1250 S. Harbor City Bivd., Suite 28
W. Melbourne, FL 32901-3206
(305) 724-8294 TWX 510-953-7602

GEORGIA

ATLANTA

EMA

620 Colonial Park Dr.

Roswell, GA 30075-3746

(404) 992-7240, (800) 647-3773
TWX 810-726-2110

ATLANTA

PMI SALES OFFICE

5696 Peachtree Pkwy., Suite 101
Norcross, GA 30092-2811

(404) 263-7995

HAWAII
Contact Los Angeles, CA Office

IDAHO
Contact Northwest Marketing,
Bellevue, WA Office

ILLINOIS

CHICAGO

PMI SALES OFFICE

1325 Remington Rd., Suite “D”
Schaumburg, L 60195-4813
(312) 885-8440, (800) 323-8755
TWX 910-222-1808

INDIANA

CARMEL

TECHNOLOGY MARKETING CORP.
599 Industrial Dr.

Carmel, IN 46032-4207

(317) 844-8462 TWX 910-997-0194

FT. WAYNE

TECHNOLOGY MARKETING CORP.
3428 W. Taylor St.

Ft. Wayne, IN 46804-2142

(219) 432-5553 TWX 910-997-0195

IOWA

DAVENPORT

RUSH & WEST ASSOCIATES, INC.
4537 Brady St.

Davenport, |A 52806-4051

(319) 388-9494 TWX 510-100-2255

KANSAS

KANSAS CITY/WICHITA

RUSH & WEST ASSOCIATES, INC.
107 N. Chester St.

Olathe, KS 66061-3690

(913) 764-2700 TWX 910-749-6404

KENTUCKY

LOUISVILLE

TECHNOLOGY MARKETING CORP.
8819 Roman Ct.

P.O. Box 91147

Louisville, KY 40291-0147

(502) 499-7808 TWX 810-535-3757

LOUISIANA
Contact Houston, TX Office

MAINE
Contact Boston, MA Office

NORTH AMERICA

MARYLAND
BALTIMORE

CONROQY SALES

505 Baltimore Ave.
Baltimore, MD 21204-4503
(301) 296-2444

MASSACHUSETTS

BOSTON

PMI SALES OFFICE

209 W. Central St.

Natick, MA 01760-3716

(617) 655-8900 TWX 710-386-0114

MICHIGAN

DETROIT

PMLI SALES OFFICE

722 E. Grand River Rd., Suite 6
Brighton, Mi 48116-1820

(313) 227-2190, (312) 885-8440
(800) 323-8755 TWX 910-222-1808

DETROIT

ELECTRONIC SOURCES, INC.
8014 W. Grand River Ave., Suite 6
Brighton, Mi 48116-9302

(313) 227-3598 TLX 298 269

MINNESOTA

MINNEAPOLIS

MEL FOSTER TECH. SALES, INC.
7611 Washington Ave., South

PO. Box 35216

Edina, MN 55435-0216

(612) 941-9790 TWX 910-576-2746

MISSISSIPPI
Contact EMA, Huntsville, AL Office

MISSOURI

BALLWIN

RUSH & WEST ASSOCIATES, INC.
720 W. Manchester Rd., Suite 200
Ballwin, MO 63011-3027

(314) 394-7271 TLX 752 653

MONTANA
Contact Littleton, CO Office
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NEBRASKA
Contact Rush & West Associates,
Davenport, IA Office

NEVADA
Contact Santa Clara, CA Office

NEW HAMPSHIRE
Contact Boston, MA Oftice

NEW JERSEY (NORTHERN)
Contact J-Square Marketing,
Hicksville, NY Office

NEW JERSEY (SOUTHERN)
Contact Philadelphia, PA Office

NEW MEXICO
ALBUQUERQUE

BFA CORPORATION

1704 Moon, Northeast
Albuquerque, NM 87112-3936
(505) 292-1212 TWX 910-989-1157

NEW YORK

SYRACUSE

L-MAR ASSOCIATES, INC.
216 Tilden Dr.

East Syracuse, NY 13057-1630
(315) 437-7779

METRO NY, LONG ISLAND
J-SQUARE MARKETING, INC.
161-C Levitown Pkwy.

Hicksville, NY 11801-4421

(516) 935-3200 TWX 510-221-2136

ROCHESTER

L-MAR ASSOCIATES, INC.

4515 Culver Rd.

Rochester, NY 14622-1497

(716) 323-1000 TWX 510-253-0943

NORTH CAROLINA
CHARLOTTE

EMA

6201 Glenridge Rd.

Charlotte, NC 28211-4625
(704) 365-0547

WINSTON SALEM

EMA

3463 Kernersville Rd

Winston Salem, NC 27107-1750
(919) 784-7304 TWX 810-726-2110

NORTH DAKOTA

Contact Mel Foster Tech. Sales, Inc.,

Edina, MN Office

OHIO

CLEVELAND

DEL STEFFEN & ASSOCIATES
69 Alpha Park

Cleveland, OH 44143-2296

(216) 461-8333 TWX 810-427-9272

COLUMBUS

DEL STEFFEN & ASSOCIATES
355 W. Main St

Lexington, OH 44904-9767

(419) 884-2313 TWX 810-427-9272

DAYTON

DEL STEFFEN & ASSOCIATES
1201 E. David Rd

Dayton, OH 45429-5701

(513) 293-3145 TWX 810-427-9272

OKLAHOMA

TULSA

GENZEL SALES & ASSOC,, INC.
4135 S. 100th East Ave., Suite 101
Tulsa, OK 74146-3635

(918) 622-7744 TLX 312 394

OREGON

PORTLAND

NORTHWEST MARKETING

Suite 330

6975 S.W. Sandburg Rd.

Portland, OR 97223-8010

(503) 620-0441 TWX 910-464-5157

PENNSYLVANIA
PHILADELPHIA

PMI SALES OFFICE

431 Lakeside Dr.

Horsham, PA 19044-2320

(215) 675-7600 TWX 710-670-0021

PITTSBURGH

DEL STEFFEN & ASSOCIATES
Carnegie Office Park

Bldg. 1, Rm. 116K

600 N. Bell Ave.

Pittsburgh, PA 15106-4363

(412) 276-7366 TWX 810-427-9272

SELLERSVILLE
TECH-COM MARKETING
P.O. Box 460

Sellersville, PA 18960-0460
(215) 453-0711

RHODE ISLAND
Contact Boston, MA Office

SOUTH CAROLINA
Contact EMA, Winston Salem, NC
Office

SOUTH DAKOTA

Contact Mel Foster Tech. Sales, Inc.,

Edina, MN Office

TENNESSEE
Contact EMA, Huntsville, AL. Office

TEXAS

DALLAS

PMI SALES OFFICE

11325 Pegasus St., Suite E-102
Dallas, TX 75238-3228

(214) 341-1742, (800) 223-6147
TWX 910-861-4079

HOUSTON

PMI SALES OFFICE

P.O. Box 262423

Houston, TX 77207-2423

(713) 481-6460, (214) 341-1742
(800) 223-6147 TWX 910-861-4079

UTAH

SALT LAKE CITY

FRONT RANGE MARKETING
2520 S. State St., Suite 117

Salt Lake City, UT 84115-3110
(801) 364-6481 TWX 910-925-4117

VERMONT
Contact Boston, MA Office

VIRGINIA
Contact Conroy Sales,
Baitimore, MD Office

WASHINGTON

BELLEVUE

NORTHWEST MARKETING

Suite 330N

12835 Bellevue Redmond Rd.
Bellevue, WA 98005-2625

(206) 455-5846 TWX 910-443-2445

WEST VIRGINIA
Contact Del Steffen & Associates,
Pittsburg, PA Office

NORTH AMERICA

WISCONSIN

MILWAUKEE

SUMER, INC.

350 Bishops Way

Brookfield, Wl 53005-6221

(414) 784-6641 FAX 414-785-9628

WYOMING
Contact Littleton, CO Office

CANADA

ALBERTA

HI-TECH SALES LIMITED

32 Edgepark Mews, Northwest
Calgary, Alberta T3A 3J7
(403) 239-3773

BRITISH COLUMBIA

HI-TECH SALES LIMITED

7510 B Kingsley

Burnaby, British Columbia V3N 3C2
(604) 524-2131

MANITOBA

HI-TECH SALES LIMITED
#102-902 St. James St.
Winnipeg, Manitoba R3G 3J7
(204) 786-3343

NEW BRUNSWICK
Contact Source Eiectronics Ltd.,
Rexdale, Ontario Office

NEWFOUNDLAND
Contact Source Electronics Ltd.,
Rexdale, Ontario Office

NOVA SCOTIA
Contact Source Electronics Ltd.,
Rexdale, Ontario Office

ONTARIO

SOURCE ELECTRONICS LTD.
P.O. Box 13235

Kanata, Ontario K2K 1X4

(613) 592-5392

ONTARIO

SOURCE ELECTRONICS LTD.
83 Galaxy Blvd., Unit 9
Rexdale, Ontario MOW 5X6
(416) 675-6235

QUEBEC
Contact Source Electronics Ltd.,
Rexdale, Ontario Office

SASKATCHEWAN

HI-TECH SALES LIMITED

413 Mullin Ave., East

Regina, Saskatchewan S4N 1C8
(306) 757-4733
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ALABAMA

HUNTSVILLE

HALL-MARK ELECTRONICS
4900 Bradford Dr., Northwest
Huntsville, AL 35805-1851

(205) 837-8700 TWX 910-380-6766

HUNTSVILLE

PIONEER

4825 University Square
Huntsville, AL 35816-1826

(205) 837-9300 TWX 810-726-2197

ARIZONA

PHOENIX

HALL-MARK ELECTRONICS
4040 E. Raymond St.

Phoenix, AZ 85040-1983

(602) 437-1200 TWX 910-950-0191

TEMPE

ANTHEM ELECTRONICS

1727 E. Weber Dr.

Tempe, AZ 85281-1841

(602) 966-6600 TWX 910-950-0110

TEMPE

BELL INDUSTRIES

1705 W. 4th St.

Tempe, AZ 85281-2403

(602) 966-7800 TWX 910-850-0133

CALIFORNIA

CANOGA PARK
HALL-MARK ELECTRONICS
8130 Remmet Ave.

Canoga Park, CA 91304-4129
(818) 716-7300

CHATSWORTH

ANTHEM ELECTRONICS

20640 Bahama St.

Chatsworth, CA 91311-6101

(818) 700-1000 TWX 910-493-2083

GARDEN GROVE

BELL INDUSTRIES

12322 Monarch St.

Garden Grove, CA 92641-5126
(714) 220-0681 TWX 910-596-2362

GARDENA

BELL INDUSTRIES

306 E. Alondra Bivd.

Gardena, CA 90248-2810

(213) 515-1800 TWX 910-346-6336

IRVINE

ANTHEM ELECTRONICS

1 Oldfield Dr.

Irvine, CA 92718-2809

(714) 768-4444 TWX 910-595-1583

LOS ALAMITOS

SEMI DICE INC.

10961 Bloomfield St.

Los Alamitos, CA 90720-2586
(213) 594-4631 TWX 910-341-7710

CALIFORNIA continued
SACRAMENTO

BELL INDUSTRIES

500 Giuseppe Ct., Suite 6
Roseville, CA 95678-6305

(916) 969-3100 TWX 910-367-2095

SAN DIEGO

ANTHEM ELECTRONICS

9369 Carroll Park Dr., Suite "B"
San Diego, CA 92121-2257

(619) 453-9005 TWX 910-335-1515

SAN DIEGO

BELL INDUSTRIES

7450 Ronson Rd.

San Diego, CA 92111-1508
(619) 268-1277

SAN DIEGO

HALL-MARK ELECTRONICS
3878 Ruffin Rd., Suite 10B

San Diego, CA 92123-1849

(619) 268-1201 TWX 910-335-1279

SAN JOSE

ANTHEM ELECTRONICS

1040 E. Brokaw Rd.

San Jose, CA 95131-2309

(408) 295-4200 TWX 910-338-2038

SAN JOSE

HALL-MARK ELECTRONICS

1110 Ringwood Ct.

San Jose, CA 95131-1726

(408) 946-0900 TWX 910-339-9505

SUNNYVALE

BELL INDUSTRIES

1161 N. Fairoaks Ave.

Sunnyvale, CA 94088-2102

(408) 734-8570 TWX 910-339-9378

THOUSAND OAKS

BELL INDUSTRIES

1829A De Havilland Dr.

Thousand Oaks, CA 91320-1702
(805) 499-6821 TWX 910-321-3799

TORRANCE

HALL-MARK ELECTRONICS
19220 S. Normandy Ave.
Torrance, CA 90502-1011
(213) 217-8400

TUSTIN

HALL-MARK ELECTRONICS
14831 Franklin Ave.

Tustin, CA 92680-7292

(714) 669-4700 TLX 887-238

COLORADO

DENVER

ANTHEM ELECTRONICS

8200 S. Akron St.

Englewood, CO 80112-3505

(303) 790-4500 TWX 910-935-0113

DENVER

HALL-MARK ELECTRONICS
6950 S. Tucson Way, Suite G
Englewood, CO 80112-3922

(303) 790-1662 TWX 910-931-0472

WHEAT RIDGE

BELL INDUSTRIES

8155 W. 48th Ave.

Wheat Ridge, CO 80033-3199
(303) 424-1985 TWX 910-938-0393

CONNECTICUT

NORWALK

PIONEER

112 Main St.

Norwalk, CT 06851-4617

(203) 853-1515 TWX 710-468-3373

WALLINGFORD
HALL-MARK ELECTRONICS
33 Village Lane

Wallingford, CT 06492-2426
(203) 269-0100 TLX 314-207

NORTH AMERICA

ILLINOIS

WOOD DALE

HALL-MARK ELECTRONICS

210 Mitel Dr.

Wood Dale, IL 60191-1120

(312) 860-3800 TWX 910-651-0185

CHICAGO

PIONEER

1551 Carmen Dr.

Elk Grove Village, IL 60007-6581
(312) 437-9680 TWX 910-222-1834

FLORIDA

CLEARWATER (TAMPA BAY)
HALL-MARK ELECTRONICS
15301 Roosevelt Bivd., Suite 303
Clearwater, FL 33520-3561

(813) 530-4543 TWX 810-863-0410

FT. LAUDERDALE

PIONEER

674 S. Military Trail

Deertield Beach, FL 33442-3023
(305) 368-6794 TWX 510-955-9653

FT. LAUDERDALE

HALL-MARK ELECTRONICS

3161 S.W. 15th St.

Pompano Beach, FL 33060-4806
(305) 971-9280 TWX 510-956-9720

ORLANDO

HALL-MARK ELECTRONICS

7648 Southland Bivd., Suite 100
Orlando, FL 32809-6993

(305) 855-4020 TWX 510-600-3301

ORLANDO

PIONEER

337 S. Northlake Blvd., #1000
Altamonte Springs, FL 32701-4399
(305) 834-9090, (800) 432-6094
TWX 810-853-0284

INDIANA

INDIANAPOLIS
HALL-MARK ELECTRONICS
4275 W. 96th St.
Indianapolis, IN 46268-1113
(317) 872-8875

INDIANAPOLIS

PIONEER

6408 Castleplace Dr.
Indianapolis, IN 46250-1914

(317) 849-7300 TWX 810-260-1794

KANSAS

LENEXA (KANSAS CITY)
HALL-MARK ELECTRONICS
10809 Lakeview Dr.

Lenexa, KS 66219-1329

(913) 888-4747 TWX 910-380-6767

GEORGIA

NORCROSS (ATLANTA)
HALL-MARK ELECTRONICS
6410 Atlantic Bivd., Suite 115
Norcross, GA 30071-1241

(404) 447-8000 TWX 910-380-6732

NORCROSS (ATLANTA)
PIONEER

3100F Northwoods Place
Norcross, GA 30071-1538

(404) 448-1711 TWX 810-766-4515

MARYLAND

BALTIMORE

HALL-MARK ELECTRONICS
10240 Old Columbia Rd.
Columbia, MD 21046-1218

(301) 988-9800 TWX 710-862-1907

GAITHERSBURG

PIONEER

9100 Gaither Rd.

Gaithersburg, MD 20877-1422
(301) 921-0660 TWX 710-828-0545

MASSACHUSETTS
LEXINGTON

PIONEER

44 Hartwell Ave.

Lexington, MA 02173-3103

(617) 861-9200 TWX 710-326-6617

NORWOOD

GERBER ELECTRONICS

128 Carnegie Row

Norwood, MA 02062-5010

(617) 769-6000 TWX 710-336-1987

WESTBOROUGH

FUTURE ELECTRONICS

133 Flanders Rd.

Westborough, MA 01581-1005
(617) 366-2400 TWX 710-390-0374

WOBURN

HALL-MARK ELECTRONICS

6 Cook St.

Billerica, MA 01821-6036

(617) 935-9777 TWX 710-348-0617
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MICHIGAN

LIVONIA

PIONEER

13485 Stamford

Livonia, M| 48150-1598

(313) 525-1800 TWX 810-242-3271

MINNESOTA

BLOOMINGTON

HALL-MARK ELECTRONICS
7838 12th Ave., South
Bloomington, MN 55420-1477
(612) 854-3223 TWX 910-576-3187

MINNEAPOLIS

MERIT ELECTRONICS CORP.
Suite 210

2525 Nevada Ave., North
Minneapolis, MN 55427-3662
(612) 546-5383 TWX 510-600-1941

MINNETONKA (TWIN CITIES)
PIONEER

10203 Bren Rd., East

Minnetonka, MN 55343-9072

(612) 935-5444 TWX 910-576-2738

MISSOURI

EARTH CITY

HALL-MARK ELECTRONICS
13750 Shoreline Dr.

Earth City, MO 63045-1224
(314) 291-5350, (800) 325-1021
TWX 910-762-0672

NEW JERSEY

FAIRFIELD

HALL-MARK ELECTRONICS

107 Fairfield Rd.

Fairfield, NJ 07006-2412

(201) 575-4415 TWX 710-734-4409

FAIRFIELD

NU-HORIZONS ELECTRONICS
CORP.

258 Route 46

Fairfield, NJ 07006-2324

(201) 882-8300 FAX 201-882-8398

MT. LAUREL

HALL-MARK ELECTRONICS
1000 Midlantic Dr.

Mt. Laurel, NJ 08054-1511

(609) 235-1900 TWX 710-940-0660

PINE BROOK

PIONEER

45 Route 46

Pine Brook, NJ 07058-9607

(201) 575-3510 TWX 710-734-4382

NEW MEXICO
ALBUQUERQUE

BELL INDUSTRIES

11728 Linn, Northeast
Albuquerque, NM 87123-2943
(505) 292-2700 TWX 910-989-0625

NEW YORK

BINGHAMTON

PIONEER

1806 Vestal Pkwy., East

Vestal, NY 13850-1942

(607) 748-8211 TWX 510-252-0893

FAIRPORT

PIONEER

840 Fairport Park

Fairport, NY 14450-2012

(716) 381-7070 TWX 510-253-7001

LONG ISLAND

HALL-MARK ELECTRONICS

101 Comac St.

Ronkonkoma, NY 11779-6931
(516) 737-0600 TWX 510-222-0162

NO. AMITYVILLE
NU-HORIZONS ELECTRONICS
CORP.

6000 New Horizons Blvd.

No. Amityville, NY 11701-1130
(516) 226-6000, (800) 645-9222
TLX 221 228 FAX 516-226-6262

WOODBURY (LONG ISLAND)
PIONEER

60 Crossways Park, West
Woodbury, NY 11797-2019

(516) 921-8700 TWX 510-221-2184

NORTH CAROLINA
CHARLOTTE

PIONEER

9801-A Southern Pine Bivd.
Charlotte, NC 28210-5562

(704) 527-8188 TWX 810-621-0366

RALEIGH

HALL-MARK ELECTRONICS
5237 North Blvd.

Raleigh, NC 27604-2925

(919) 872-0712 TLX 32309

OHIO

CLEVELAND

PIONEER

4800 E. 131st St.
Cleveland, OH 44105-7132
(216) 587-3600 TWX 810-422-2210
DAYTON

PIONEER

4433 Interpoint Blvd.

PO. Box 291

Dayton, OH 45424-5708
(513) 236-9900

TWX 810-459-1622/1623

SOLON

HALL-MARK ELECTRONICS
5821 Harper Rd.

Solon, OH 44139-1832

(216) 349-4632 TWX 910-380-6747

WORTHINGTON

HALL-MARK ELECTRONICS
Suite “S”

400 E. Wilson Bridge Rd.
Worthington, OH 43085-2321

(614) 888-3313 TWX 910-380-6744

AUTHORIZED
DISTRIBUTORS

NORTH AMERICA

OKLAHOMA

TULSA

HALL-MARK ELECTRONICS
PO. Box 367

Locust Grove, OK 74352-0367
(918) 479-8720

OREGON
LAKE OSWEGO
ANTHEM ELECTRONICS, INC.

15812 S.W. Upper Boones Ferry Rd.

Lake Oswego, OR 97034-4066
(503) 684-2661 TWX 510-100-3940

PORTLAND

BELL INDUSTRIES

6024 S.W. Jean Rd.

Lake Oswego, OR 97034-5390
(503) 241-4115 TWX 910-455-8177

PENNSYLVANIA

HORSHAM

PIONEER

261 Gibraltar Rd.

Horsham, PA 19044-2377

(215) 674-4000 TWX 510-665-6778

PITTSBURGH

PIONEER

259 Kappa Dr.

Pittsburgh, PA 15238-2817

(412) 782-2300 TWX 710-795-3122

TEXAS

AUSTIN

HALL-MARK ELECTRONICS
12211 Technology Bivd.

Austin, TX 78727-6102

(512) 258-8848 TWX 910-847-2031

AUSTIN

PIONEER

9901 Burnet Rd.

Austin, TX 78758-5239

(512) 835-4000 TWX 910-874-1323

DALLAS

HALL-MARK ELECTRONICS
10375 Brockwood Rd.

Dallas, TX 75238-1656

(214) 341-1147 TWX 910-860-5577

DALLAS

PIONEER

13710 Omega Rd.

Dallas, TX 75244-4516

(214) 386-7300, (800) 492-9027
TWX 910-860-5563

HOUSTON

HALL-MARK ELECTRONICS
8000 Westglen

P.O. Box 42190

Houston, TX 77063-6485

(713) 781-6100 TWX 910-881-2711

HOUSTON

PIONEER

5853 Point West Dr.

Houston, TX 77036-2611

(713) 988-5555 TWX 910-881-1606

UTAH

SALT LAKE CITY

ANTHEM ELECTRONICS

1615 W. 2200, South, Suite A

Salt Lake City, UT 84119-1456
(801) 973-8555 TWX 910-925-5273

SALT LAKE CITY

BELL INDUSTRIES

3639 W. 2150, South

Salt Lake City, UT 84120-1286
(801) 972-6969 TWX 910-925-5686

WASHINGTON

REDMOND

ANTHEM ELECTRONICS
5020-148th Ave., Northeast
Redmond, WA 98052-5171

(206) 881-0850 TWX 910-998-0118

SEATTLE

BELL INDUSTRIES

1900-132nd Ave., Northeast
Bellevue, WA 98005-2288

(206) 747-1515 TWX 910-443-2482

WISCONSIN

NEW BERLIN

HALL-MARK ELECTRONICS
16255 W. Lincoln Ave.

New Berlin, Wi 53151-2834
(414) 797-7844, (800) 242-5252
TLX 323 062

CANADA

ALBERTA

FUTURE ELECTRONICS, INC.
5809 MacLeod Trail South, Unit 109
Calgary, Alberta T2H 0J9

(403) 259-6408 TWX 610-821-1927

ALBERTA

L. A. VARAH LIMITED
9525-41 Ave.

Edmonton, Alberta T6E 5X7
(403) 461-2222, (800) 661-7223
TLX 037 2970

BRITISH COLUMBIA
FUTURE ELECTRONICS, INC.
1695 Boundry Rd.

Vancouver, British Columbia
V5K 4X7

(604) 294-1166

BRITISH COLUMBIA

INTEK ELECTRONICS LTD.

6830 Burlington Ave.

Burnaby, British Columbia V5J 4H1
(604) 435-1777 TLX 04-356635

ONTARIO

FUTURE ELECTRONICS, INC.
Baxter Centre, 1050 Baxter Rd.
Ottawa, Ontario K2C 3P2

(613) 820-8313 TWX 610-563-1697

ONTARIO

FUTURE ELECTRONICS, INC.
82 St. Regis Crescent N.
Downsview, Ontario M3J 123
(416) 638-4771 FAX 416-638-2936

QUEBEC (MONTREAL)
FUTURE ELECTRONICS, INC.
237 Hymus Bivd.

Pointe Claire, Quebec HI9R 5C7
(514) 694-7710 TWX 610-421-3251
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SALES OFFICES

REPRESENTATIVES

EUROPEAN
HEADQUARTERS
BOURNS AG
Zugerstrasse 74

6340 Baar
Switzerland

Phone: 042-33 33 33
Telex: 868 722

ARGENTINA

Noise S.R.L.

V. Cevallos 239

(1077) Buenos Aires

Argentina

Phone: 46-5776/0628/0864/2214
Telex: 22892 Noise AR

AUSTRALIA

RIFA Pty. Ltd.

202 Bell St.

Preston, Victoria 3072
Phone: (03) 480 1211
Telex: AA 31001
Cable: RIFMEL

RIFA Pty. Ltd.

2 Cross St.

Hurstville, 2220 N.S.W.
Phone: (02) 570-8122
Telex: 22515

AUSTRIA

Ing. Otto Folger
Elektronische Geraete
Blindengasse 36

1080 Vienna

Phone: 0222-43 26 39
Telex: 131 882

BENELUX

Bourns Benelux B.V.

Van Tuyl van Serooskerkestr. 81-85
P.0. Box 37

2270 AA Voorburg,

The Netherlands

Phone: 070-87 54 04

Telex: 32023

EASTERN EUROPE
Dipl. Ing.

Gerhard Stoits
Nordbahnstrasse 44/15
1020 Vienna

Austria

Phone: 0222-24 71 37
Telex: 134 171

FINLAND

Insele OY
Kumpulantie 1
00520 Helsinki 52
Phone: 90-75 06 00
Telex: 122217

FRANCE

Bourns OHMIC S.A.
21/23 rue des Ardennes
75019 Paris

Phone: 01-40 03 35 93
Telex: 230 008

GERMANY
Bourns GmbH
Postfach 1155
Breite Strasse 2
7000 Stuttgart 1
Phone: 0711-2293 0
Telex: 721 556

GREECE

Germanis Co.

Trade of Electronic Gear
Aristotelous St. 47-49
P.O. Box 8209

10010 Athens

Phone: 01-821 58 25
Telex: 219 179

HONG KONG

Components Agent Ltd.

Unit 2301 C-2, Nan Fung Centre
298 Castle Peak Road, N.T.
Phone: 0-4992688

Telex: 30398 Comag HX

DENMARK

E. Friis-Mikkelsen A/S
Krogshojvej 51

2880 Bagsvaerd-Copenhagen
Phone: 02-98 63 33

Telex: 37 350

INDIA

American Components, Inc.
141-A Mittal Ct.

Nariman Point

Bombay 40021

Phone: 222-999

Telex: 0113855

ISRAEL

AVIV Electronics Ltd.
12, Kehilat Venecia St.
PO.B. 24190

Tel-Aviv 61241

Phone: 03-49 44 50
Telex: 33572 maviv il

ITALY

TECHNIC S.r.L.

Via Brembo 21
20139 Milan

Phone: 02-569 57 46
Telex: 316 651

JAPAN

Nippon PMI Corporation
Haratetsu Building
4-1-11, Kudan Kita
Chiyoda-ku, Tokyo

102 Japan

Phone: (03) 234-1411
Telex: 781 J 27632

KOREA

Yeonil & Company, Ltd.
#498-5 Dapsipri-Dong
Dongdaemoon-Ku, Seoul
Phone: (02) 244-7492
Telex: K24123 Yeonil

NORWAY

A/S Kiell Bakke
Ovre Raelingsvei 20
P.O. Box 27

2001 Lillestrom
Phone: 02-83 02 20
Telex: 19 407

PORTUGAL

Telectra S.AR.L.

Rua Rodrigo da Fonseca 103
Lisbon 1

Phone: 19-68 60 72

Telex: 42827

SINGAPORE

Dynamar International Ltd.
12, Lorong Bakar Batu, #65-11
Kolam Ayer Industrial Park
Singapore 1534

Phone: 747-6188

Telex: RS26283 Dynama

SOUTH AFRICA
JOHANNESBURG

Associated Electronics (Pty) Ltd.
P.O. Box 31094, Braamfontein 2017

Associated House, 150 Caroline St.

Brixton, Johannesburg
Phone: 011-839 18 24
Telex: 425 586

DUNSWART

Allied Electronic Components
(Pty) Ltd.

P.O. Box 6387

Dunswart 1508

Phone: 52-86 61

Telex: 425 559

INTERNATIONAL

SPAIN

Selco S.A.

Paseo de la Habana, 190
28036 Madrid

Phone: 01-405 42 13
Telex: 45 458

SWEDEN

Bexab Elektronik AB
P.O. Box 516

18325 Taeby

Phone: 08-768 05 60
Telex: 10912

SWITZERLAND
Bourns (Schweiz) AG
Zugerstrasse 74

6340 Baar

Phone: 042-33 33 33
Telex: 868 722

TAIWAN

Morrihan International Corporation
8F-5 Sun Plaza

No. 57, Fu-Hsing N. Rd.

Taipei, Taiwan, R.O.C.

Phone: (02) 752 2200

Telex: (785) 20422 Morrihan

TURKEY

NEL Elektronik
Suemer Sokak No. 42
Yenisehir-Ankara
Phone: 041-30 15 10
Telex: 42 229

UNITED KINGDOM
Bourns Electronics Ltd.
Hodford House

17/27 High St.

Hounslow, Middlesex TW3 1TE
Phone: 01-572 65 31

Telex: 264 485

YUGOSLAVIA
Jugomineral

Sektor inozemna zastupstva
llica 34/11

P.O. Box 376

41000 Zagreb

Phone: 041-42 37 46

Telex: 21 194
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BELGIUM

Auriema Belgium

rue Brogniezstraat 172 a
1070 Brussels

Phone: 02-523 62 95
Telex: 216 46

FRANCE
MAISONS-LAFITTE
1.S.A. Electronique
50/52, rue d’Acheres
78600 Maisons-Lafitte
Phone: 1-39 12 24 52
Telex: 695 877

SURESNES

1.8.C.

International Semi-Conductor
Corp. France

28/30 rue de la Procession
B.P. 118

92153 Suresnes

Phone: 1-45 06 42 75

Telex: 614 596

VERRIERES LE BUISSON
HYBRITECH (for dice only)
Z.1. des Godets

Route de Bua

CE 421

91374 Verrieres le Buisson
Phone: 1-69 20 22 10

Telex: 300 315

CHATILLON CEDEX
BANELEC

90, rue Pierre Semard
B.P.83

92322 Chatillon Cedex
Phone: 1-46 55 43 43
Telex: 204 874

CLICHY CEDEX
DIMACEL

11, rue Jean d'Asnieres
B.P. 280

92113 Clichy Cedex
Phone: 1-47 30 15 15
Telex: 610 652

BONNEUIL CEDEX
SYSCOM

Z.A. des Petits-Carreaux
12, av. des Coquelicots
94385 Bonneuil Cedex
Phone: 1-43 77 84 88
Telex: 231 568

LILLE

DIMACEL

78, rue Boucher-de-Perthes
59800 Lille

Phone: 20 30 85 80

Telex: 110 173

STRASBOURG
DIMACEL

17, Boulevard de Nancy
6700 Strasbourg
Phone: 88 22 07 19
Telex: 880 372

RENNES
DIMACEL

5, rue Louis Turban
35100 Rennes
Phone: 99 50 25 92
Telex: 950 466

BORDEAUX

DIMACEL

137/139, rue Croix-de-Seguey
33000 Bordeaux

Phone: 56 81 14 40

Telex: 540 579

FRANCE continued
BORDEAUX CEDEX
S.C.T. Toutelectric
80/83, quai de Queyries
33072 Bordeaux Cedex
Phone: 56 86 50 31
Telex: 550 988

SAINT PRIEST

DIMACEL

Cerisioz 2—Tour 5

32bis, Boulevard des Roses
69800 Saint Priest

Phone: 78 21 37 21

Telex: 380 010

SAINT MARTIN d’HERES CEDEX
DIMACEL

21, rue Beal

Z.1. Sud

B.P. 155

38404 Saint Martin d’Heres Cedex

LYON CEDEX
RADIALEX

74, rue Vendome

B.P. 6003

69411 Lyon Cedex 06
Phone: 78 89 45 45
Telex: 300 238

GRENOBLE
RADIALEX

6, rue Georges Jacquet
B.P. 866

38036 Grenoble
Phone: 76 49 49 92
Telex: 320 378

TOULOUSE CEDEX
S.C.T. Toutelectric

37, av. Emile Dewoitine
B.P. 2167

31022 Toulouse Cedex
Phone: 61 22 04 22
Telex: 530 219

TOULOUSE

DIMACEL

284, route de St Simon
31100 Toulouse
Phone: 61 40 96 50
Telex: 521 364

LES MILLES

DIMACEL

64, rue Georges Claude
Z.1. Aix en Provence
13763 Les Milles
Phone: 42 39 85 50
Telex: 441 569

TOULON CEDEX
DIMEL

“Le Marino”

Avenue Claude Farrere
B.P. 1153

83058 Toulon Cedex
Phone: 94 41 49 63
Telex: 430 093

GERMANY

BERLIN

Spoerle Electronic KG
Gneisenaustrasse 2
1000 Berlin 61

Phone: 030-693 40 90
Telex: 186 029

BERLIN

Distron GmbH & Co.
Behaimstrasse 3

1000 Berlin 10

Phone: 030-342 10 41 45
Telex: 185 478

AUTHORIZED
DISTRIBUTORS

GERMANY continued
BREMEN

Assmy & Bottger
Ingolstadterstrasse 1/3
2800 Bremen 1

Phone: 0421-38 94 1
Telex: 244 363

HAMBURG

Walter Kulxen GmbH
Nordkanalstrasse 52
2000 Hamburg 1
Phone: 040-2 37 010
Telex: 2 162 074

HANNOVER

Elkose GmbH
Vahrenwalderstrasse 205/207
3000 Hannover 1

Phone: 0511-6 78 05 0

Telex: 921 501

DORTMUND

Elkose GmbH
Lindenhorsterstrasse 38
4600 Dortmund

Phone: 0231-8 40 50
Telex: 8 227 882

DREIEICH

Spoerle Electronic KG
Max-Planck-Strasse 1/3
6072 Dreieich

Phone: 06103-3 04 0
Telex: 417 972

MOGLINGEN
Elkose GmbH
Bahnhofstrasse 44
7141 Moglingen
Phone: 07141-48 70
Telex: 7 264 472

STUTTGART

DACOM Electronic Vertriebs GmbH
Hutteneichenweg 10

7000 Stuttgart 80

Phone: 0711-74 10 21

Telex: 7 255 309

MUNICH

Astronic
Winzererstrasse 47 D
8000 Munchen 40
Phone: 089-30 90 31
Telex: 5 216 187

KIRCHHEIM

MBS Electronic
Benzstrasse 1

8011 Kirchheim
Phone: 089-903 85 51
Telex: 5215 555

PUTZBRUNN

Sasco GmbH
Hermann-Oberth-Strasse 16
8011 Putzbrunn

Phone: 089-4 61 10

Telex: 529 504

NUERNBERG
Semtech GmbH
Hallerweiherstrasse 5
8500 Nuernberg 50
Phone: 0911-83 10 03
Telex: 623 960

ISRAEL

AVIV Electronics Ltd.
12, Kehilat Venecia St.
P.O. Box 24190
Tel-Aviv 61241

Phone: 03-49 44 50
Telex: 33 572

INTERNATIONAL

ITALY

MILAN

Comprel S.PA.

Viale F. Testi, 115

20092 Cinisello Balsamo
Milan

Phone: 02-612 06 41/5
Phone: 02-612 66 41/5
Telex: 332 484

ROME

Comprel S.PA.

Via Farnesina, 224
00194 Rome

Phone: 06-328 67 39
Phone: 06-328 68 89

VICENZA

Comprel S.PA.

Via Pasini 18

36100 Vicenza
Phone: 0444-3 39 12

NETHERLANDS
HAAKSBERGEN
Texim Electronics B.V.
Albert Cuyplaan 4
7482 JA Haaksbergen
Phone: 05427-333 33
Telex: 448 08

STADSKANAAL
Elincomb B.V.
Oosterkade 33,

P.O. Box 248

9500 AE Stadskanaal
Phone: 05990-148 30
Telex: 533 78

SWEDEN

Elfa Radio and Television AB
171 17 Solna

Phone: 08-730 07 00

SWITZERLAND
Distrelec AG
Hardturmstrasse 131
8037 Zurich

Phone: 01-276 22 11
Telex: 823 045

UNITED KINGDOM
CAMBRIDGE

Hi-Tek Electronics Ltd.
Ditton Walk
Cambridge CB5 8QD
Phone: 0223-21 33 33
Telex: 817 347

BEDFORD

RR Electronics Ltd.

St. Martins Way Industrial Estate
Cambridge Road

Bedford MK42 OLF

Phone: 0234-47 188

Telex: 826 251

KENT

Jermyn Distribution Ltd.
Vestry Estate
Sevenoaks

Kent TN14 5EU

Phone: 0732-45 01 44
Telex: 95 142

ESSEX

STC Electronics Services
Edinburgh Way

Harlow

Essex CM20 2DF

Phone: 0279-26 777
Telex: 81 525

253

SALES OFFICES, REPRESENTATIVES AND DISTRIBUTORS






CORPORATE HEADQUARTERS
1500 Space Park Drive PMI
PO. Box 58020 |
Santa Clara, CA 95052-8020
Phone: 408 727-9222
Telex: 3719 541

EUROPEAN HEADQUARTERS
Bourns AG

Zugerstrasse 74

6340 Baar

Switzerland

Phone: 042-33 33 33

Telex: 868 722

ASIA PACTFIC HEADQUARTERS
‘ Bourns Asia Pacific
Citicorp Centre 14th Floor

18 Whitfield Road

Causeway Bay, Hong Kong

Phone: 011-852-5-702-171

Telex: 011-852-5-664-341

JAPAN

Nippon PMI Corporation
Haratetsu Building
4-1-11, Kudan Kita
Chiyoda-ku, Tokyo

102 Japan

Phone: (03) 234-1411
Telex: 781 J 27632
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