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8-81T CMOS COMPATIBLE THREE IC SUCCESSIVE APPROXIMATION A TO D CONVERTER
FIGURE 6

LOW COST THREE IC CMOS COMPATIBLE A/D
CONVERTER

The diagram in Figure 6 is a modification of a previously
published application note circuit substituting CMOS logic for
TTL. All necessary logic for A to D conversion is contained in
L1, a MC14559 CMOS successive approximation register. A
conversion sequence is initiated by applying a positive pulse,
with a width greater than one clock cycle, to the “’Start
Conversion” input. The analog input, applied to Rg and con-
verted to a current, is compared successively to 1/2 scale, then
1/4 scale, and the remaining binarily decreasing bit weights
until it has been resolved within £1/2 LSB. At this time, ‘'End
of Conversion”’ changes to a logic ‘1"’ and the parallel answer

is present in negative-true, binary-coded format at the register
outputs.

Tracking A to D’s may be similarly constructed using CD4029A
up/down counters, a DAC-100, and a CMP-01 fast precision
comparator.

CONCLUSION

Precision Monolithics D/A converters may be easily incorpor-
ated into CMOS systems. Low current logic input stage designs
allow simple interfacing with a minimum of external com-
ponents. The fow power dissipation, high speed output and
low cost make this line of monolithic DAC’s attractive in
CMOS system designs.
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MINIMIZATION OF NOISE IN OPERATIONAL AMPLIFIER APPLICATIONS

Donn Soderquist

INTRODUCTION

Since operational amplifier specifications such as input offset
voltage and input bias current have improved tremendously
in the past few years, noise is becoming an increasingly
important error consideration. To take advantage of today’s
high performance op amps, an understanding of the noise
mechanisms affecting op amps is required. This paper examines
noise contributions, both internal and external to an op amp,
and provides practical methods for minimizing their effects.

BASIC NOISE PROPERTIES

Noise, for purposes of this discussion, is defined as any signal
appearing in an op amp’s output that could not have been
predicted by DC and AC input error analysis. Noise can be
random or repetitive, internally or externally generated,

current or voltage type, narrowband or wideband, high fre-
quency or low frequency; whatever its nature, it can be
minimized.

The first step in minimizing noise is source identification in
terms of bandwidth and location in the frequency spectrum;
some of the more common sources are shown in Figure 1, an
11-decade frequency spectrum chart. Some preliminary obser-
vations can be made: noise is present from DC to VHF from
sources which may be identified in terms of bandwidth and
frequency. Noise source bandwidths overlap, making noise a
composite quantity at any given frequency. Most externally
caused noise is repetitive rather than random and can be
found at a definite frequency. Noise effects from external
sources must be reduced to insignificant levels to realize the
full performance available from a low noise op amp.

1Hz 300KHz
RADAR PULSE REPETITION FREQUENCY
. ‘ , 1
DOMINANT REGION I/F (FLICKER) NOISE-PINK NOISE |[DOMINANT REGION OF WHITE NOISE (JOHNSON & SCHOTTKY)|
MECHANICAL VIBRATION . DR SWITCHING LARGE
CTO DC
( lgws%%ne RADIO STATION
POPCORN NOISE REGION FREQUENCY PICKUP
60H
PRINTED CIRCUIT BOARD power XEMR RELAY & SWITCH
CONTAMINATION RIFPLE (saT) [CHOPRER AMP ARCING
LINE OM MODE
FREQ, P e
PICKUP FREQUENCY
001 01 R 1 10 60 100 120 IéO 1K 10K 100K .55M 1M 10M

FREQUENCY IN Hz

FIGURE 1
FREQUENCY SPECTRUM OF NOISE SOURCES AFFECTING OPERATIONAL AMPLIFIER PERFORMANCE
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EXTERNAL NOISE SOURCES

Since noise is a composite signal, the individual sources must
be identified to minimize their effects. For example, 60Hz
power line pickup is a common interference noise appearing
at an op amp’s output as a 16msec sine wave. In this and most
other situations, the basic tool for external noise source
frequency characterization is the oscilloscope sweep rate
setting. Recognizing the oscilloscope’s potential in this area,
Tektronix® manufactures several preamplifiers with variable
bandwidth and frequency which allow quick noise source
frequency identification. Another basic identification tool is
the simple low pass filter as shown in Figure 2, where the
bandpass is calculated by:

1
27 RC

1) fo =

With such a filter, measurement bandpass can be changed from
10Hz to 100KHz (C = 4.7uF to 470pF), attenuating higher

frequency components while passing frequencies of interest.
Once identified, noise from an external source may be mini-
mized by the methods outlined in Table 1—the external noise
chart.

3.3KQ 0SCILLOSCOPE
O

4.7uF TO 470pF
I 10 Hz TO 100 KHz

FIGURE 2
NOISE FREQUENCY ANALYSIS RC LOW PASS FILTER

transformers.

TABLE 1 EXTERNAL NOISE SOURCE CHART
Source Nature Causes Minimization Methods
?owerlines physically clos\e to op amp Reorientation of power wiring. Shielded
60Hz Power Repetitive Interference inputs. Poor CMRR at 60Hz. Power transformers. Single point grounding.
Transformer primary-to-secondary capa- Battery power.
citive coupling.
120Hz Ripple Repetiti :uup;'pl;vat:nﬁmc;;sf|e|rr\;zz|:afenr$:’:a|: on. | Thoroush design to minimize ripple. RC
epetitive 'nais. ! 3 decoupling at the op amp. Batter
_sideration. Poor PSRR at 120Hz. pling P amp. Battery power.
180Hz Repetitive EMI 180Hz radiated from saturated 60Hz Physical reorientation of components.

Shielding. Battery power.

Radio Stations

Standard AM Broadcast
Through FM

Antenna action anyplace in system.

Shielding. Output filtering. Limited cir-
cuit bandwidth.

Relay and Switch
Arcing

High frequency burst at
switching rate

Proximity to amplifier inputs, power
lines, compensation terminals, or nulling
terminals.

Filtering of HF components. Shieiding.
Avoidance of ground loops. Arc sup-
pressors at switching source.

Printed Circuit
Board
Contamination

Random Low Frequency

Dirty boards or sockets.

Thorough cleaning at time of soldering
followed by a bakeout and humidity
sealant.

Radar
Transmitters

High Frequency Gated At
Radar Pulse Repetition
Rate

Radar transmitters from long range sur-
face search to short range navigational—
especially near airports.

Shielding.
Qutput filtering of frequencies >> PRR.

Attention to connectors and cable con-

b ?Char"cal Random < 100Hz Loose c«f)nnectif)ns, |n.term|ttent metallic ditions. Shock mounting in sesere
Vibration contact in mobile equipment. .
environments.
Common Mode Input . . . i . ipol
Chopper p Abnormally high noise chopper amplifier ?alanced source .resmors ‘Use blpp ar
Frequency Current At Chopping in system input op amps instead. Use premium
Noise Frequency : low noise chopper.
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POWER SUPPLY RIPPLE

Power supply ripple at 120Hz is not usually thought of as a
noise, but it should be. In an actual op amp application, it is
quite possible to have a 120Hz noise component that is equal
in magnitude to all other noise sources combihed, and, for
this reason, it deserves a special discussion.

To be negligible, 120Hz ripple noise should be between 10nV
and 100nV referred to the input of an op amp. Achieving
these low levels requires consideration of three factors:the
op amp’s 120Hz power supply rejection ration (PSRR), the
regulator’s ripple rejection ratio, and finally, the regulator’s
input capacitor size.

PSRR at 120Hz for a given op amp may be found in the
manufacturer’s data sheet curves of PSRR versus frequency as
shown in Figure 3. For the amplifier shown, 120Hz PSRR is
about 74dB, and to attain a goal of 100nV referred to the
input, ripple at the power terminals must be less than .5mV.
Today’s IC regulators provide about 60dB of ripple rejection;
in this case the regulator input capacitor must be made large
enough to limit input ripple to .5V.

CTTTIm
. oP-07
P T
OP-07C
100
90
g
=
% 80
a
70
60
50
0.l 1.0 10 100 1000 10000
FREQUENCY (Hz)
FIGURE 3
PSRR VS FREQUENCY (OP-07,,0P-07C)

Externally-compensated low noise op amps can provide
improved 120Hz PSRR in high closed-loop gain configurations.
The PSRR versus frequency curves of such an op amp are
shown in Figure 4. When compensated for a closed-loop gain
of 1000, 120Hz PSRR is 115dB. PSRR is still excellent at
much higher frequencies allowing low ripple-noise operation in
exceptionally severe environments.

POWER SUPPLY DECOUPLING

Usually, 120Hz ripple is not the only power supply associated
noise. Series regulator outputs typically contain at least 150uV
of noise in the 100Hz to 10KHz range; switching types
contain even more. Unpredictable amounts of induced noise
can also be present on power leads from many sources. Since
high frequency PSRR decreases at 20dB/decade, these higher
frequency supply noise components must not be allowed to
reach the op amp’s power terminals. RC decoupling, as shown
in Figure 5, will adequately filter most wideband noise. Some

caution must be exercised with this type of decoupling, as load
current changes will modulate the voltage at the op amp’s
supply pins.

120
[T T
1o l
Al
)
100. "‘;
g90 [ o““
’p\
80 U’b
70.
60 I
001 ol ol 10 10 100

FREQUENCY (KHz)

FIGURE 4
PSRR VS FREQUENCY (SSS725, SSS725B, SSS725E)

100 @

JuF +| 1004F
DISC ELECTROLYTIC
I CERAMIC I

INSTRUMENTATION,

M3 100,F
DISC ECTROLYT!
ICERAMIC IEL CTROLYTIC

FIGURE 5
RC DECOUPLING

POWER SUPPLY REGULATION

Any change in power supply voltage will have a resultant effect
referred to an op amp's inputs. For the op amp of Figure 3,
PSRR at DC is 110dB (3uV/V) which may be considered as
a potential low frequency noise source. Power supplies for low
noise op amp applications should, therefore, be both low in
ripple and well-regulated. Inadequate supply regulation is often
mistaken to be low frequency op amp noise.

When noise from external sources has been effectively mini-
mized, further improvements in low noise performance are
obtained by specifying the right op amp and through careful
selection and application of the associated components.
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OPERATIONAL AMPLIFIER INTERNAL NOISE

OP AMP NOISE SPECIFICATIONS

Most completely specified low noise op amp data sheets
specify current and voltage noises in a 1Hz bandwidth and
low frequency noise over a range of .1Hz to 10Hz. To mini-
mize total noise, a knowledge of the derivation of these
specifications is useful. In this section, the reader is provided
with an explanation of basic op amp-associated random noise
mechanisms and introduced to a simplified method for calcu-
lating total input-referred noise in typical applications.

RANDOM NOISE CHARACTERISTICS

Op amp-associated noise eurrents and voltages are random.
They are aperiodic and uncorrelated to each other and have
Gaussian amplitude distributions, the highest noise amplitudes
having the lowest probability. Gausstan amplitude distribution
allows random noises to be expressed as rms quantities;
multiplying a Gaussian rms quantity by six results in a peak to
peak value that will not be exceeded 99.73% of the time (this
is a handy rule-of-thumb for noise calculations).

The two basic types of op amp-associated noises are white
noise and flicker noise (1/f). White noise contains equal
amounts of power in each Hertz of bandwidth. Flicker noise
is different in that it contains equal amounts of power in
each decade of bandwidth. This is best illustrated by spectral
noise density plots such as in Figures 6 and 7. Above a certain
corner frequency, white noise dominates; below that frequency
flicker (1/f) noise is dominant. Low noise corner frequencies
distinguish low noise op amps from general purpose devices.

SPECTRAL NOISE DENSITY

To utilize Figures 6 and 7, let us consider the definition of
spectral noise density: the square root of the rate of change of
mean-square noise voltage (or current) with frequency (Eq. 2).

d
2A) en2 = Ef_ (Eq)2

d
2B) in2 = — (Iy)?
n df n
3A) E, = o,
n e, df
fie
f
3B) I, = H
"/ in? df
fe
Where: e,, in = Spectral noise density
En. In = Total rms noise
fu = Upper frequency limit
fL = Lower frequency limit

Conversely, the rms noise value within a given frequency band
is the square root of the definite integral of the spectral noise
density over that frequency band (Eqg. 3). This means that
three things must be known to evaluate total voltage noise
(E,) or current noise (I,): fy, f_, and a knowledge of noise
behavior over frequency.
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25°C ||
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00 1000
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FIGURE 6
SSS725 NOISE VOLTAGE

CURRENT NOISE (pA/VHz)

T
t CORNER FREQUENCY,
TV

1/
Ll

1.0 10
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FIGURE 7
S§8S725 NOISE CURRENT

WHITE NOISE

White noise sources are defined to have a noise content that is
equal in each Hertz of bandwidth, and Eq. 3 may be rewritten
for white noise sources as:

4) En (w) = en V fH_fL 5) In (w) = in VfH"fL

It is therefore convenient to express spectral noise density in
V/A/Hz or AA/Hz where fy — f_ = 1 Hz. When fy > 10 f_, the
white noise expressions may be further reduced to:

6) E,(w) = en\/fh 7) dp (w) = in/fH
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FLICKER NOISE

Since flicker noise content is equal in each decade of band-
width, total flicker noise may be calculated if noise in one
decade is known. The .1Hz to 1Hz decade noise content
(K) is widely used for this purpose because the white noise
contribution below 10Hz is usually negligible.

8) En(f)%K\/lj 9) |,,(f)s|<\/¥

When substituted in Eq. 3, the expressions may be rewritten to:

f T
10) E, () = K_[In (—“) M1, () = K [in (ﬂ)
fL N

FLICKER NOISE AND WHITE NOISE

When corner frequencies are known, simplified expressions for
total voltage and current noise (Ey and Iy) may be written:

f
12) Ep (fy — 1) = en [foe In(f—H)+ Ty

L
. ’ (fH)
13) IN (fH—fL) =y fci In|—]| + fH_fL
fL
Where: e, = White noise voltage in a 1Hz bandwidth
in = White noise current in a 1Hz bandwidth
fee = Voltage noise corner frequency
fei = Current noise corner frequency
fy = Upper frequency limit
fi = Lower frequency limit

The two most important internally generated noise minimiza-
tion rules are derived from Eq. 12 and 13: limit the circuit
bandwidth and use operational amplifiers with low corner
frequencies.

NOISE SUMMATION

In the spectral density discussion, the concepts of white
noise and flicker noise were introduced. In Figure 8, the
complete input-referred op amp noise model, internal white
and flicker noise sources are combined into three equivalent
input noise generators, Ey, Inq and Inp. The noise current
generators produce noise voltage drops across their respective
source resistors, Rgy and Rgp. The source resistors themselves
generate thermal noise voltages, Ey;, and Ey. Total rms

v+

IDEAL
NOISELESS
OP AMP

FIGURE 8
OP AMP NOISE MODEL

input-referred. voltage noise, over a given bandwidth, is the
square root of the sum of the squares of the five noise voltage
sources over that bandwidth.

14)ENT(fH‘fL)=\/EN2+('N1 “Rs1)2+(In2 *Rsp) 2+ Eqy2 + Eq2

Minimization of total noise requires an understanding of the
mechanisms involved in each of the five generators. First, the
white noise mechanisms, thermal and shot, are discussed,
followed by the low frequency noise mechanisms, flicker and
popcorn.

THERMAL NOISE

Thermal (Johnson) noise is a white noise voltage generated
by random movement of thermally-charged carriers in a resis-
tance; in op amp circuits this is the type of noise produced by
the source resistances in series with each input. Its rms value
over a given bandwidth is calculated by:

15) E; = \/4kTR (fy — L)

Where: k = Boltzmann's constant = 1.38 x 1023 joules/°K
T = Absolute temperature, °Kelvin
R = Resistance in ohms
fu = Upper frequency limit in Hertz

fL = Lower frequency limit in Hertz

At room temperature Eq. 15 simplifies to:

16) E, = 1.28x 10710 AfR (fy —f,)

To minimize thermal noise (Ey; and Ey) from Rgq and Rgp,
large source resistors and excessive system bandwidth should
be avoided.

Thermal noise is also generated inside the op amp, principally
from rpp, the base-spreading resistances in the input stage
transistors. These noises are included in Ey, the total equiva-
lent input voltage noise generator.

SHOT NOISE

Shot noise (Schottky noise) isawhite noise current associated
with the fact that current flow is actually a movement of
discrete charged particles (electrons). In Figure 8, Iy1 and lyo,
above the 1/f frequency, are shot noise currents which are
related to the amplifier's DC input bias currents:

17) Ish =~/ 2algias (fH —fL)

Where: lg, = RMS shot noise value in amps
q = Charge of an electron =1.59 x 107"
Igias = Bias current in amps
fy = Upper frequency limit in Hertz
fL = Lower frequency limit in Hertz

At room temperature Eq. 17 simplifies to:

18) Ish = 664 x 1070 Afigias (fy — 1)
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Shot noise currents also flow in the input stage emitter
dynamic resistances (re), producing input noise voltages. These
voltages, along with the rpy thermal noise, make up the white
noise portion of Ep, the total equivalent input noise voltage
generator.

FLICKER NOISE

In limited bandwidth applications, flicker (1/f) noise is the
most critical noise source. An op amp designer minimizes
flicker noise by keeping current noise components in the input
and second stages from contributing to input voltage noise.
Eqg. 19 illustrates this relationship:

i
N second stage

19) ————— =¢,

g input
M first stage

Another critical factor is corner frequency. For minimum noise
the current and voltage noise corner frequencies must be low;
this is crucial. As shown in Figure 9, low noise corner frequen-
cies distinguish low noise op amps from ordinary industry-
standard 741 types.
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FIGURE 9

NOISE VOLTAGE COMPARISON

The photograph in Figure 10, taken using the test circuit of
Figure 11, illustrates the flicker noise performance of the
OP-07. This device demonstrates proper attention to low
noise circuit design and wafer processing and achieves a
remarkable 0.35uV peak to peak input voltage noise in the
0.1Hz to 10Hz bandwidth.

POPCORN NOISE

Popcorn noise (burst noise) is a momentary change in input
bias current usually occurring below 100Hz, and is caused by
imperfect semiconductor surface conditions incurred during
wafer processing. Precision Monolithics minimizes this
problem through careful surface treatment, general cleanliness,
and a special three-step process known as “Triple Passivation.”

R RNRED O INF

FIGURE 10
OP-07 LOW FREQUENCY NOISE

3.3kQ OUTPUT

a7yt

L

(A¢10Hz FILTER)

—isv

SAAAA
2.5M0
Vo SmV/cm

55,000" 25,000 - 200nV/em

INPUT REFERRED NOISE =

FIGURE 11
LOW FREQUENCY NOISE TEST CIRCUIT

To begin the process, a specially treated thermal silicon dioxide
layer is grown. This protects the junctions and also attracts
any residual ionic impurities to the top surface of the oxide,
where they are held fixed. Next, a layer of silicon nitride is
applied to prevent the entry of any potential contamination
or impurities. The third step is the thick glass overcoat which
leaves only the bonding pads exposed. A cutaway view of a
finished device is shown in Figure 12.

PRECISION MONOLITHICS
TRIPLE PASSIVATED™
INTEGRATED CIRCUIT PROCESS

EMITTER BASE COLLECTOR

1. SILICON DIOXIDE
2.SILICON NITRIDE
3.GLASS OVERCOAT

.
SILICON
ALUMINUM

FIGURE 12
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Op amp manufacturers face a difficult decision in dealing with
popcorn noise. Through careful low noise processing, it can be
eliminated from almost all devices; alternatively, the processing
may be relaxed, and finished devices must be individually
tested for this parameter. Special noise testing takes valuable
labor time, adds significant amounts to manufacturing cost,
and ultimately increases the price a customer has to pay. At
Precision Monolithics the low noise process alternative is used
to- manufacture high volumes of cost-effective low noise
op amps.

TOTAL NOISE CALCULATION

With data sheet curves and specifications, and a knowledge of
source resistance values, total input-referred noise may be
calculated for a given application. To illustrate the method,
noise information from the Precision Monolithics OP-07
data sheet is reproduced in Figure 13. The first step is to
determine the current and voltage noise corner frequencies so
that the Ey and Iy terms of Eq. 14 may be calculated using
Eqg. 12 and 13.

CORNER FREQUENCY DETERMINATION

In the input spot noise versus frequency curves of Figure 13,
it may be seen that voltage noise (Rg = 0) begins to rise at
about 10Hz. Lines projected from the horizontal (white noise)
portion and sloped (flicker noise) portion intersect at 6 Hz, the
voltage noise corner frequency (fe). In the center curve,
excluding thermal noise from the source resistance, current
noise multiplied by 200KS2 is plotted as a voltage noise.
Lines projected from the horizontal portion and sloped por-
tions intersect at 60 Hz, the current noise corner frequency (fg).

Eq. 12 and 13 also require e and iy, for calculation of Ey and
IN. To find e, and i,, use the data sheet specification a
decade or more above the respective corner frequencies;
in this case e, is 9.6nV/A/Hz (1000Hz), and i, s
0.12pAA/Hz (1000 Hz).

1000

Rsy *Rg2® 200kn
THERMAL NOISE OF SOURCE

\i Ll RESISTORS INCLUDED

N~ | H EXCLUDED —
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= — e
&] }"}\I_
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HHH
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oP-07 ' HH]
Vg =218V TT1TT]
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INPUT NOISE VOLTAGE (nV/

1.0 10 100 1000
FREQUENCY (Hz)

FIGURE 13A
INPUT SPOT NOISE VOLTAGE VS FREQUENCY

OP-07 ULTRA-LOW OFFSET VOLTAGE OP-AMP

ELECTRICAL CHARACTERISTICS OP-07A oP-07
These specifications apply for V¢ = 15V, Tp = 25°C, unless otherwise noted.
Parameter Symbol Test Conditions Min Typ Max Min Typ Max {| Units

Input Noise Voltage enpp 0.1Hz 10 10Hz - 0.35 06 - 0.35 0.6 HV pp
fy = 10Hz _ 10.3 18.0 —— 103 18.0

Input Noise Voltage Density e fo = 100Hz - 10.0 13.0 - 100 130 nVA/Hz
fo = 1000Hz — 9.6 10 - 9.6 1.0

Input Noise Current inp-p 0.1Hz t0 10Hz — 14 30 - 14 30 PA DD
fo = 10Hz - 0.32 0.80 - 0.32 0.80

input Noise Current Density in fo = 100Hz - 0.14 0.23 - 0.14 0.23 pAR/HZ
fo = 1000Hz —= 0.12 0.17 - 0.12 017

Input Offset Voltage Vos - 10 25 - 30 75 uv

Long Term vinput Offset Voltage Stability | Vgo¢/Time - 0.2 1.0 - 0.2 1.0 MV/Mo

Input Offset Current los - 0.3 20 —- 0.4 28 nA

Input Bias Current g - +7 +20 - 10 30 nA

INPUT NOISE VOLTAGE (e"p_p)

The peak to peak noise voltage in a specified frequency band.
INPUT NOISE VOLTAGE DENSITY (e}

The rms noise voltage in a 1Hz band surrounding a specified value of
frequency.

FIGURE 13B

INPUT NOISE CURRENT (inp-p)

The peak to peak noise current in a specified frequency band.
INPUT NOISE CURRENT DENSITY (i)

The rms noise current in a 1Hz band surrounding a specified value
of frequency.
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BANDWIDTH OF INTEREST

To be summed correctly, each of the five noise quantities must
be expressed over the same bandwidth, fy—f| . At this time,
assume fy to be the highest frequency component that must
be amplified without distortion. Note that ey, i, corner fre-
quencies and bandwidth are independent of actual circuit
component values. When doing noise calculations for a large
number of circuits using the same op amp, these numbers
only have to be calculated once.

R2
VW
9KQ
R
—AAN
L ke
0oP-07 —O Eq
R3 +
oKa R1R2
Rs|=m=900n
Rg2=R3=10Ka
FIGURE 14A

NOISE ANALYSIS CIRCUIT

fy=100Hz
= fL=.0001 Hz

FIGURE 14B
NOISE ANALYSIS EQUIVALENT CIRCUIT

TYPICAL APPLICATION EXAMPLE

Figure 14A shows a typical X10 gain stage with a 10 K2 source
resistance. In Figure 14B, the circuit is redrawn to show five
noise voltage sources. To evaluate total input-referred noise,
the values of each of the five sources must be determined.

Using Eq. 16: E; =

A/R (fy — L)

Ey = 1.28x 1070 A/(9002)(100Hz) = .04uVrms
Ep = 1.28x 10710 A/(10KQ)(100Hz) = .128uVrms

Next, calculate Iy using Eq. 13:

i
IN = in fei In f——+fH—f|_
L

100Hz
12pA 60In0

001 Hz

+ 100 —.0001

[}

3.66 pArms

and:
In1*Rst = 3.66 pA (90082) = .0033uVrms

In2*Rs2 = 3.66pA (10KS2) = .0366uVrms

Finally, Ey from Eqg. 12:

fH
En = en Affce IN|—]+ fy —fL
fL

100 Hz
=9.6nV 6In ——— + 100 —.0001
.0001 Hz

= .130uVrms

Substituting in Eq. 14:

18)Eyifu=fL)=A/En2+In12Rg12 + INg2 Rs? + Eqg2+ Erp?

= A/1.1304V)2+(.00331V 12+(.0366,.V) 2+(.04 V)2 +(1281V)2
= 0.19uVrms

Total input-referred noise = 1.14uV peak to peak (.0001Hz to
100 Hz).
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741 CALCULATION EXAMPLE

The preceding calculation determined total noise in a given
bandwidth using a low noise op amp. To place this level of
performance into perspective, a calculation using the industry-
standard 741 op amp in the circuit of Figure 14 is useful. Once
again the starting point is corner frequency determination,
using the data sheet curves of Figure 15: f,, = 200Hz; . =
2KHz; e, = 20nVA/Hz; i, = 5pAA/Hz.

Using these corner frequencies and noise magnitudes, Ey and
In are calculated to be 1uVrms and 83pArms respectively.
Multiplying this noise current by the source resistance gives
terms 2 and 3 of Eq. 14 as shown below:

14)ENT(fH"fL)=’\[EN2+ IN12Rg12+1In22 R522+E+12 + E4p2

Substituting in Eq. 14:

[}

AJRV)Z + (075012 + (83uV)? + (04uV)? + (.128uV)2

Total input-referred noise = 7.8uV peak to peak (.0001Hz to
100 Hz).

" This is 6.8 times that of the low noise op amp example.

The calculation examples illustrate three rules for minimizing
noise in operational amplifier applications:

RULE 1. Use an op amp with low corner frequencies.

RULE 2. Keep source resistances as low as possible.

RULE 3. Limit circuit bandwidth to signal bandwidth.
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BANDWIDTH

Effective circuit bandwidth must not be much greater than
signal bandwidth or amplification of undesirable high frequency
noise components will occur. Throughout the preceding cal-
culations, an assumption of “bandwidth-of-interest’’ was made,
while in actual application the amplifier’s bandwidth must be
considered.
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FIGURE 16A
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FIGURE 168B
CLOSED LOOP RESPONSE FOR VARIOUS
GAIN CONFIGURATIONS

than required, and output filtering, such as in Figure 17, could
be used. As an alternate to output filtering, an integrating
capacitor may be connected across the feedback resistor.
Bandwidth may also be limited in some applications by over-
compensating an externally-compensated low noise op amp,
such as the SSS725.

In Figure 16, the OP-07 frequency response curves show
a rolloff of 20dB/decade; integration of the area under the
curve will show the effective circuit noise bandwidth to be
1.57 times the 3dB bandwidth. In most closed-loop gain
configurations, the amplifier's bandwidth may be greater

10K 2 R

i—

FIGURE 17
OUTPUT FILTERING

MISCELLANEOUS NOISE MINIMIZATION METHODS

Certain other noise mechanisms merit consideration: Use
metal film resistors; carbon resistors exhibit ““excess noise,”
with both 1/f and white noise content being related to DC
applied voltage. The use of balanced source resistors, while
sometimes good for DC error purposes, will increase noise;
the balancing resistor is not required for op amps such as the
OP-07, since lps =~ lg. Keep noise in its proper per-
spective; minimize it without introducing additional DC errors.
Use low noise op amps with overall DC specifications that will
satisfy the application.

SUMMARY
A summary of the major points to consider is as follows:

1) Minimize externally generated noise.

2) Choose an amplifier with low 1/f noise corner frequencies.
3) Limit the circuit bandwidth to signal bandwidth.

4) Eliminate excessive resistance in the input circuit.

CONCLUSION

Recent improvements in IC op amp DC specifications have
made noise an important error consideration. From data sheet
information and source resistance values, total input-referred
noise over a given bandwidth can be easily calculated. Total
noise can be minimized by a thorough understanding of the
various noise-generation mechanisms.
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AN-16

LOW COST, HIGH SPEED ANALOG-TO-DIGITAL CONVERSION WITH THE DAC-08

Donn Soderquist & John Schoeff

Today's fast computer arld microprocessor-controlled systems
frequently require A/D converters which will complete a
conversion in one cycle time.

Until now, these high speed A/D converters have been expen-
sive and difficult to build. Most designers have therefore
chosen to purchase modular A/D converters' typically ranging
in price from $100 to $400. This application note describes
three less costly A/D designs, with total conversion times of
4usec, 2usec, and 1usec. These designs are implemented with
the DAC-08, a recently announced high speed monolithic
Digital-to-Analog converter. A discussion of basic successive

approximation is given, followed by practical circuit designs.

SUCCESSIVE APPROXIMATION A/D ADVANTAGES

Successive approximation A/D conversion is the most popular
choice in many systems today because it achieves high con-
version rates at very low cost. Other methods, such as
Tracking (Servo) or Staircase (Ramp), require up to *2""* clock
cycles per conversion, where ““n’’ is the number of bits of
resolution, while successive approximation requires only “n+1”
clock cycles. Finally, a designer can easily construct his A/D
with readily available standard IC's.

BASIC SUCCESSIVE APPROXIMATION A/D CONVERSION

A successive approximation A/D converter operates by com-
paring the analog input to a series of ““trial”’ conversions; the
first trial compares the input to the value of the most
significant bit (MSB) or approximately half of full scale. Fig. 1
shows the progression of trials for a 3-bit converter. If the
input is greater than the MSB value, the MSB is retained and
the converter moves on to “trying’’ the next most significant
bit, or approximately three-quarters full scale. If the input had
been less than the MSB, the logic would have turned the
MSB off before going on to the next most significant bit, or
one-quarter full scale. This “branching” continues until each
successively smaller bit has been tried, with‘the entire process
taking “‘n”’ trials.

To implement the logic for the successive approximation
algorithm, a configuration similar to Fig. 2 may be employed,
wherein a start command places a “‘one” in the first bit of a
shift register. This sets the first latch to ““one’”” and turns on
the DAC’s MSB. If the comparator output remains low, the
““one’”’ will remain in the latch; if not, the latch will be reset
to zero before the next bit trial begins. The next clock cycle
causes the shift register to place a ““one” in the second bit,
and a similar process continues till all bits have been tried.
After the last bit’s trial, the end-of-conversion output changes
state indicating the parallel data is ready to be used.

{3
1" 10 101 100 on 010 oot 000

FLOW DIAGRAM FOR 3 BIT SUCCESSIVE
APPROXIMATION A/D CONVERSION
FIGURE 1

SUCCESSIVE APPROXIMATION REGISTER

START
SHIFT REGISTER
cLocK
BIT | BIT BIT | BIT END OF
——y
ANALOG 1] 2 “n-1"] "n"
ANALS n-1"] *n CONVERSION
SERIAL
OUTPUT
LATCHES
COMPARATOR mse
——o0
LS8

V] Tse
v
DAC VOLTAGE OUTPUT D/A

SUCCESSIVE APPROXIMATION A/D CONVERTER
FIGURE 2
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CURRENT COMPARISON

The previous discussion indicated that the function of the
comparator was to perform a comparison between the analog
input voltage and the output voltage of the DAC. Higher
speed conversions may be achieved by using the output of a
fast current output DAC directly. This may be implemented
as shown in Fig. 3, where the comparator examines the polarity
of (Viy—IDACRin)- Current comparison eliminates the need
for a current-to-voltage converting op amp which is by far
the slowest element in most D/A converters.

DYNAMIC CONSIDERATIONS

The time required to complete an 8 bit successive approximation
A/D conversion is determined by the length of 8 trials and
their associated comparator decisions, plus one clock cycle.
To minimize these periods, three dynamic considerations
must be made:

1. DAC output current settling time to £1/2LSB.
2. Comparator propagation delay with the available overdrive.

3. Logic propagation delay and setup time requirements.

For example, with a 500nsec DAC, a 500nsec comparator,
and 100nsec of logic delay, each of these cycles would require
1.1usec. An 8 bit conversion would take 9 clock periods, or
10usec. To design a fast A/D, each of these delays must be
made as short as possible. In the next few paragraphs,
practical methods of minimizing these delays are discussed.

all bits switched ON

2.4V-
LOGIC
INPUT it
outpur ~21LSB-]

SETTLING 41/2 L 59

50 nsec/division
SETTLING TIME FIXTURE OF FIGURE 5

Ipg =2mA R =tKQ
1/2 LSB = 4uA

OUTPUT SETTLING TIME
FIGURE 4

DAC CURRENT SETTLING TIME

The DAC-08 is a low cost monolithic current output
DAC with 85nsec full scale settling time and is ideal for use
in high speed A/D converter designs. The internal logic switch
design enables propagation delays of 35nsec for each of the
8 bits. Settling time of the LSB to within £1/2LSB of final
value is therefore 35nsec, with each successively more signifi-
cant bit taking progressively longer. The MSB settles in
86nsec; it is the dominant factor of full scale settling time.
This performance is illustrated in the scope photo of Fig. 4,
taken at the output of the test circuit of Fig. 5.

A major factor affecting settling time is the RC time constant
formed by the load resistance (R_) and the DAC output
capacitance (Co) plus any stray capacitance present at the
summing pode. Settling to within £1/2LSB at 8 bits (+.2%
full scale) requires 6.2 RC time constants. For the DAC-
08, the output capacitance is 15pF; as a result the output RC
time constant is a major factor influencing settling time when
Ry is greater than 50082 and dominates when R, exceeds
900%2.

This situation produces difficult requirements. Optimum DAC
settling time occurs when R < 500€2, but for full scale
currents of 2mA, 1/2LSB is only 4uA. Thus, with a 50082
equivalent resistance, the voltage at the DAC output cor-
responding to 1/2LSB is only 2mV and is inadequate for high
speed operation of many comparators. For this reason, R is
usually larger than 500f2, which is a necessary compromise
between DAC settling time and comparator input overdrive
requirements.
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COMPARATOR CONSIDERATIONS

All comparators respond fastest to large differential input
voltages (high overdrive). This phenomenon is shown in Fig. 6,
a graph of response time vs. input voltage for the Precision
Monolithics’ CMP-01. This low cost comparator provides
DC characteristics compatible with 10 and 12 bit A/D
converters and has adequate speed for 4usec 8 bit converters.

cMpP-01
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N eml
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\\ \ ,
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OYTPUT VOLTAGE (VOLTS)

INPUT VOLTAGE (VOLTS)

120 240 360
RESPONSE TIME (nSEC)

RESPONSE TIME FOR 100mV STEP
AND VARIOUS INPUT OVERDRIVES
FIGURE 6

For 2usec and 1usec designs, the AM686 was selected. It
provides 12nsec propagation delay with 2.5mV overdrive,
Schottky TTL outputs, and DC input specifications adequate
for an 8 bit A/D. Ultra-high speed requires considerable
power. Maximum supply currents are 42mA from the +b6V
supply and 34mA from the —5V supply.

S15V 418V ANALS
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CONNECT "START" TO "CONVERSION
COMPLETE" FOR CONTINUOUS CON-
VERSIONS.

31C LOW COST A/D CONVERTER
FIGURE 7

LOGIC CONSIDERATIONS

A single DIP package, the AM2502 Successive Approximation
Register, contains the logic for 8 bit A/D converters operating
at 2usec or greater conversion times. (Detailed descriptions
of A/D’s constructed with the AM2502 and Precision Mono-
lithics DAC's are contained in AN-11, available upon request.)
A 1usec A/D requires special logic design using Schottky TTL
and will be described in the detailed circuit description.

PRACTICAL 3IC A/D’S

When the required conversion time is = 2usec, the DAC-08's
fast settling time enables very simple and low cost designs.
A 4usec design is shown in Fig. 7. At additional cost and
increased power dissipation, changing the comparator to an
AMB686 results in a 2usec A/D. Every nanosecond counts in a
1usec A/D, and the circuit necessarily increases in complexity.
However, with the DAC-08, Schottky TTL logic, and atten-
tion to layout, a Tusec A/D can be constructed at low cost.
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ANALOG DESIGN

The DAC-08 AQ is wuseful in this design for several
reasons. Its output full scale current is guaranteed to be
1.992mA +8uA, when a 10.000V reference is connected to
a 5.000KS2 resistor in series with pin 14. In this design, the
5K is split to allow bypassing without capacitively loading
the 10 volt source. For slightly higher speed, the total
resistance may be reduced to 2.5KS2, thereby increasing |g
full scale to 3.984mA, allowing a lower sum node resistance
and lower RC time constant. (The DAC itself does not settle
faster at 4mA full scale current.) The DAC-08A maxi-
mum nonlinearity of *0.1% full scale enables faster settling
time to within £1/2LSB (+0.2% full scale) for each bit trial
than would be the case using a DAC with £0.2% nonlinearity.
Using the *0.2% nonlinearity DAC-08 or DAC-08E provides
cost savings at an overall increase in conversion time. Both
true and complementary current outputs are provided,
and their summation is always ls) scale- In this design, E is
connected to the analog input. Since o + 1o is constant, and
lo flows in R3, the DC input current is constant. Holding the
A/D input current constant reduces buffer amplifier output
impedance requirements. The buffer amplifier used in this
application must have sufficient bandwidth to hold Vg
constant during a 1usec A/D conversion.

CALIBRATION AND ACCURACY

In many applications calibration is not required. With a
10.000V reference and *0.05% tolerance resistors, the worst
case full scale error is £0.15%. The zero scale error is totally
dependent upon comparator input offset voltage and input
bias current, and, in most cases, it may be tolerated. If the
errors are not tolerable, then the following calibration pro-
cedure may be used.

Calibration of the A/D is done first at zero scale, then at full
scaie. The zero transition is set by R4, a resistor connected to
the +10 volt reference. For 10V full scale, the desired
transition point between a code of 0000 0000 and 0000 0001
is at +20mV (+1/2LSB). With an ideal comparator, R4 would
be 2.66MQ (10 volts/3.9uA). Since comparators are less than
ideal, R4 must also cancel out the comparator’s input offset
errors. With +20mV applied at the analog input and using a low
clock rate, select R4 to cause the output code to fluctuate
between 0000 0000 and 0000 0001. (Do not install a pot for
R2 or R4 since it will increase capacitance and inductance at
the sum node.) Full scale is calibrated by applying +9.940V
to the analog input and trimming R2 until the output code
fluctuates between 1111 1110 and 1111 1111. Alter-
natively, the reference voltage source may be adjusted for
the same effect. This will be a small adjustment due to the
DAC-08A’s tight output full scale current relationship
with the reference voltage. Once calibrated, accuracy is a
function of temperature-induced drifts only.
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A TYPICAL CONVERSION CYCLE

A conversion is initiated by a high level at the Start input
when the input 13MHz clock makes a low to high transition.
Approximately 9nsec later, the control logic generates a clear
and reset pulse (Strobe), which causes several events: the 8
output flip-flops are cleared except for the MSB flip-flop 1
which is set to a ‘‘one’’; both shift registers are cleared; the

DAC has Bit 1 turned on, all others are off. The conditions

for the first trial at half scale are now established.

As the DAC output settles, the comparator continuously
examines the polarity at its non-inverting input. For this
case, with zero volts at the Analog Input, the comparator
finds a negative voltage present; its output therefore is low.
Fhis low is applied to the D" inputs of all 8 output flip-flops.
Recall that 74S74 flip-flop outputs won’t change until they
are clocked by a positive transition at their CP inputs. At the
time labeled 1 on the CP1 waveform, the reset and clear
pulse, Strobe, returns high.

Shift Register No. 1 waits for a positive-going transition of
CP2. At 2 time CP2 goes high, transferring a “‘one’”” from
9A-Q to 9B-Q; 9B-Q goes low, setting 2-Q high and clocking
the comparator’s ‘‘zero’’ into the Bit 1 flip-flop. The other 6
flip-flops do nothing, because they are not clocked. Bit 1's
answer is now latched, and Bit 2, 1/4 full scale, is being tried.
The process continues with the shift register causing each bit
to be tried from Bit 2 to Bit 8. After the Bit 8 decision, the
EOC output goes high, indicating that the answer in parallel
format is available at the 8 bit outputs.

OUTPUT INTERFACING

In continuous conversion operation, the most common con-
nection, EOC is connected to the Start input. While the
answer is available whenever EOC is high, it is convenient
to use the positive-going edge of the Strobe output as a clock
for two 748175 quad “’D” flip-flops used as an 8 bit storage
latch. Since Strobe goes high before another conversion cycle
begins, there is ample setup time for the latch; the answer
has been steady for over 35nsec.
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OVERALL DESIGN

Due to the bit settling time range of the DAC-08 from
86nsec for Bit 1 to 35nsec for Bit 8, progressively decreasing
trial-and-decision periods would be ideal. Practically, such a
timing sequence is difficult to generate at low cost, so a
compromise was made: The first four bits allow 160nsec
for each trial-and-decision, while the last four bits allow 80nsec.
This may be seen in the waveforms of Fig. 9. The timing
sequence is generated by shifting a ““one’ through two shift
registers with in-phase clocks, one at 6.5MHz derived from
the other at 13MHz.

Standard 74 Schottky TTL logic was selected for speed,
compatibility with the AM686 comparator, ready availability,
and price.

A useful characteristic of the DAC-08 is its capability
to directly interface with all popular logic families including
TTL, CMOS, and ECL. For this design the DAC-08's
logic control pin (pin 1) is grounded to provide the proper
TTL logic threshold. A design utilizing ECL could provide
slightly faster conversion time at increased power consumption.

LOGIC DESIGN

The primary logic design element is the 74S series positive-
edge-triggered ‘D" flip-flop. This type of flip-flop is useful in
A/D designs because of several properties:

1. The propagation delay from Set to Q going high is only
3nsec.

2. The information on the D input is transferred to the
Q output only at a positive-going edge of CP.

3. Changes at the D input (comparator settling changes) are
ignored when CP is in a steady state.

74S74 dual D" flip-flops are used for the 8 output latches
and for the control logic, and 745175 quad “D” flip-flops
are used for the two shift registers.

Flip-flops 2 through 8 in the simplified schematic (Fig. 8)
perform two functions. Typical operation can be understood
by examining the operation of flip-flop 2. When set by an
input from Shift Register No. 1, the Q output of flip-flop
No. 2 goes high, which starts the trial of bit 2 and acts as a
clock for flip-flop 1, transferring the comparator’s output state,
which is the result of trial 1, to Q of flip-flop 1. This basic
connection, using the beginning of a new trial to clock the
previous bit trial, is used on all 8 output flip-flops. The start
of each bit trial is precisely coincident with clocking of the
previous bit answer; so no time is wasted, and logic delays
are reducéd to setup times only.
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PRINTED CIRCUIT BOARD LAYOUT RULES

For A/D designs generally, and high speed designs in particular,
layout is important. Some of the more important rules are
listed belcw:

1. Digital ground must be separated from analog ground; they
must meet at only one common point.

2. Digital traces should not cross or be routed near sensitive
analog areas; this is especially important near the sum node.

3. With Schottky TTL logic, the digital ground and V¢
traces should be large and contain provisions for generous
bypassing.

4. The trace from the DAC output to comparator input (sum
node) should be short, and it should be guarded by analog
ground.

5. All analogcomponents should be located as close as possible
to the edge connector so that the input analog traces will
be short.

6. The comparator’s outputs should be routed away from its
inputs, to minimize capacitive coupling and possible
oscillation.

SYSTEM CONSIDERATIONS

Typical system connections are shown in Figure 11. Digital
grounds and analog grounds meet at one point only keeping
large power supply return currents away from the sensitive
analog ground portion of the A/D system. Start is connected to
EOC for continuous conversions, and Strobe is used to clock
the parallel answer into an output register at the end of each
conversion.

CONCLUSION

The DAC-08 high speed monolithic D/A converter greatly
simplifies construction of high speed A/D converters. Designs
using only three IC’s achieve 2usec and 4usec conversions,
and Tusec conversions can be attained with additiona! logic.
Techniques have been presented which allow the user to
construct low cost, high speed A/D converters.
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DAC-08 APPLICATIONS COLLECTION

by
John Schoeff & Donn Soderquist

There has been a trend in recent years toward providing totally
dedicated Digital-to-Analog Converters with limited applica-
tions versatility. This application note describes a new type of
monolithic DAC designed for an extremely broad range of
applications, the Precision Monolithics DAC-08.

to provide total applications flexibility. Principal among them
are: dual complementary, true current outputs; universal logic
inputs capable of .interfacing with any logic family; 85 nsec
settling time; high speed multiplying capability; and finally,
the ability to use any standard system power supply voltages.
A description of these features is given followed by specific

Several unique design features of this low cost DAC combine applications using each feature.

© CMOS, TTL, DTL, HTL, ECL, PMOS ® 85 NSEC SETTLING
COMPATIBLE 24 A LOGIC INPUTS TIME TO* 1/2 LSB

tpgr | B B2 B3BAB5 B6 B7 B8
o |VRer (+) ® DUAL COMPLEMENTARY

eHIGH SPEED = OUTPUTS WITH

MULTIPLYING DAC-08 ~10V_TO +18V

REFERENCE VOLTAGE

INPUT o—Vger (- COMPLIANCE

V+ V- Cc Vic
e +4.5V TO +i8V ® EXTERNAL © ADJUSTABLE LOGIC

33mW AT £5V COMPENSATION INPUT THRESHOLD

FOR MAXIMUM  Vry=V o +1.4V
BANDWIDTH THLC

THE FLEXIBLE D/A CONVERTER
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OUTPUT
HIGH VOLTAGE COMPLIANCE CURRENT OUTPUTS

Many older current-output DAC’s actually have resistive out-
puts which must be terminated in a virtual ground. The DAC-
08, however, is a true digitally-controlied current source with
an output impedance typically exceeding 20 megohms.

Its outputs can swing between —-10V and +18V with little or
no effect on full scale current or linearity. Some of the appli-
cations that require high output voltage compliance include:

1) Precise current transmission over long distances.
2) Programmable current sources.
3) Analog meter movement driving.

4) Resistive termination for a voltage output without an op
amp.

5) Capacitive termination for digitally-controlled integrators.

6) Inductive termination with balanced transformers, trans-
ducers and headsets.
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ZERO SCALE 00000 00 0| 0001992 .000|-9.960

BASIC UNIPOLAR NEGATIVE OPERATION

+10.000 v
o)

IReF
2.000mA
o—1

BIB2B3B4B5 B6B7 B8 | Eg Eo
POS FULL SCALE T 1 1 1 1 1 1 1| ~9.920[+0.000
POS FULL SCALE-LSB|1 1 1 1 1 1 1 0 | -9.840/+ 9.920
ZEROSCALE+LSB|1 0 0 0 0 0 0 1 | -0.080|+ 0.160
ZERO SCALE 10000000 0.000|+ 0.080)
ZEROSCALE-LSB|O 1 1 1 1 1 1 1 | +0.080| 0.000
NEG FULL SCALE+LSB[0 0 0 0 O O O f | +9.920(-9.840f
NEG FULL SCALE 00000 00 O]+10.000|-9.920]

BASIC BIPOLAR OUTPUT OPERATION

+6

+2

+8.0

+4.0

QUTPUT VOLTAGE (volts)

+50 +100 +50
TEMPERATURE (°C)

OUTPUT VOLTAGE COMPLIANCE VS. TEMPERATURE

5Ka -
+10V O—AM—O0—

2mA
Bi B2 B384 B5 B6 B7 B8
VReF (+)
DAC-08 @
f
VRer )
V+

+15V, m
is 2 |
8182 B3B4B5 B6 87 B8 £0
POS FULL SCALE [ +9.920
POS FULL SCALE-LSB|1 1 1 1 1 1 1 O | +9.840
{#) ZERO SCALE 1 000 00 0 O|+0040
{-) ZERO SCALE o1 1t 1 1t 11 1 |-0040
INEG FULL SCALE+LSB|O O 0 0 0 O O 1 |-9.840
INEG FULL SCALE 00 000 OO O]|-9920

© PROVIDES ISOLATION FROM GROUND LOOPS

@ SYMMETRICAL 10V OUTPUT

@ USEFUL WITHIN SYSTEMS BETWEEN BOARDS

© TRUE COMPLEMENTARY /DIFFERENTIAL CURRENT TRANSMISSION
© HIGH SPEED ANALOG SIGNAL TRANSMISSION

HIGH NOISE IMMUNITY CURRENT
TO VOLTAGE CONVERSION
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DUAL COMPLEMENTARY OUTPUTS

Conventional DAC’s have a single output, so they cannot drive
balanced loads and are limited to a single input code polarity.
The DAC-08 was designed to overcome these limitations

Input coding of positive binary or complementary biniy is
obtained by a choice of outputs, IO for positive-true or I0 for

negative-true.

In many applications both are used either

independently or in combination. Dual complementary outputs

allow some very unusual and useful DAC applications:

1) CRT display driving without transformers.
2) Differential transducer control systems.
3) Differential line driving.

4) High speed waveform generation.
5) Digitally controlled offset nulling of op amps.

lout

a1

TRUE AND COMPLEMENTARY OUTPUT OPERATION

+120VDC
60V COMMON
MODE LEVEL Qe
CRT \
“X"INPUT j__T__K F‘_I_K “Y* INPUT
10| l 10w,
-5V -15v
DAC-08 DAC-08
1o 0o

®FULL DIFFERENTIAL DRIVE LOWERS POWER SUPPLY VOLTAGE
® ELIMINATES INVERTING AMPLIFIERS AND TRANSFORMERS
© INDEPENDENT BEAM CENTERING CONTROLS

CRT DISPLAY DRIVER

v+

TRANSDUCER:
STRAN
PRESSURE.
TEMPERATURE

i i®

DAC-08

NULL
CONTROL

SERIAL TO
PARALLEL

SERIAL
—o
REGISTER INPUT

R |
|
]
» !
I ® FULLY DIFFERENTIAL INPUT
| *ELIMINATES INSTRUMENTATION AMPLIFIER ~LOW COST
~ « DIGITALLY CONTROLLED SYSTEM ZEROING
| « HIGH CONVERSION SPEED
! © EXCELLENT COMMON MODE REJECTION
¥ |
I
SSS747
[ S |
\=-5o
\ SUCCESSIVE
DAC-08 CMP-0| APPROXIMATION
10 REGISTER
CLOCK
INPUT

BRIDGE TRANSDUCER CONTROL SYSTEM WITH
FULL DIFFERENTIAL INPUT

}

SERIAL
PARALLEL OUTPUT  BRTo

o

15-59




OUTPUT
DUAL COMPLEMENTARY OUTPUTS

DIGITAL INPUTS

OP AMP'S
NULLING
TERMINALS

0 o)
+5V -15v
®DAC QUTPUT IS fnA PER STEP

© REPLACES NULLING POTENTIOMETER
® WORKS WITH OP-07, OP-05, SSS725
® Vos NULLED BELOW NOISE LEVEL

DIGITALLY CONTROLLED
OFFSET NULLING

A
uzgn

# BIPOLAR OUTPUT WITH OFFSET BINARY CODING
®PROVIDES DC ISOLATION BETWEEN SOURCE AND LOAD
© HIGH VOLTAGE OUTPUT CAPABILITY

® USEFUL WITH PULSE OR SINE WAVE REFERENCE INPUT
® USEFUL WITH PULSE OR SINE FUNCTION DIGITAL INPUT

BALANCED TRANSFORMER DRIVE

HIGH SPEED

Sub-microsecond settling times are common in current-output
DAC’s. Many DAC's settle in 500 nsec; 300 nsec is not
unusual. But 85 nsec settling time for a low cost DAC is
exceptional, and this characteristic allows use of the DAC-08
in formerly difficult and expensive-to-build applications:

1) 1usec, 2usec and 4usec A/D’s. (These are completely
described in AN-16, available upon request)

2) 15 MHz Tracking A/D'’s.

3) ECL compatible applications.

4) Video displays requiring a low-glitch DAC.
5) Radar pulse height analysis sytems.

Vi
FOR TURN-ON, v 2.7 VQ'" 45V
FOR TURN-OFF, V(0.7 V M1l
‘OR TURN-OFF, V +0. o Ls0nF
IT t—u
| = =
MINIMUM xa I
CAPACITANCE, =
Ve
orv
N

5678 IENINES
+VRer - > Lout
DAC-08
D.U.T)
15 2,
L w 33

SETTLING TIME MEASUREMENT CIRCUIT

all bits switched ON

24V-
LOGIC
INPUT
0.4 V- o
OUTPUT -1/2LSB-
SETTLING 0-§
+1/2 LSB~

50 nsec/division

Ipg = 2mA R =1Ka
1/2 LSB = 4uA

FULL SCALE SETTLING TIME
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HIGH SPEED

CLOCK INPUT
8-BIT UP/DOWN
ouTPUT SWITCH CONDITIONS
COUNTER Tyee (B0 S SE
15V UNIPOLAR POSITIVE + GND
e ANALOG UNIPOLAR NEGATIVE | GNOD. -
R -13V 418y INPUT . [eiPoLAR £10VFS ¥ =
ateF oTosI0V
Vin AMPL| TUDE|
s.000Ka CONTROL.
6 e i Hov 5K 0 0 11 12 X
REF-O1 vo| - REF-O1 4\ 10 S 4 5K T;RSZ%
ska | '€ 3 3\ MISMATCH
14 1K
GRD -
y o | DAC-08E s sk £o
lo W]
4
= = 2 1 =
81 0—4 %
82
83 —
B4 O-
8BS J_
860~
87 ;g.l,r
88 =
SERIAL 1413 .3
duTPUTO ! AM2502
SUCCESSIVE APPROXIMATION NOTES: 1. BIPOLAR OUTPUT IS SYMMETRICAL AROUND ZERO, ADJUSTABLE PEAK TO PEAK
START Oo—d10 REGISTER AMPUITUDE.
2 9 2. FOR TRIANGLE WAVE, COUNT UP TO FULL, REVERSE AND COUNT DOWN.
CO«VERSlONo___J 3. FOR POSITIVE-GOING SAWTOOTH, COUNT UP TO FULL, CLEAR, REPEAT.
COMPLETE
TTL CLOCK INPUT 4.FOR NEGATIVE-GOING SAWTOOTH, COUNT DOWN, CLEAR, REPEAT.
2.25 MHZ NOTE 1. CONNECT “START" TO "CONVERSION
Sg';;tgu'si" FOR CONTINUOUS CON- 5.FOR OTHER WAVEFORMS, USE A ROM PROGRAMMED WITH THE DESIRED FUNCTION.
NCTE 2. FOR’DEY‘I&ED LOW-COST DESIGNS 6. 85nsec SETTLING TIME PERMITS WAVEFORM PERIOD OF 25.6 yusec, OR 39 KHz
REQUEST AN-11 AND AN-6. REPETITION RATE
4 IC LOWCOST A/D CONVERTER HIGH SPEED WAVEFORM GENERATOR
ANALOG 0 TO +10 VOLTS
M5V +5V INPUT
) o)
2 -15V0
+ov
5KQ V= Cc
REF-O1 vol—O-"vWW—— +
monoDAC-08 AQ
_L4 L s
MsBO- ~ |7
© —
o = = =
e
CLEAR AND
RESET
(5TRGBE)
CONTROL
O—
START LoGIC " C"g A
I
STROBE -
13 MHz
CLOCK
€oc INPUT
SIMPLIFIED SCHEMATIC 1usec A/D
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LOGIC INPUTS
ADJUSTABLE INPUT LOGIC THRESHOLD

Most DAC’s have TTL or CMOS compatible- inputs which
require complicated interfaces for use with ECL, PMOS,
NMQOS or HTL logic. By contrast, the DAC-08, with typical
logic input current of 2uA and .an adjustable input logic
threshold, interfaces easily with any logic family in use today.
The logic input threshold is 1.4V positive with respect to
pin 1; for TTL pin 1 is therefore grounded; for other families
pin 1 is connected as shown in the interfacing figure.
An adjustable threshold and a —10V to +18V input range
greatly simplify system design especially with other-than-
TTL logic:

1) ECL applications without level translators.
2) Direct interfaces with Hi-Z RAM outputs.

3) CMOS applications without static discharge considera-
tions.

4) HTL or HNIL applications without level translators.

5) System size, weight, and cost reductions.

TTL,DTL
VTH=+1.4V

DAC-08
1
Ve

ECL

TOPIN1
Vic

INTERFACING WITH VARIOUS LOGIC FAMILIES

Vi =Vic +1.4V
+15V CMOS, HTL, HNIL
76V

VTH=+7.
+15V

9.1KQ

vViLC

6.2 Ka Io‘ uF

CMOS, HTL, NMOS

2N3904

TOPIN 1
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2.0
1.8
1.6
1.4
~
., \\
TWISTED PAIR E
5 \\
s 1.0 \‘
oo
0.6
JuL N
CMOS DATA INPDT
0.4
0.2
0 =50 o +50 +100 +150
TEMPERATURE, °C
CMOS DIFFERENTIAL LINE DRIVER/RECEIVER Viu - Vic VS. TEMPERATURE
500
2.4V-§ 400
BIT 8 3
LOGIC INPUT 2 w0
0.4V- g
OV-§ z
=
% 200
BI‘A_ § (-{ussxsnm
lout g \J
o-
100
N 78
N\ rssera ||
. T
.05 .01 02 05 01 02 05 1.0 20 50 10
lgs, OUTPUT FULL SCALE CURRENT {mA)
50 nsec/division
LSB SWITCHING LSB PROPAGATION DELAY VS. les
TRgF =2.0mA B1 _ 6.0
o S
q &
£ e
z
Zos §
@ =3
% 2 a0
506 g
g B2 o
3 g l
0.4 2
2.0
83
0.2 !
V-:=15V B4
T T =

-12 =10 -80-60-40 -20 O 20 40 60 80 10 12 ¥ 16
LOGIC INPUT VOLTAGE (volts)
NOTE: Bl THROUGH B8 HAVE IDENTICAL TRANSFER CHARACTERISTICS,
BITS ARE FULLY SWITCHED, WITH LESS THAN I/2 LSB ERROR, AT
LESS THAN £100mV FROM ACTUAL THRESHOLD. THESE SWITCH-
ING POINTS ARE GUARANTEED TO LIE BETWEEN 0.8 AND 2.0
VOLTS OVER THE OPERATING TEMPERATURE RANGE (V| c=0.0V).

BIT TRANSFER CHARACTERISTICS

0
-12 -10 -80-60-40 20 O 20 40 60 80 10 112 14 16
LOGIC INPUT VOLTAGE (volts)

LOGIC INPUT CURRENT VS. INPUT VOLTAGE
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REFERENCE INPUTS

MULTIPLYING CAPABILITY

Fixed internal references are included in many DAC's, but
they limit the user to non-multiplying, single polarity reference
applications and do not allow a single system reference. To
achieve the design goals of low cost and total applications
flexibility, the DAC-08 uses an external reference. Positive or
negative references may be applied over a wide common mode
voltage range. In addition, the full scale current is matched to
the reference current eliminating calibration in most applica-
tions.

1) Digitally controlled full scale calibration.

2) 8 x 8 multiplication of 2 digital words.

3) Digital Attenuators/Programmable gain amplifiers.
4) Modem transmitters to 1 MHz.

5) Remote shutdown and party line DAC applications.

MSE LsB
81 B2 B3 B4 B5 B6 B7 B8

1
REE  Vogr (4)
+ Vaer O ~Io
(R14)
VREF (-) p
= RIS
wI @ ’
= = FOR FIXED REFERENCE, TTL
OPERATION, TYPICAL VALUES
e VREF 255
B ¢ £33
P37 Regr 256 VREF * +10.000V
Io +10 =IFs FOR ALL
LOGIC STATES R15 % RReF

CC'=0.014F
V¢ =0 V (GROUND)

BASIC POSITIVE REFERENCE OPERATION

_I: RReF

-Vggg  R15

C VREF | 256

Ies ~
FS " Rper 256

NOTE 1. Rrer SETS Irs; R15 1S FOR
BIAS CURRENT CANCELLATION.

BASIC NEGATIVE REFERENCE OPERATION

5.0 ’ ]
t
Ta= Tmin 10 Tmax L"';“_‘Zf,‘;'\‘,

4.0 ALL BITS"HIGH"
I
E
=
Z 30
&
&
5
3
-
2
; 20 LIMIT FOR
o V-z =5V,
@
&

1.0

0
o 1.0 2.0 3.0 4.0 5.0

IRgF, REFERENCE CURRENT (mA)

FULL SCALE CURRENT VS. REFERENCE CURRENT

All bits ON
T

Ta=Tmin 10 Tmax

V-z =15V V-=-5V V4=415V

[ [ TRgF=2mA

OUTPUT CURRENT (mA)
>

os F Ipgr=ImA
0.4 IREF=0.2mA
|
L [ i

-14-12 -10 -8 -6 -4 -2 0 2 4 10 12 14 16 18
Vi5, REFERENCE COMMON MODE VOLTAGE (volts)
NOTE: POSITIVE COMMON MODE RANGE IS ALWAYS (V4)-1.5V

REFERENCE AMP COMMON MODE RANGE

15-64




+VREF

R
REF LIREF
Iy e
-
VIN Y v - 2 VREF [ %ﬂ%l. _-l L————
RIN

DAC-08

BI B2 B3 B4 B5 B6 67 B8
Vger ()

§ Mz
MAX -[—‘
® Ipg > PEAK NEGATIVE SWING OF Iy

+ VReF © AC VOLTAGE TO DIFFERENTIAL CURRENT CONVERSION

O—AW— 14 ©DC TO {MHz INPUT RANGE
RReF #OUTPUT DRIVES TWISTED PAIR DIRECTLY
DAC-08 * CMOS COMPATIBLE
5 RRef ©R
ViR VWY ! REF S Ris
== Ry5 (OPTIONAL)
wignINpUT IS
IMPE DANCE

© +Vpep MUST BE ABOVE PEAK POSITIVE SWING OF Viy

ACCOMODATING BIPOLAR REFERENCES MODEM TRANSMITTER

WORD “A" INPUT

B1 B2 B3 B4 B5 B6 B7 B8
Rer +)
DAC-08

* Vaer
o

i;— VReF (=)
V4. v- Cc vic
A+B
€o
WORD "8" INPUT [+
A-B
Bf B2 B3 B4 BS B6 B7 88 =
VRer(+)
% R3
10K
=
©FAST-85 NSEC PLUS OP AMP SETTLING TIME
© ANY LOGIC FAMILY FOR WORD "A" OR "B" .
o ot P | o e oy
© ELIMINATES SEVERAL LOGIC PACKAGES OFFSET BI c(‘,’NmQ_Ls ouUTPUT 5.Eq 0C TO 20 KHZ= £5V
POLARITY. =+ 4.EQ DCTO 10 KHZ= 210V
DIGITAL ADDITION OR SUBTRACTION DC-COUPLED DIGITAL ATTENUATOR/
WITH ANALOG OUTPUT PROGRAMMABLE GAIN AMPLIFIER
WORD "8"
DIGITAL INPUTS

WORD "A" = R3

FULL SCALE IREF(MA")l

DIGITAL INPUT =4mA

Vger (+)
VREF
Rl Iot
VRer (9 o
DAC-08

—O——{Vggr ()
V+

eIFg IS THE PRODUCT OF 2 DIGITAL INPUT WORDS

o MAY BE USED AS A 8x8 DIGITAL MULTIPLIER WITH ANALOG OUTPUT

© ELIMINATES DAC AFTER DIGITAL MULTIPLICATION

«FUNCTIONS WITH ANY LOGIC FAMILY

© NOTE" LIMIT WORD "8" INPUT RISE AND FALL TIMES TO 200NSEC MINIMUM

$acge03-tach

DIGITALLY CONTROLLED FULL SCALE CALIBRATION (MULTIPLIER)
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POWER SUPPLIES

POWER SUPPLY REQUIREMENTS

The DAC-08 works with 4.5V to =18V supplies allowing
use with all standard digital and anaiog system supply voltages

8.0
1 T T
plus most battery voltages. With only 33mW of power dissi- ALL BITS "HIGH" OR "LOW"
. . . . |
pation at 5V and 85nsec settling time, it has a lower speed o sy :
power product than CMOS DAC's. Power dissipation is almost - 6o f .
. . . < N
constant over temperature, and bypassing is accomplished £ Ingr =2.0mA
. . . . =4
with 0.01uF capacitors—no large electrolytics are required. g so
These power supply requirements allow: E
- 4.0
A &
1) Battery operation. 3 30
g V=415V I+
i 2 20
2) Use of unregulated or poorly regulated power supplies.
1.0
3) Use in space-limited areas due to small bypass capacitors. o
-50 +50 +100 +150
TEMPERATURE (°C)
4) Use in constant power dissipation applications.
5) Common digital and analog power supplies.
POWER SUPPLY CURRENT VS. TEMPERATURE
8.0 T T T 80 ) E—— T T
ALL BITS "HIGH" OR "LOW" BITS MAY BE "HIGH" OR "LOW" 1 I
7.0 7.0
- I- WITHIRgg =2mA
= 6. = 6.0
e H
c L
& 50 _Zso
& & - WITH [ggp=1mA
5 €
5 a0 S a0 —
Z £ |
@ 30 i 3.0 I-WITHIggp =0.2mA
§ 1+ §
.0 < 20 NS
v\n-
1.0 1.0
o o
() 2.0 4.0 6.0 8.0 10 12 14 16 18 20 o -2,0 -40 -60 -80 -10 =12 -14 -16 -18 -20

V+, POSITIVE POWER SUPPLY (Vdc)

POWER SUPPLY CURRENT VS. V+

V—, NEGATIVE POWER SUPPLY (Vdc)

POWER SUPPLY CURRENT VS. V—
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OTHER APPLICATIONS

MICROPROCESSOR APPLICATIONS

The ability to use uP power supply voltages and the ability
to interface with any logic family make the DAC-08 especially
useful in uP applications:

1) Tracking A/D converters.
2) Successive approximation A/D converters.
3) Direct drive from Hi-Z MOS RAM outputs.

By programming the ROM'’s with the successive approxima-
tion or the tracking A/D algorithm, all of the logic for A/D
conversion is contained in the uP. This is a very inexpensive
approach, since there is no need for the usual A/D conversion
logic packages.

-—

DATA TTL "{" = COUNT UP, "0"=COUNT DOWN
BUS 170

DIGITAL OUTPUT
. 0090009 ?
TTL

1/0
LATCHES

[—

TTL
1/0
LATCHES

0 TO-10V
ANALOG
INPUT

REF-02

o o
+5V -15v

@ USEFUL FOR ENCODING DC INPUTS

¢ ELIMINATES UP/DOWN COUNTERS

© ANSWER CONTINUOUSLY AVAILABLE

© LOW POWER CONSUMPTION

® HI-Z INPUT

® RAM OUTPUTS MAY BE USED IN PLACE OF TTL I/0

MICROPROCESSOR CONTROLLED
TRACKING A/D CONVERTER

OTHER APPLICATIONS: The following list summarizes
just a few of the many applications for this flexible DAC.
Consult the factory for further information.

A/D CONVERTERS

Tracking (Servo)

Successive Approximation
Ramp (Staircase)
Microprocessor Controlled
Ratiometric (Bridge Balancing)

TEST SYSTEMS

Transistor Tester (Force Ig and Ic)
Resistor Matching (Use both outputs)
Programmable Power Supplies
Programmable Pulse Generators
Programmable Current Source
Function Generators (ROM Drive)

ARITHMETIC OPERATIONS

Analog Division by a Digital Word

Anaiog Quotient of Two Digital Words

Analog Product of Two Digital Words—Squaring

Addition and Subtraction with Analog Output

Magnitude Comparison of Two Digital Words

Digital Quotient of Two Analog Variables

Arithmetic Operations with Words. from Different
Logic Families

GRAPHICS AND DISPLAYS

Polar to Rectangular Conversion
CRT Character Generation
Chart Recorder Driver

CRT Display Driver

DATA TRANSMISSION

Modem Transmitter

Differential Line Driver~

Party Line Multiplexing of Analog Signals

Multi-level 2-Wire Data Transmission

Secure Communications (Constant Power Dissipation)

CONTROL SYSTEMS

Reference Level Generator for Setpgint Controllers
Positive Peak Detector

Negative Peak Detector

Disc Drive Head Positioner

Microfilm Head Positioner

AUDIO SYSTEMS

Digital AVC and Reverberation
Music Distribution

Organ Tone Generator

Audio Tracking A/D

CONCLUSION

High voltage compliance complementary current outputs,
universal logic inputs and multiplying capability make the
Precision Monolithics DAC-08 the most versatile monolithic
high speed DAC available today.
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EMI

Application Notes

AN-18

THERMOMETER APPLICATIONS OF THE REF-02

by

George Erdi

INTRODUCTION

This application note describes electronic thermometer
applications of the REF-02 +56V Voltage Reference where
the voltage output is a direct measurement of temperature
in °C or in °F. These applications use the predictable
2.1mV/°C TEMP output voltage temperature coefficient of
the REF-02, a byproduct of a bandgap voltage reference
design. Thermometer applications are described first fol-
lowed by a discussion of bandgap voltage reference theory.

THERMOMETER ESSENTIALS

In addition to a highly linear temperature sensitive com-

ponent, electronic thermometers should have the following

characteristics:

1) Convenient scaling such as 10mV/°C, 100mV/°C, or
10mV/°F.

2) Direct voltage readings such as -0.55V at -55°C, OV at
0°C, and +1.25V at +125°C.

3) Room temperature calibration.

vofrsomoy Ra Re
ofv v VWA~
REF sV
or0z

+630mV @ 425°C
Vremp 2.1mV7C

Vour

~15v

V-

_ Re Re Re
TCVoyt =2.1ImV/°C (1 + m) Vout= (1 * Ralf, Vremp - Ra | VREF

SIMPLIFIED SCHEMATIC
FIGURE 1

BASIC CIRCUIT IMPLEMENTATION

The simplified schematic in Fig. 1 shows the basic thermom-
eter connections. An operational amplifier, three resistors,
and the +5.000V output of the REF-02 function together
to level shift and amplify VTEMmP allowing VQUT to read
in the desired manner. The expression for VQuT is:

Eq.1) V. ey ReVReF)
a. ouT RO Ry | VTEMP - Z-(VREF

The first term is the gain of the circuit with VREF equal to
0V; the second term is the gain of the circuit with VTEMP
equal to OV. Differentiating Eq. 1 with respect to tempera-
ture gives the slope, S, of the output-versus-temperature

curve:
Re
=S=m 1+ ———
( Rall Rb)

Re
=2.1mV/C {1+ 5s—F—
v ( Ra“Rb>

dVouT
dT

Eq. 2)

where m = TCVTEMP

Thus, the ratio of R¢ to Ry Il Rp sets the slope of VouT,
and the ratio of R¢ to Rz and VREF set the initial output
value at 25°C. Table | lists typical scaling ratios for different
output scales

TEMPERATURE SCALING RATIOS

15-68

VREF =5.000V, VTEMP =630mV @ 25°C, TCVTEMP =2.1mV/°C
Vour @ 25°C TCVour Re Re
(77°F) (Slope) Ra RallRp
250mV 10mV/°C 0.55 3.76
2.5V 100mV/°C 5.50 46.6
770mV 10mV/°F 0.926 7.57
TABLE |
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COMPLETE SCHEMATIC
FIGURE 2

COMPLETE CIRCUIT

Two potentiometers, Rp and Rpp, have been added to the
circuit for precise calibration and to allow for the *1%
resistor tolerances. VREF is adjusted by Rp to set the
VouT value at +25°C (77°F); the ratio of R¢ to Ra |l Rp is
adjusted by Rpp to set the slope of VQUT versus tempera-
ture. Resistor values for typical output scales are shown in

Table II.
RESISTOR VALUES

TCVQuT SLOPE (S) | 10mv/C 100mv/°C | 10mV/°F
TEMPERATURE -55° to -55° to ~67°F to
RANGE +125°C +125°C +257°F
OUTPUT VOLTAGE | -0.55V to -5.5V to -0.67V to
RANGE +1.25V +12.5V* +2.57V
ZERO SCALE oV @ 0°C oV @o0°C | oOVe0°F
Rga (£1% resistor) 9.09K2 15KQ 8.25KQ
Rp1 (1% resistor) 1.5KQ 1.82KQ 1.0KQ
Rpp (Potentiometer) 2009 5000 20092

R (1% resistor) 5.11KQ 84.5KQ 7.5KQ

*For 125°C operation, the op amp output must be able to swing
to +12,6V; increase V| to +18V from +18V if this is a problem.
TABLE Il

CALIBRATION CONDITIONS

All calibration is conducted in free air. Heatsinking of the
REF-02 is unnecessary and is undesirable. The small (2°C)
rise in chip temperature of the REF-02 above ambient
temperature serves as an error-cancelling factor of some
second order effects internal to the REF-02 design. The
calibration procedure which follows assumes free air — no
heatsinking — calibration.

CALIBRATION PROCEDURE

Calibration is performed at ambient temperature with two
adjustments using the following procedure:

Step 1: Measure and record VTEMP and Tp in °c.

Step 2: Calculate the calibration ratio “r’" using Eq. 3:
Rall Rp VTEMP in mV
Eq.3) r = =
Rc+ Rall Rp S(Ta +273)

Where S = TCVQUT, TA = ambient temperature in °C

Step 3: Turn power off, short VREF terminal to ground,
and apply a precise 100mV to the VQUT terminal.

Step 4: Adjust Rpp so that VB = r(100mV); remove short.

Step 5: Turn power on; adjust Rp so that VQUT equals
the correct value at ambient temperature.

The system is now calibrated.

CALIBRATION EXAMPLE

Here is an example at Tp = 25C, S = 10mV/°C, and
VTEMP = 632mV:

Step 1: VTEMP = 632mV, Ta = 25°C.
Step 2: Using Eq. 3:

VTEMP 632 632

"7 §(TA+273)  10(25+273) _ 2980

=0.2121

Step 3: Apply 100.00mV to VQuT with power off and
VREF connected to ground.

Step 4: Adjust Rpp so that Vg = r(100mV) = 21.21mV

Step 5: Turn power on and adjust Rp so that VoyT
equals +0.25V.

The system is now calibrated.

TRANSDUCER ERROR FACTORS
Error terms are threefoid:

1. Slope errors — Deviations from nominal slope. For
example, if the slope is 10.04mV/°C instead of
10.00mV/°C, the accuracy due to the slope error is
0.4%.

2. Linearity errors — Deviations in VTE\P versus tem-
perature from straight line performance, a change in
VTEMP slope with temperature.

3. Offset error — VQUT deviations due to changes in
VREF with temperature.

Since these errors are grade dependent, Table I11 is provided
as an aid in specifying the correct combination of com-
ponents for a given application. Offset error can be elim-
inated by using one REF-02 as a temperature sensor only
and another REF-02 (operated at a constant temperature)
as VREF-

TRANSDUCER PERFORMANCE

Typical system accuracy is £0.5% over the —-55° to +125°C
range of a REF-02A. For example, when calibrated at
+25°C, the reading of VoUT at +105°C may be 105.4°C,
a deviation of 0.5% of the 80° temperature change (+25°C
to +105°C).

Although the REF-02 is guaranteed to perform over the

-55° to +125°C range only, operation beyond those limits

is possible. A large number of devices were measured and

found to be functioning satisfactorily over the -150°C to
+170°C range, and there was only a slight degradation in

accuracy.

REMOTE APPLICATIONS

In many applications, the sensor must be located some
distance away from the measurement circuitry. One pre-
caution must be taken with the REF-02: a 1.5KS2 resistor
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should be connected between pin 3 (TEMP) and its associ-
ated cable conductor to isolate this pin from cable
capacitarices. Remote application of the transducer is
illustrated in Fig. 3 with Rg, the isolation resistor.

TYPICAL TRANSDUCER PERFORMANCE VS. GRADE

GRADE .
REF-02A | REF-02 § REF-02E | REF-02H | REF-02C
PARAMETE
TEMPERATURE | -55° to -55°to | 0°to 0’ to 0° to
RANGE +125°C +125°C | +70°C +70°C +70°C

SLOPE ERROR +0.30% +0.40% +0.25% +0.35% +0.45%

Zg‘F’(EEMP " | :010% | :012% | s008% | :010% | 0.15%

OFFSET ERROR | x0.15% +0.40% +0.10% +0.30% +0.60%

RMS ERROR +035% | +058% | :028% [ :0.47% | :0.76%
SUM :
TYPICAL ]
ACCURACY 050% | 0.75% | 0.40% | 0.60% | 0.90%
0P-02 GRADE
RECOMMENDED | OP02A | 0P02 | oP02E [ oPo2C [ OP02C
TABLE 111
+15V
2| o
V'N v‘v‘v
Vo2 VRer
REF-02 Rp
TRiMES »2 5ok S
< .
3 Rs )i 3
TEMP A/ (, N
15K +5% S b1

*UP TO 10 FEET OF SHIELDED 4-CONDUCTOR CABLE.

PRECISION TEMPERATURE TRANSDUCER
WITH REMOTE SENSOR
FIGURE 3

TRANSDUCER SUMMARY

The accuracies indicated compare quite favorably to tradi-
tional temperature measurement methods such as thermo-
couples and thermistors. Ease-of-use, low cost, and high
accuracy make this new bandgap method of temperature
measurement attractive in a wide range of applications.

The following section describes the bandgap principle in
theory and its use in the internal REF-02 design.

O Vg
Ii«, 4R3 uu;ns
S
p———O Vpee ~ 45.000V
P
3 306Re
S NN—O TRIM
A N A‘\Joz Vz=123v
T ———O TEmP = somve
AVge 1 gn, al VBTm Ine TCVrEMp = 2IMVPC
>
*“l b3 . 5avgg %"— - 875avge
O GRD
REF-02 SIMPLIFIED SCHEMATIC
FIGURE 4

BANDGAP REFERENCE THEORY

Bandgap voltage references [1], [2], [3], use predictable
relationships from semiconductor physics to generate a
constant voltage. The base-emitter voltage of a transistor
(VBE) has a processing and current density dependent
negative temperature coefficient of about -2.1mV/°C.
Another well known relationship with a positive tempera-
ture coefficient is the difference between base-emitter
voltages of two transistors operated at different current
densities:

Eq. 4) AVBE=k—(;-r loge j—f),where

k = Boltzmann's constant = 1.38 X 10—23
joules/°K

T = absolute temperature, °K

q = charge of an electron = 1.6 X 10719

coulomb

J = current density

When AVBE is amplified and added to VBE, a voltage refer-
ence with zero temperature coefficient results if the sum
(Vz) of these two terms equals the linearly-extrapolated
band-gap voltage of silicon (Vgo) at 0°K or -273°C; Vgo =
1.205V. A more exact calculation, see reference [2], will
show that Vz will have zero temperature coefficient if:

Eq.5) Vz=Vgo+ -kET- =1.230V @ +25°C

The circuit in Fig. 4 generates a AVBE of 72mV at 25°C by
making the current density of Q2 16 times greater than
Q1. Q2 has four times the current of Q1, and Q1 has four
times the emitter area of Q2. A AVBE of 72mV appears
across R1 and is amplified by 8.75 (becoming the TEMP
output) and is added to VBE (Q2) to produce a nearly
constant Vz of 1.23V. The -2.1mV/°C of TCVRE is can-
celled by the +2.1mV/°C of TCVTEMP; and Vz is amplified
by 4.06 to produce an output VREF of 5.000V.

REF-02 TYPICAL NODAL VOLTAGES

JEMPERATURE | Ta =-75°C | Ta =+26°C | T = +125°C
VOLTAGE (T4 =200°K) | (Ty=300°K) | (T, =400°K)
avge = T 10ge 16 48mv 72mv 96mvV

BE 5 0% m
VTEMP =8.75 AVRg 420mV 630mV | 840mV
Vge (Q2) 810mV 600mV 390mvV
Vz ~ VBg + VTEMP 1.23v 1.23v 1.23v

3.06R4
V| F= 1+ ——
RE R4 5.00V 5.00V 5.00V
~4,06Vz
TABLE IV



Application Notes

AN-19
DIFFERENTIAL AND MULTIPLYING DIGITAL TO ANALOG CONVERTER APPLICATIONS
by
John Schoeff and Donn Soderquist

®

INTRODUCTION
The introduction of low cost monolithic D/A converters has simplified data acquisition and control system design. This
application note describes several new applications using the multiplying capability and dual complementary current outputs
of the Precision Monolithics DAC-08.

THE UNIVERSAL DAC

® CMOS, TTL, DTL,
HTL, ECL, PMOS
COMPATIBLE 2uA

® 85 NSEC SETTLING
TIME TO + 1/2 LSB

LoGIC INPUTS [} B1 B2 B3 B4 B5 B6 B7 B8
REF I, ® DUAL - JR—
O—{VRer) == %" compLEmENTARY 0 mA IouT
OUTPUTS WITH
® HIGH SPEED DAC-08 HIGH IMPEDANCE
MULTIPLYING e TouT AND -10V TO +18V
REFERENCE O——4 Ve VOLTAGE 1.0 mA - (5
INPUT v COMPLIANCE
2.0mA- IouTt
® 145V TO =18V ® EXTERNAL COMPENSATION ® ADJUSTABLE LOGIC
33mW AT 5V FOR MAXIMUM BANDWIDTH INPUT THRESHOLD | S RS SR R SE R RS SR R
Viy=Vic + 1.4V
| '
(00000000) [SARRRRRR)]

FIGURE 1

MULTIPLYING DAC BASICS
A multiplying DAC has an analog output which is the product of a digital input word and a reference voltage and can be
expressed as:

Al A2 A3 A4 A5 A6 A7 A8:]

1)1 Eg=E |:+—— + + + —
OTFREF | "2 "% "6 "2 "6a 128 256

For a current reference, current output DAC, the expression becomes:

A1l A2 A3 A4 A5 A6 A7 A8:l
2) lo = IREF —t = — =+ — 4+ — +

2 4 8 16 32 64 128 256,
The DAC-08 has complementary/differential current outputs, and I has a complement expressed as:
3) ig=Igg-Ig forallinput logic states.
The relationship of IRgf to Ig and T is illustrated in Fig. 2 and in Fig. 3, the basic DC reference connections. References
may be either positive or negative, and a bipolar output voltage may be achieved using the high compliance current outputs
alone or with an output operational amplifier. The simplest form of a multiplying DAC accepts a unipolar varying reference
input.

POSITIVE REFERENCE CONNECTION NEGATIVE REFERENCE CONNECTION
MSB LsB ms8 Ls8
1o« "VREF | 255 B1 B2 B3 B4 BS B6 B7 B8 |oe < _VREF 255 81 B2 B3 B4 B5 B6 B7 B8
FS™ Rper - 256 FS~ Rper | 256
l )
REF REF
Vpest) [5 6 7 8 9 101112 Vegptt)
i
% _ L —
*VREF Rger i Ac.08 10 +1g = g FOR ALL = 2;:45; Via oAC.08 1o+ 15 = Igs FOR ALL
R14 DAC- X
= AT
VREF() o LOGICSTATES VReri) [, i, LOGICSTATES
5 Vg —vWA——0—1
= RIS 15 RIS Vis .
FOR FIXED E,TTL FOR FIXED REFERENCE, TTL
OPERATION, TYPICAL VALUES OPERATION, TYPICAL VALUES
comP |, ARE: ARE:
+ VRgp = +10.000V - Vg = -10.000v
Ry = 5.000K Rper = 5.000K<
Ris = RReF Ris ~ RRer
Ce = 0.014F v+ Ce = 0.01F
0. mF c n.mFI
Vic=0V N V¢ =0V (GROUND)
0. mFI V- Lc (GROUND) owF L v. L Lc
NOTE 1: Rgp SETS Ipg. R15 1S FOR BIAS CURRENT CANCELLATION NOTE 1: Rggg SETS Igg. R15 IS FOR BIAS CURRENT CANCELLATION
NOTE 2: PINS 14 AND 15 ARE OP AMP INPUTS, SO V14 = V15. NOTE 2: PINS 14 AND 15 ARE OP AMP INPUTS, SO V14 = V15,
FIGURE 2 FIGURE 3
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BIPOLAR REFERENCES

Operation with bipolar references is achieved by modulating
IREF as shown in Fig. 5. To aid in understanding bipolar
operation, see the equivalent circuit in Fig. 4. The reference
inputs of the DAC-08 are op amp inputs — VR (+) being
the inverting input and VRgg(-) being the noninverting
input. Excellent gain linearity of the reference amplifier
allows multiplying operation over a range of IR of 4uA
to 4mA with monotonic operation from less than 1T00uA
to 4mA.
DAC-08 EQUIVALENT CIRCUIT

BIAS 1
Rerenence|  Rvwonk
e ot
cumen | [ I
wuerco swrenes| oo b | Lo LT LU DT LTI LII =
Ty J )

i

[ T

{J |
L

FIGURE 4

VR )
pARLE R
15

REFERENCE AMPLIFIER COMPENSATION

AC reference applications will require the reference amplifier
to be compensated using a capacitor from pin 16 to V-. The
value of this capacitor depends on the impedance presented
to pin 14: for Rq_ values of 1.0, 2.5 and 5.0K£2, minimum
values of C; are 15, 37, and 75 pF. Larger values of R4
require proportionately increased values of C. for proper
phase margin.

FAST PULSED OPERATION

For fastest multiplying response, low values of Rq4 enabling
small C values should be used. For Rq4 = 1KQ and C, =
16pF, the reference amplifier slews at 4mA/usec enabling
a transition from Iggp = 0 to Iggg = 2mA in 500nsec. If
R14 or the parallel equivalent resistance at pin 14 is less
than 200£2, no compensation capacitor is necessary, and a
full scale transition requires only 160nsec.

TWO-QUADRANT MULTIPLICATION

There are two forms of two-quadrant multiplication: bipolar
digital, where the digital input word controls output polarity,
and bipolar analog, where the analogreference input controls
output polarity.

Bipolar digital two-quadrant multiplication is shown in Fig.
6 with the output polarity being controlled by an offset-
binary-coded digital input word.

Bipolar analog two-quadrant multiplication is shown in Fig.
7. A bipolar reference voltage is connected to the upper
DAC-08 and modulates the reference current by £1.0mA
around a quiescent current of 1.1mA. The lower DAC-08
also has a reference current of 1.1TmA; due to the parallel
digital inputs, the lower DAC-08 effectively subtracts out
the quiescent 1.TmA of the upper DAC-08's reference
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BIPOLAR REFERENCE CONNECTIONS

LOW INPUT IMPEDANCE

msB LsB
*VREF B1 B2 B3 B4 B5 B6 B7 B8

56 78 9 101112
14 A

‘REF = PEAK NEGATIVE
SWING OF Iy

Vi
Oqu—I‘:
owr Ly

HIGH INPUT IMPEDANCE

. MSi LSB
VREF B B2 B3 B4 B5 B6 B7 BS

R
REF 5 6 78 9 10 1112

14 4
DAC-08

v
N~ 5
—
Rq5 (OPTIONAL)

HIGH INPUT
IMPEDANCE

+Vggp MUST BE ABOVE PEAK
POSITIVE SWING OF V;

v
o.mFI
owr L o

FIGURE 5

BIPOLAR DIGITAL TWO-QUADRANT MULTIPLICATION
(SYMMETRICAL OFFSET BINARY)

MSB Lse 5.0k

5.000K$2
VREF
0TO +10V

-E 5.0K$2

IFRy = R_LW|THIN +.05%, OUTPUT IS SYMMETRICAL ABOUT
GROUND

B1 B2 B3 B4 B5 B6 B7 B8 | IgmA I—omA Eq(V)

POS. FULL SCALE 111111t 1.992 .000 +9.96
POS. FULLSCALE-LSB [ 1 1 1 1 1 1 1 0 1.984 .008 +9.88
{+) ZERO SCALE 10000 0 0 0} 1000 992 +.040

(~) ZERO SCALE o1 11111 992 1.000 -.040
NEG. FULLSCALE+LSB{ 0 0 0 0 0 0 0 1 .008 1.984 -9.88
NEG. FULL SCALE 0 0 0 00 0 0O .000 1.992 -9.96

FIGURE 6

current at all input codes, since the voltage across R3 varies
between -10V and OV. Thus, the output voltage, Eo, is a
product of adigital inputword and a bipolar analog reference
voltage.



BIPOLAR ANALOG TWO-QUADRANT MULTIPLICATION
(DC-COUPLED DIGITAL ATTENUATOR)

7891011121

S8 8104
B20——4
B3O
840~
B50—
86
870-

LS8 88O

i

789 101112

DAC-08
A3

10KsL
L

FIGURE 7

PERFORMS 2 QUADRANT
MULTIPLICATION AC INPUT

CONTROLS OUTPUT POLARITY.
+15V

FOUR-QUADRANT MULTIPLICATION

Four-quadrant multiplication combines the two forms of
two-quadrant multiplication. Output analog polarity is con-
trolled by either the analog input reference or by the offset
binary digital input word. One implementation of this
function with the DAC-08 is shown in Fiy. 8 with output
current values listed in Table I.

The four-quadrant multiplying DAC circuit shown accepts
a differential voltage input and produces a differential
current output. An output op amp is not shown because it
is not always required; many applications are more suited
for high output compliance (-10V to +18V) differential
current outputs. Typical balanced loads include trans-
formers, transducers, transmission lines, bridges and servos.

FOUR-QUADRANT MULTIPLYING DAC
WITH HIGH IMPEDANCE INPUT

+15,00V

10K 10KS2
'REF ‘ 'ReF
=2 B
$———O'1
TO BALANCED
LoAD
-—
v~ O ———0'o2
WNio— lout 101~ Yoz
msB O-
o-
DIGITAL O
INPUT O
o
o-
LS8 O

© HIGH SPEED MONOTONIC OPERATION OVER ENTIRE RANGE
© HIGH IMPEDANCE DIFFERENTIAL INPUTS

.-
.2

® TRUE CURRENT OUTPUT - WIDE COMPLIANCE
© ADJUSTABLE LOGIC THRESHOLD

10V DIFFERENTIAL INPUT RANGE ® WIDE POWER SUPPLY RANGE

PACKAGES VS. 3 FOR VOLTAGE SWITCHED DAC'S

FIGURE 8

Operation of the four-quadrant multiplier may be more
easily visualized by considering that if either Vy = OV or
the offset binary digital input code is at midscale (corres-
ponding to zero), then a change in the other input will not
affect the output. Zero multiplied by any number equals
zero.

A common mode current will be present at the output and
must be accommodated by the balanced load. A pair of
matched resistors may be used at the outputs to shunt most
of the common mode current to ground, thus reducing the

common mode voltage swing at the output.

TABLE | — FOUR-QUADRANT MULTIPLYING CURRENT VALUES IN FIGURE 8

DIGITAL Vi | Vi) Vin | 'rer | 'mer | 'o# | T0#22 | loq o#2 | g#¥1 | o2 lout
INPUT DIFF. |#1 (mA) | #2 (mA){ (mA) (mA) (mA) (mA) (mA) (mA) DIFF.
1111 1111 | +5v | -5v | +1ov | 2.000 | 1.000 | 1.992 0 1992 | 0.996 0 ] 0996 | 0996mA
1000 0000 | 45V -5v | +10v | 2,000 | 1000 [ 1.000 | 0.496 | 1496 | 0500 | 0992 | 1.492 | 0.004 mA
0111 1111 | 45V -5v | +10v | 2.000 | 1.000 | 0992 | 0500 | 1.492 | 0496 [ 1.000 | 1.496 | -0.004 mA
0000 0000 | 45V -sv | +iov | 2.000 | 1.000 0 | o996 | 099 0 1992 | 1992 | -0.996 mA
1111 1111 ov oV ov | 1500 | 1500 [ 1.494 0 1494 | 1.494 0 1.494 | 0.000 mA
1000 0000 | -10v | -10v ov | 2500 | 2500 | 1250 | 1240 | 2.490 | 1250 | 1240 | 2.490 | 0.000 mA
0111 1111 | +10v | +tov ov | 0500 | 0500 | 0248 | 0250 | 0.498 | 0248 |o0.250 | 0498 | 0.000mA
0000 0000 ov ov ov | 1500 | 1.500 0 | 1494 | 1.494 0 1494 | 1494 | 0.000 mA
1111 1111 | -5V +5v_ | -1ov | 1.000 | 2.000 | 0996 0 1099 | 1992 0 1992 | -0.996 mA
1000 0000 | -5V +5v | -10v | 1.000 | 2.000 | 0500 | 0992 | 1.492 | 1.000 [ 0496 | 1.496 | -0.004 mA
0111 1111 | -6V +5v | -10v | 1.000 { 2.000 | 0.496 | 1.000 | 1.496 | 0992 | 0500 | 1.492 | 0.004mA
0000 0000 | -5V +5v | -1ov | 1.000 | 2.000 0 1992 | 1992 0 |0996 | 0996 | 0.996 mA
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FOUR-QUADRANT MULTIPLYING
DAC TRANSFER FUNCTION

FOUR-QUADRANT MULTIPLYING DAC WITH
EXTENDABLE INPUT RANGE AND HIGHEST SPEED

+15V

DIFFERENTIAL
CURRENT QUT (+)
1mA

REF-01

+10.00v

DIFFERENTIAL
VReF = 10V

DIFFERENTIAL
VREF = +10V

DIGITAL DIGITAL
INPUT (-} INPUT (+)
0000 0000 nnn

TmA
DIFFERENTIAL
CURRENT OUT (-)

FIGURE 9

HIGHEST SPEED FOUR-QUADRANT
MULTIPLYING CONSIDERATIONS

The configuration shown in Fig. 10 makes use of the
DAC-08’s ability to operate in a fast pulsed reference mode
without compensation capacitors. This technique provides
lowest full scale transition times. An internal clamp allows
quick recovery of the reference amplifier from a cutoff
(IREg = 0) condition. This connection yields a reference
slew rate of 16mA/usec which is relatively independent of
RN and Vyy values.

Input resistances are not limited to 10KS2. For example,
100K 2 resistors for Rynq and Ry allow 100V reference
voltage inputs making this connection especially useful in
high common mode voltage environments. Except for dif-
ferent reference treatment, operation and digital input
coding are identical in the circuits shown in Fig. 8 and in
Fig. 10; both have the transfer function shown in Fig. 9.

HIGH INPUT IMPEDANCE AC-COUPLED MULTIPLICATION
(AUDIO FREQUENCY DIGITAL ATTENUATOR)

+15V

OIGITAL
INPUT

- -
p———o0'n
TO BALANCED

DAC.08
u

-
0 ‘o2
lout ~ o1~ o2

* 250:2 RESISTORS AND OMISSION OF COMPENSATION CAPACITORS
ARE OPTIONAL FOR fAST PULSED REFERENCE OPERATION.

© INPUT DIFFERENTIAL AND COMMON MODE RANGES ARE EXTENDABLE
BY INCREASING 10K! RESISTORS. EXAMPLE: 100K FOR 100V.

® HIGH SPEED MULTIPLYING CONNECTION WITH MONOTONIC
OPERATION OVER ENTIRE RANGE.

® NOT NECESSARY TO MODULATE BOTH DAC'S WITH THE
REFERENCE INPUT.

FIGURE 10
AC-COUPLED MULTIPLICATION

Some multiplying DAC applications are more easily achieved
with AC coupling. At the same time, a high impedance input
is often required to avoid loading a relatively high source
impedance. Both requirements are met by the circuits shown
in Fig. 11 and Fig. 12 which use the compensation capa-
citor terminal (Cg) as an input. This is possible because
Cc is the base of a transistor whose emitter is one diode
drop (0.7V) away from the R-2R ladder network common
baseline internal to the DAC-08.

With a full scale input code the output, Vg, is flat to
>200KHz and is 3dB down at approximately 1.0MHz
making this type of multiplying connection useful even
beyond the audio frequency range. Such a connection is
illustrated in Fig. 12 operating at 455KHz, the highest
recommended operating frequency in this connection.

HIGH INPUT IMPEDANCE AC-COUPLED MULTIPLICATION
(I.LF. AMPLIFIER/DIGITAL ATTENUATOR)

+15V

+5.
REF-02 0oV

+5.
REF-02 ooV

25K

KLV, IFS)= 0778V,
= 0dB

DIGITAL
CONTROL
INPUT

® GREATER THAN 40dB DYNAMIC RANGE
® 2,0MS2 TYPICAL INPUT IMPEDANCE

FIGURE 11
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TO LOAD

455KHz |F.
TRANSFORMER

DIGITAL
CONTROL
INPUT

OF
Vip 2V p-p
(MAX)

® OFFSET BINARY CODING ALLOWS PHASE INVERSION
OR TWO-QUADRANT MULTIPLICATION

® 85 NSEC SETTLING TIME FOR DIGITAL INPUT CHANGE

© LOW DISTORTION AND HIGH SPEED

FIGURE 12



DIFFERENTIAL AND RATIOMETRIC A/D CONVERSION

Complementary/differential current-source outputs and
multiplying capability allow the DAC-08 to be used in
differential and ratiometric A/D converter designs directly
without signal conditioning amplifiers. This group of appli-
cations begins with the basic differential A/D converter
and ratiometric A/D converter connections followed by

more specific applications.

These are extremely cost-effective designs due to their low
parts count and simplicity. Alternative designs performing
identical functions require instrumentation amplifiers for
the differential-to-single-ended input signal conditioning and
analog multipliers or dividers for the arithmetic functions.

DIFFERENTIAL INPUT A/D CONVERSION BASIC CONNECTIONS

#1150

+10.00v

SUCCESSIVE

REF.01
sKi!

DAC-08

Pa
COMPARATOR | pppROXIMATION
CMP-01 A o conversion
LoGic

MsB Ls8

® DIFFERENTIAL INPUT RANGE 5V WITH 5V COMMON MODE VOLTAGE RANGE
© USE 5K<! INPUT RESISTORS FOR DIFFERENTIAL INPUT RANGE OF 10V WITH

0V COMMON MODE VOLTAGE RANGE
® USE OP-04 OR OP.14 DUAL MATCHED OP AMPS CONNECTED AS VOLTAGE
FOLLOWERS IF HIGH INPUT IMPEDANCE IS REQUIRED

© DIODES ARE 1N4148's

168

DIGITAL
ouTPUT

FIGURE 13

DIFFERENTIAL A/D CONVERSION

The circuit in Fig. 13 uses the high voltage compliance
current output capability of the DAC-08 and the high
common mode voltage rejection of the CMP-01 to construct
a differential input ADC without input signal conditioning.

A successive approximation ADC is constructed with four

IC's: a REF-01 +10V reference, a 2502-type successive
approximation register, a CMP-01 precision voltage com-
parator, and a DAC-08. As shown, the circuit converts an
analog input in less than 2.0usec. For lower speed require-
ments, the A/D conversion logic can be the tracking or
servo type consisting of up/down counters.

FOUR-QUADRANT RATIOMETRIC A/D CONVERSION BASIC CONNECTIONS

+0
INPUT  Vy
-0
+10.00v
(REF-01}
5K 5Kz skt 5Ke!
INPUT Vy
- 7 o COMPARATOR
Al Y X [cmpoo1 b A/D CONVERSION
pacos > LOGIC
1 ‘o
= le 88

ewe

5&11% ms8 LS8

199999791

o229 009 5
oiGiTAL o Vx
ouTPUT Vy

© HIGH SPEED WITH FULL ACCURACY OVER ENTIRE DYNAMIC RANGE
® 5VDIFFERENTIAL INPUTS WITH '5V COMMON MODE RANGE
© DIODES ARE 1N4148's

FIGURE 14

FOUR QUADRANT RATIOMETRIC A/D CONVERSION

Ratiometric A/D conversion with fully differential X and Y inputs is accomplished with the circuit in Fig. 14. Here, one set of
inputs, Vy, is connected in a manner similar to the circuit in Fig. 13, and the other set of inputs, Vy, is connected in
a multiplying fashion. Operation is as follows: Iggp for both the upper and the lower DAC-08 is modulated between 1TmA and
3mA; and the resulting output currents are differentially transformed into voltages by the 5K resistors at the comparator’s
inputs and compare * with the Vy differential input. When the conversion process is complete (comparator inputs differentially
nulled to less than 1/2 LSB) a digital output is available which corresponds to the quotient of Vx/Vy. Thus, four-quadrant
ratiometric A/D conversion is achieved with four 1C’s and without instrumentation amplifiers.
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BRIDGE TRANSDUCER NULL

In many control systems, bridges must be nulled, and a
digital representation of the bridge’s error must be provided
for computer monitoring and control. The circuit in
Fig. 15 accomplishes both tasks by using the DAC-08
complementary/differential current outputs to null the

bridge with the DAC-08 connected in a tracking differential
A/D converter configuration. The REF-02 reference voltage
source provides both the bridge excitation voltage and the
positive reference voltage for the DAC-08. Some of the
advantages of this circuit are listed at the bottom of Fig. 15.

BRIDGE TRANSDUCER NULL

+5.000V

?HSV

B1 B8

T
L

RREF

BRIDGE
SUPPLY
(REF-02)

o L
O =
- O
ol oiairaL
of outPuT © CORRECTION CURRENT TRACKS BRIDGE SUPPLY SO NULL IS MAINTAINED
o © DIGITAL OUTPUT INDICATES PREVIOUS NULLING ERROR
o] ® CIRCUIT CAN ALSO MEASURE BRIDGE RESPONSE TO INPUT VARIABLE — PROCESSOR
) CAN COMPUTE DIFFERENCE WITH RESPECT TO ZERO ERROR
© NO OPERATIONAL AMPLIFIERS OR SUMMING RESISTORS ARE REQUIRED
© HIGH NOISE IMMUNITY LOGIC COMPATIBILITY (HTL, CMOS)
- UP/DOWN
COUNTER ——o cLock
(8 BITS)
£~ COMPARATOR
FIGURE 15

POWER MONITOR

Another differential current-input ADC is shown in Fig. 16
with a transformer-coupled input. An up/down counter, a
precision high speed comparator, and the DAC-08 form a
tracking A/D converter which continuously monitors the
analog input. Two precautions must be observed: the

common mode voltage at the comparator’s inputs must not
exceed £10V; and the differential voltage must not exceed
11V. Voltage-limiting resistors at the comparator’s inputs
are recommended.

POWER FAULT MONITOR AND DETECTOR

+15V

10K$2 \ -—

REF-01 " MA—+ ‘o
+ov cLock
1ov UP/DOWN
.08 .
T PAc-o! % max |[CMP-O1 COUNTER o

S

= - —

< / < %
 DETECTS AND DIGITIZES SPIKES AND FAULT CONDITIONS S $ i L (L

® TRACKING A/D CONVERTER UPDATE RATE: 200 NSEC (5 MHz MAX)
© RESOLUTION FOR 400 Hz AT MAX CLOCK IS 0.028 DEGREES

=80 » 10-6 = 80 PPM = 0.008% = 0.028 DEGREES

400
5x%108

DIGITAL
OUTPUT

FIGURE 16
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ALGEBRAIC DIGITAL COMPUTATION

Frequently, a digital arithmetic operation (addition, sub-
traction, multiplication, or division) must be performed,
and an analog output must be provided. Traditionally, the
arithmetic operations are performed with several IC’s, and
the output drives a D/A converter. This section describes
applications of the DAC-08 as an arithmetic building block,
new design approaches that reduce the number of'packages
required in many applications. Today’s low cost, versatile
DAC’s merit a designer’s consideration as arithmetic
elements.

One benefit is not immediately apparent and deserves
special mention. In all of these applications, the digital

input words can be CMQOS, TTL, DTL, NMOS, or MECL,
because the DAC-08 interfaces with all of those logic
families. In fact, the two input words may even be from
different logic families to eliminate special level translators
or interface circuitry. (See AN-17, “DAC-08 Applications
Collection.”)

The first arithmetic application is shown in Fig. 17. Two
DAC-08's perform a fast algebraic summation with a direct
analog output. The circuit works by paralleling the outputs
of two DAC-08’s and summing their currents while driving a
balanced load. The output is the algebraic sum of word A"’
and word ““B" in all four quadrants.

FOUR-QUADRANT ALGEBRAIC DIGITAL COMPUTATION

VReF
+10v
b DIFFERENTIAL CURRENT 2o
REF OUTPUT g - 1o
‘o1 o
UL, =30
E
ouT
lout TO BALANCED LOAD | OP-02 Four
[
[ 7 RO g

25K0

DIGITAL

1AL INPUT =
WORD louT =101 - foz = KI{A] + (B} ] WORD “A”| WORD “B” | [ E
5Ke W= YBEF b A~ AND “B- ot 02 outT
Rer Frer 1111 1111 | 1111 1111 | 3.984mA 0 +9.96V
R SSITIVE OR NEGATIVE 1100 0000 | 1100 0000 | 3.000mA | 0.984mA | +5.04V

OFFSET BINARY DIGITAL WORDS

1000 0001 | 0111 1111 | 2.000mA | 1.984mA | +0.04V
1000 0000 | 0111 1111 | 1.992mA | 1.992mA| 0
0111 1111 | 1000 0000 | 1.992mA | 1.992mA| 0
0111 1110 | 1000 0000 | 1.984mA | 2.000mA [ -0.04V
00711 1111 | 0011 1111 | 0.984mA | 3.000mA | -5.04V
i 0000 0000 | 0000 0000 0 3.984mA | -9.96V

@ INPUT
FIGURE 17

]

WORD

FOUR-QUADRANT DIGITAL MULTIPLICATION

High speed multiplication of two 8-bit digital words with
an analog output usually requires several logic packages and
a D/A converter. The circuit in Fig. 18 performs this
function using only three IC's.

analog reference inputs to DAC-08 number 1 and number 2.
Those reference inputs are determined by digital input word
“A."” The circuit’s output, lgq-lgp, is a differential current
output which may be used to drive a balanced load.

Four-quadrant multiplication is thus performed by adding
In Fig. 18 DAC-08 number 1 and number 2 are connected one more DAC-08 to the basic four-quadrant multiplying
as previously shown, and DAC-08 number 3 provides the connection.
FOUR-QUADRANT 8 BIT X 8 BIT DIGITAL MULTIPLIER l

+10,00V

-
— —0'01
TO BALANCED
LOAD

-—
—0'02
lourt = 'o1 - o2

i \

DIGITAL DIGITAL 25012
1A{  INPUT (B8] INPUT §
WORD WORD

® HIGH SPEED MONOTONIC OPERATION OVER THE ENTIRE DYNAMIC RANGE
® FOR HIGHEST MULTIPLYING SPEED USE 250:2 RESISTORS AND NO
nNoC COMPENSATION AS SHOWN. (THIS ALSO LOWERS THE RC PRODUCT AT

DAC-08 3 OUTPUTS.}
FIGURE 18
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OTHER DAC APPLICATIONS

The combination of high voltage compliance complementary current outputs, universal logic inputs, and multiplying capability
in a low cost DAC enables widespread application. Consider the following partial list:

A/D CONVERTERS
Tracking (Servo)

Successive Approximation

Ramp (Staircase)

Microprocessor Controlled

Ratiometric (Bridge Balancing)

TEST SYSTEMS

Transistor Tester (Force Ig and i)

Resistor Matching (Use both outputs)

Programmable Power Supplies

Programmable Pulse Generators

Programmable Current Source

Function Generators (ROM Drive)

ARITHMETIC OPERATIONS

Analog Division by a Digital Word

Analog Quotient of Two Digital Words

Analog Product of Two Digital Words—Squaring

Addition and Subtraction with Analog Output

Magnitude Comparison of Two Digital Words

Digital Quotient of Two Analog Variables

Arithmetic Operations with Words from Different Logic
Families

CONCLUSION

Differential and multiplying applications have been described
which use the high voltage compliance, complementary
current outputs and the high speed multiplying inputs of
the Precision Monolithics DAC-08.

BIBLIOGRAPHY
1) “DAC-08 Applications Collection”
By John Schoeff and Donn Soderquist
Precision Monolithics Application Note #AN-17, 1975
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GRAPHICS AND DISPLAYS
Polar to Rectangular Conversion

CRT Character Generation

Chart Recorder Driver

CRT Display Driver

DATA TRANSMISSION

Modem Transmitter

Differential Line Driver

Party Line Multiplexing of Analog Signals

Multi-level 2-Wire Data Transmission

Secure Communications (Constant Power Dissipation)

CONTROL SYSTEMS
Reference Level Generator for Setpoint Controllers

Positive Peak Detector
Negative Peak Detector

Disc Drive Head Positioner
Microfilm Head Positioner
AUDIO SYSTEMS

Digital AVC and Reverberation
Music Distribution

Organ Tone Generator

Audio Tracking A/D

2) “Low Cost, High Speed Analog-to-Digital Conversion
With the DAC-08"
By Donn Soderquist and John Schoeff
Precision Monolithics Application Note #AN-16, 1975

3) “Differential and Multiplying Use of Digital-to-Analog
Converters”’
By Donn Soderquist and John Schoeff
E.E. Times article, June 21, 1976, pp. 40-47
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EXPONENTIAL DIGITALLY CONTROLLED OSCILLATOR USING DAC-76

by
Donn Soderquist

Here is a 4-1C, microprocessor-controlled oscillator with a 8159 to 1 frequency range covering 2.5Hz to 20KHz. An exponential,
current output IC DAC functioning as a programimable current source alternately charges and discharges a capacitor between
precisely-controlled upper and lower limits. This circuit.features instantaneous frequency change, operates with +5V *1V and
-15V *3V supplies, and provides monotonic frequency changes over a 78dB range — the dynamic range of a 13-bit DAC.

BASIC OPERATION

Connected as shown in Fig. 1, the output of the exponential
DAC is an 8-chord (or segment) current ranging between
250nA and 2.0mA. The three most significant bits select 1 of
8 binarily-related chords; and the five least significant bits
select 1 of 32 linear steps within each chord. This current is
switched between the I0(+) output and the IO(—) output under
the control of a pin labeled SB.

When SB is low, IO(—) is selected, and the DAC’s output
current drives a current mirror which ramps the timing
capacitor in a positive direction until an upper limit of OV is
sensed by A2. At this time the set-reset flip-flop (L1) is set,
SB becomes a “1”, and the DAC’s output current is switched

BV (V+)

DIGITAL INPUTS

CHORD STEP
SELECT SELECT

to the | (+) output. Now the capacitor is charged to a lower
limit of -5V, the flip-flop is reset, and the cycle repeats itself.

REFERENCE SETUP

The multiplying relationship between the reference current,
IREF' and the full scale output of the DAC is 3.863. 'REF is
set by the voltage between V+ and the lower limit divided by
R1+R2. This is so because pin 12, VREF(-), is a high impe-
dance input, namely the noninverting input of an op amp
internal to the DAC. Since both 'REF and the upper and
lower limits are derived by dividing down the power supply
voltages, operation (frequency of oscillation) is independent
of power supply changes. (See Appendix 1 for a complete
derivation of the timing formula.)

CURRENT
MIRROR

+

V| DAC-76CX
REF
Al

-15V +B5V
UPPER LIMIT =0V
. 10KS2
R6 LOWER LIMIT ~-5V
o
. - 0.01:F
_15VV-) ALL 10KS2 RESISTORS ARE PART OF 14-PIN u H/\/\ v E L. SZ:T;;.?C , where

DIP NETWORK BOURNS # 4114R-001-103S

A3 = NORMALIZED DIGITAL INPUT
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+BV

KL K
1% 1%
45V (V+)
CURRENT
MIRROR
2N3906 2N3906
a1 Q2

DIGITAL INPUTS o)
CHORD
SELECT

STEP
SELECT

 +

-15v

UPPER LIMIT ~0V

10K
R6

.

LOWER LIMIT ~-5V

*ALL 10K RESISTORS ARE PART OF 14-PIN

-1V DIP NETWORK BOURNS # 4114R-001-103§
OSCILLATOR TRANSFER FUNCTION
OUTPUT
FREQUENCY
20 KHz
10 KHz
5 KHz
25 KHz NORMALIZED
DIGITAL
01/8 3/8 58 7/8FS INPUT £A}
WAVEFORMS
lo(-) low) lo(-) low)
ON ON OoN ON
ov
RAMP /\/\/
5V
1
ouT I l I I
0
1
oUT ’
o
1
T 1

—— _ (R1+R2) C
0.014F H/\/\&’ £ T BURC wher
- k— T —” !A% = NORMALIZED DIGITAL INPUT
TABLE |
IDEAL OUTPUT FREQUENCY
NORMAL-
CHORD | DIGITAL 1IZED OUTPUT | AVERAGE
{SEG- INPUT DIGITAL FRE- STEP
MENT) CODE INPUT QUENCY SIZE
{a}
1
000 00001 1 4
5158 2.45Hz
8
— ) 3H
0 000 01000 F150 19.6Hz 2.3Hz
31
11111 3
000 111 S155 76.0Hz
33
001 00000 == 80.9Hz
8159
1 9 4.8Hz
001 11111 5
8150 233Hz
010 00000 9 243Hz
5 8159 "
223 9-5Hz
01011111 L2 547Hz
8159
011 00000 281 566H
3159 ‘
3 19Hz
479
c11 11111 8159 1.17KHz
100 00000 495 1.21KHz
8159
4 291 38Hz
100 11 A 2.43KH
11 3159 z
101 00000 Jozs 251KHz
8159
5 2015 76Hz
101 11111 22
159 4.94KHz
110 00000 —’”2(1);2 5.09KHz
6 2003 152Hz
2908 9.96KH
11011111 2150 2
111 00000 4191 10.3KHz
7 g}gg 303Hz
11111111 igg - TS| 200KHz
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FREQUENCY SELECTION

Table | lists ideal output frequencies at the lowest and highest
codes of each chord and the average change in frequency
produced by a one step change (LSB change) within each
chord. For highest accuracy in Chord 0, especially between
2.5Hz and 19.6Hz, comparators with low input current are
recommended. The CMP-02CY comparators typically have
35nA of input current; at the lowest code point (000 00001)
the DAC output is 250nA; so low input current comparators
are essential for best operation. Above 000 01000 (4uA or
19.6Hz) the comparator input currents become less critical.

CONCLUSION

A microprocessor-controlled oscillator has been shown which
achieves a 13-bit dynamic range with only 8 bits of control.
Monotonic frequency steps over 2.6Hz to 20KHz are provided
in a 4-1C low cost design.

REFERENCE

“Eight-Bit Frequency Source Suited for uP Control” by
Albert Helfrick, EDN, September 20, 1976, pp. 116-118.

APPENDIX

TIMING EQUATION DERIVATIONS

One of the best features of this design is its insensitivity to power supply changes. The equation derivations are shown to explain

how V+ and V- drop out as timing determinations.

With a constant current drive the charge on C changes linearly over a range (E) between an upper limit (UL) and a lower limit (LL)
dependent upon the DAC’s digital input code, the DAC’s output current, and the value of the timing capacitor (C).

Eg. 1) T= 2(9%> where: C = timing capacitor value

E = upper limit - lower limit
I = DAC output cuirent, |, (+)
or IO(—)
T = period
Eq.2) E=UL- LLwhere: UL = upper limit
LL = lower limit

[ (V+) = (V=) ] HV-)

R4+R5+R6
Ba.3) UL= mriRairRoiRe
where: V+= positive power supply and V- = negative

power supply
but: R3=R4=R5=R6

oL - 3(v+);<v->
_ R5+R6
Eq. 4) LL= m [(V"")‘(V‘)] +(V')
_(VH+(V-)
LL= —

Substituting 3 and 4 into 2 and solving for E:

_VH)-(vo)

Eq.5) E 7

Rewriting Eq. 1 and substituting 5:
(V+) - (V-)

T )
Eq.6) —- -
TS I

The expression for | is:

Eq.7) 1=3863{A}IREF

where: 3.863 is a constant derived from the ratio of

IREF to IFULL SCALE of the DAC
A = the normalized digital input code

IREF = the reference current

(v -LL
Ba-8) IREF~ "RiiRz

15-81

Substituting 4 into 8:
v - tvu; (v-)]

Ea.9) IREF = R1+R2

(V) -(V-)

" 2(R1+R2)
Substituting 9 and 7 into 6:

(V+4) - (V-)
4

T
Eq.10) — =
q )20

(V4) - (V)]
3.863 {A} WJ

Multiplying by { A} 3.863:

(V+)-(V-)
{A}3.863T _ 4
Ba 1) = ~ WiV

2(R1+R2)

{A}3863T _ R1+R2
2C 2
So, V+and V- have dropped out as timing considerations.
Solving for T:

C(R1+R2)
3.863{Aa}

Eq12) T = but: C=0.01uF
R1=R2=10KQ

-5

5.177X10
Eq.13) T = = - —
a {a}

Finally, the simplified expressions:

50usec

Eq. 14) T = 2 H%C
a {a}

(A}

Eq. 15) f (frequency) = ———— == 20KHz full scale
50% 1078
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31C 8 BIT BINARY DIGITAL TO PROCESS
CURRENT CONVERTER WITH 4 - 20MA OUTPUT

by

Donn Soderquist

This application note describes a 3 IC, 4 - 20mA process current, digital to analog converter that can be constructed for less than
$20 at current 100+ prices. It operates from a -6V 1V negative power supply and a +23V 7V positive power supply, has 24V
output voltage compliance, and occupies less than 4 square inches of printed circuit board space. Other significant features include
TTL logic input compatibility, 8-bit binary coding, 0° to +70° C operation, and 5usec full scale settling time into a 50052 load.

THEORY OF OPERATION

A fixed current of 0.5mA is added to a DAC’s output current
varying between 0 and 2.0mA and the resulting total current is
multiplied by a factor of 8 to produce an output current of
4.0 to 20mA.

In the schematic, first note the REF-01CJ, a +10V adjustable
reference. Its output goes to the noninverting input of %
of A3, a dual precision op amp. The inverting input is within a
feedback loop forcing +10V to appear at the top of R4, a
20KS2 resistor; a 0.5mA current will flow in R4 through Q1, a
high hFE transistor. The same +10V is applied to R3, the
reference input resistor of a multiplying IC D/A converter, the
DAC-08. Full scale output current of the DAC will be the
difference in voltage between the +10V reference and pin 14
of the DAC divided by R3; pin 15 will be at the same voltage
as pin 14 because it is a high impedance point, the noninvert-
ing input of an op amp internal to the DAC. After calibration

T"oc +16V TO 430V

a current of 0 to 2mA (depending on the digital input code)
will flow into the DAC's output, pin 4.

Both the DAC'’s output current and the fixed 0.bmA flow in
R5, a 80052 precision resistor. The voltage developed by that
current is applied to the noninverting input of the other % of
A3 and will also appear across R6, a 10082 precision resistor.
Thus, 8 times the 0.5 to 2.6mA current in R5 flows in R6, or
4 to 20mA. Almost all of this current appears at the output
because the 2N6053 is a high he g device, a power darlington
transistor.

Some other components need explanation. C1 provides
frequency compensation of the DAC's reference amplifier; C2
and C3 are power supply decoupling (bypass) capacitors; C4
prevents high frequency oscillations. D1 through D4 insure at
least 2.6V differential between the op amp’s inputs and its
positive power supply under all conditions. R1 and R2 are
zero scale and full scale adjustments respectively.

GRD,
3

DIGITAL
INPUTS

B1 B2 B3 B4 85 86 B B8

VREF(+)

Olpy Dzny D3g) Dagy
L. Pt

Al
2 N4oOT's
Vin
s +ov
REF-01C) 1

A . 50k

| 2RO

TRIM ApjusT

RS R6
8000 1002
9570 S woan 20.1%

25mA

0T02mA
CA. b

OUTPUT VOLTAGE
COMPLIANCE (Voc)

Vee | Voc
3 6V | Tov.
* 23v_| v
1T T 30v | 24V
0.1uF 3 SETTLING TIME = §, N
i I= -

WITH R = 5008
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CALIBRATION PROCEDURE

Apply +23V *7V and -5V *1V to the converter with a
current-measuring meter connected between the output and
ground. Make the digital inputs all zeros, < +0.8V. Adjust R1
until the output current is 4.0mA. Now change the digital
inputs to all ones, > +2.0V. Adjust R2 until the output
current is 20mA. Calibration is now completed.

OUTPUT VOLTAGE COMPLIANCE

Qutput voltage compliance is Vcc -6V. For example, at
Vcc = +16V, the output may go to a maximum of +10V
without affecting output current. Thus, a 50052 resistor would
be the maximum load resistor at Vcc =+16V. At Vcc =+30V,
Vo = 24V, and R, Max = 1.2KS2.

SCALE MODIFICATION ,

Although the values shown are for the more common 4-20mA
requirement, operation at 1-5mA or 10-50mA may be
achieved by changing some components. For 10-50mA,

change R6 to 4082; this makes the multiplying factor 20
instead of 8. For 1-5mA, replace the 2N6053 with a 2N5087,
and change R6 to 400€2.

CONCLUSION

A simple, low cost process current converter has been shown
with wide application in the controls industry. The design is
tolerant of wide power supply variations, has high voltage
compliance, and is easily calibrated. Reliability and cost are
optimized by using only 3 integrated circuits, the Precision
Monolithics DAC-08, REF-01, and OP-14, plus a few readily
available discrete components.

REFERENCE

Crowley, B., ““Circuit Converts Voltages to 4-20mA For
Industrial Control Loops,” Electronic Design, Jan. 5, 1976,
p. 116.

PARTS LIST
Circuit
Symbol (s) Description
A1l +10V Reference, PMI REF-01CJ
A2 8 Bit DAC, PMI DAC-08CQ
A3 Dual Op Amp, PMI OP-14CJ
C1-C3 0.1uF +80%/-20% 50V, Type CK-104
c4 100pF 5% Mica, DM10ED101J03
D1-D4 Power Diode, TN4001
Qa1 NPN Transistor, 2N3904
Q2 PNP Power Darlington, Motorola 2N6053
R1-R2 50K Potentiometer, Bourns #3006P-1-503
R3 402052 +1%, RN55C4021F
R4 20K$2 £1%, RN55C2002F
R5 800%2 £0.1%, GR #3E16D800
R6 10082 £0.1%, GR #8E16D100
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SOFTWARE CONTROLLED ANALOG TO DIGITAL CONVERSION USING DAC-08
AND THE 8080A MICROPROCESSOR

Will Ritmanich and Wes Freeman

The microprocessor is generally regarded as a flexible replacement for discrete logic devices. Yet most microprocessor-based
designs still use numerous isolation and support packages for analog to digital (A/D) conversion, rather than using just software
and the processor itself. There are many applications where the minimum system approach is both desirable and feasible. This
application note describes a very simple, low cost method of software controlled 8-bit A/D conversion using the Precision Mono-
lithics DAC-08 and the Intel 8080A. Innovative software eliminates the need for peripheral isolation devices. Easily expandable
to 10-bit or 12-bit A/D conversions, the technique may be emulated using other microprocessors having separate address and data

busses.

8080A 1/0 INTERFACE CONSIDERATIONS

In order to communicate with any input/output peripheral
device, the 8080A must be able to distinguish between its
normal memory array and that particular 1/0 peripheral. Two
techniques exist for accomplishing this, each with its own set
of advantages and disadvantages.

The basic approach, used especially in large systems requiring
greater than 32K memory, assigns the particular peripheral to
an 1/0 Port.”” This has the effect of isolating the 1/0 from the
memory bus by the use of additional interface devices (gener-
ally the 8255 Programmable Peripheral Interface). Data trans-
fers to and from the peripheral are then enabled by special
instructions IN or OUT. This method has the advantage of
allowing full 656K memeory usage (Figure 1), but requires
additional support circuits. Although conceptually simple, it
restricts communication to the peripheral through the 8080A
Accumulator.

For simple applications or where the full memory addressing
capability of the 8080A is not needed, a powerful technique re-
ferred to as ‘Memory-mapped /O’ can be implemented. By
utilizing unused portions of memory address space for 1/0O
operations, the full instruction set used to control memory
can also be used to operate on peripherals. This creates a
powerful “‘new’” capability for dealing with 1/0. The major
constraint, however, is that the peripheral must now conform
to memory bus signals and timing.

MEMORY /0 PORTS

ISOLATED 1/0

FIGURE 1

1/0 CONTROL USING MEMORY MAPPING

The convention used in establishing memory mapped 1/0 is to
assign address line Aqg as the /O control flag. Thus, if Aqg is
"zero,” then memory is active, and if Aqg is “‘one’ then 1/0
is active. This creates a ‘map’’ of the memory as shown in
Figure 2. Although other address lines could be used for the
function, Aqg is normally used because it is easier to control
with software and allows full address capability for the lower
32K of memory.

MEMORY
MAPPED
1/0

MEMORY /0 PORTS

MEMORY MAPPED 1/0

FIGURE 2

MEMORY MAPPED 1/0 CONTROL SIGNALS

In order to manipulate memory-mapped 1/0, it is necessary
to generate the appropriate control signals. This is accomplished
by gating MEMR and MEMW with Aqg as shown in Figure 3.
System bus characteristics are preserved and all instructions
normally used to operate on memory can now be used on /O
as well.

1/0 CONTROL SIGNAL GENERATION

O MEMR T0
MEMORY
° T DEVICES
o- MEMW ]
8228
SYSTEM CGNTROL
ToR |
T0
MEMORY
[ MAPPED
170
[ DEVICES
1/OW (MM}
g
Ats
FIGURE 3
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SUCCESSIVE APPROXIMATION A/D CONVERSION
Because it provides the best tradeoff between speed and
hardware/software complexity, the successive approximation
method of A/D conversion has been selected. Figure 4 shows a
simple analogy of this.approach based on the use of a pan
balance.

SUCCESSIVE APPROXIMATIONS ANALOGY

UNKNOWN
WEIGHT

FULL
SCALE

2 FULL

SCALE  FULL FULL

4 SCALE  scaLE

I | 8 16
] l C—/—/3 et
BINARILY WEIGHTED COUNTERWEIGHTS
FIGURE 4

To measure some unknown weight, it is placed on one pan of
the balance. By successively applying binarily-weighted counter-
weights to the other pan until! the scale is balanced, we can
ascertain the portion of the unknown weight compared to
that of the known full scale weight. The number of “trials" is
made equal to the number of counterweights available by
starting with the heaviest counterweight first, and either
retaining it or rejecting it based on the comparison to the
unknown. This process is repeated for the next heaviest and
so on, until all weights have been tried.

Electricélly, this can be simulated by sequential comparisons
between the output of a digital to analog converter and some
unknown analog input. Figure 5 shows the basic circuit
configuration.

BASIC SUCCESSIVE APPROXIMATION CIRCUIT

SUCCESSIVE APPROXIMATION REGISTER

START
— SHIFT REGISTER
ANALOG cLock | BT T A END OF
ANaLC 2 n-1"] n ENCODE
SERIAL
OUTPUT
LATCHES
msB
COMPARATOR S
-0
O
—0
LsB
WSB Tse

VOLTAGE OUTPUT D/A

FIGURE S

At the start of a conversion, the most significant bit (MSB) of
the DAC is turned on by the Successive Approximation Register
(SAR) producing an output from the DAC equal to one-half
full scale. The DAC's output is compared to the analog input
by a comparator, and if the DAC output is greater than the
unknown input voltage, the MSB is turned off. If, however, the
DAC output is less than the unknown input, the MSB is
allowed to remain on, and the next most significant bit is
tried. Whether or not this second bit should remain on or be
turned off is subject to the same criteria as before (Figure 6).
This basic procedure is used to test all remaining DAC bit
inputs.
FLOW DIAGRAM FOR 3 BIT SUCCESSIVE APPROXIMATION
A/D CONVERSION

111 110 101 100 on 010 001 000

FIGURE 6

LOGIC REPLACEMENT BY THE 8080A

The circuit illustrated in Figure 5 can be simplified by
utilizing the logic capability of the 8080A to replace the SAR.
The eight lowest order address bits control the data bit inputs
to the DAC-08 (Figure 7). Table 1 contains the software used
to accomplish this. Figure 8 depicts the corresponding flow
diagram.

3DAC 08 A/D CONVERSION ROUTINE

START: LXI P,08000H 3LOAD MSP IN EsCLEAK C
MOV AsP 3MSE TO ACC
MOV HsA 3SET MEM/MAP 170

TEST? ORA C 3ACD LAST TEST VALUE
MOV LsA 3MOVE FRESENT TEST T0 L
MOV AsM JGET COMP OUTFUT
ANA A 3SET FLAGS
JPO  TOOHI 5 DISCARD PRESENT TEST EIT
MOV ASF JGET PRESENT TEST BIT
OFA C 3ADD TOTAL SO FAR
MOV CsA 3 SAVE TOTAL

TOOHI: MOV AP 3GET LAST TEST EIT
RAE 3ROTATE TOWARD LSE

MOV B,A i SAVE NEW TEST FIT
JNC  TEST JUUMF IF NOT FINISH
END 3 FINAL VALUE 1S IN C

TABLE 1
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+10.000 v

5KQ

5KS2

A7

15V

OWF

Cc

AAA

ANALOG
INPUT
07O +10V

2
1112 1

8080

HP

b7

8228
EM CONTROL

47K

3
7aL812

DBIN

3
741512

g
| WR_DBIN

FIGURE 7

This technique accesses the DAC as a 256 X 1 ROM. Conversion
time, hardware interface, and program length are minimized
due to the fast settling time of the DAC-08 and CMP-01
combination, which is less than the processor cycle time
(Figure 9). No “‘wait”’ states or (NOP) instructions are required
for execution of the program.

The instruction (MOV L, A) moves the test value to the “’L"
(memory address) register, which controls the 8 lowest order
address bits, establishing the trial bit value to the DAC. The
applied analog input current is compared to the DAC output
current by the CMP-01. The (MOV A, M) instruction gates
the trial comparison results provided by the CMP-01 into the
8080A Accumulator. The processor then continues to perform
the logical operations required to accomplish the analog to
digital conversion. It requires 21 bytes of memory with an
8-bit conversion time ranging from 235 to 285 usec using a
2.0 MHZ clock. The time varies slightly depending on the
analog input, because extra program steps are required if the
trial bit must be saved. Quantizing is performed over an analog
input range of 0 to +10 volts, although other user-selected
encoding ranges can also be used.

EXPANSION

This technique may also be used for A/D conversions of 10 or
12 bits by simply connecting the DAC MSB inputs to the
corresponding address lines. The hardware and software savings
show a very marked increase because multiple latches and
extensive software byte moving operations are eliminated.
Thus, for a 10-bit A/D conversion, the DAC ‘“‘appears’ to the
8080A as a 1024 X 1 ROM; a 12-bit DAC “‘appears” as a
4096 X 1 ROM. In general, the settling time of a 10-bit or
12-bit DAC is greater than the cycle time of the 8080A;
however, by using the 8080A READY line to insert “‘wait"
states, the settling time of any DAC can be accommodated.
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SOFTWARE CONTROLLED A/D CONVERSION

START

LOAD REGISTERS
MS8 TO A&B
SET MEMORY /MAP
1/0 BITIN H

Te

ADD PREVIOUS
TEST VALUE

MOVE TEST
VALUE TO L
GET TRIAL RESULT

TRIAL VALUE
TOO Hi?

ADD PRESENT
TEST BIT TO
TOTAL VALUE

STORE TOTAL VALUE

GET LAST TEST BIT

ROTATE TOWARD LSB

SAVE NEW TEST BIT

NO

FINISHED?

FIGURE 8



DAC-08 / 8080A SETTLING TIMES

TOP TRACE: A15

2ND TRACE: DAC-08

PIN 4
3RD TRACE:  CMP-01
OUTPUT
BOTTOM
TRACE: 74L812
OUTPUT

FIGURE 9

CONCLUSION

A low cost A/D conversion technique using DAC-08 and the
8080A microprocessor has been presented. Implementation
requires a minimal allocation of memory for program software
and very few interface components. The technique permits
expansion to control 10-bit or 12-bit A/D conversions.

15-87

BIBLIOGRAPHY

1.) “8080 Microcomputer Systems Users Manual,” Intel
Corporation 9/75.

2.)  “A/D Conversion Systems: Let your uP do the Working"’
by Don Aldridge, EDN, 5/5/76, pp 75-80.

3.) ‘“Low Cost, High Speed Analog to Digital Conversion
with the DAC-08,” Precision Monolithics Application
Note AN-16.




Application Notes

AN-23
DIGITAL-TO-ANALOG CONVERTER GENERATES HYPERBOLIC FUNCTIONS

by
Will Ritmanich, Bob Blair, and Bob Debowey

Measurement and control systems frequently require fine resolution around a setpoint with wide dynamic ranging capability. This
can be satisfied by systems designs which use a high resolution, strictly linear approach; but this is costly and often unnecessary.
Nonlinear function fitting using multiplying digital-to-analog converters (DAC's) offers a desirable alternative by being both simpler
and more cost-effective. This application note describes how extended range hyperbolic functions of the type A/X or —A/X (where
“A’ indicates an analog constant, while ““X’’ represents a decimally-expressed digital divisor) are easily generated by just two low-
cost 1.C.’s; an operational amplifier and a multiplying DAC. Circuit configurations are provided for each polarity output along with
dynamic performance photographs and general design guidelines for either binary or BCD-coded divisors. At current prices (100+)
the configurations shown can be built for less than $10.

THEORY OF OPERATION (A/X)

Figure 1a shows the A/X function circuit which uses a two-digit BCD-coded DAC, the DAC-20EX, and a decompensated, wide-
bandwidth op-amp, the OP-17. A constant current, | constant, equal to the value of one least significant bit (LSB), flows into the
DAC output terminal, 5. Simultaneous adjustment of the scale factor and output amplifier offset voltage is enabled by a multi-
turn, low tempco potentiometer, R5, which adjusts current —IR producing voltage ~VR across R2. The LSB value (scale factor)
equals -VR/R1.

Zener diode, Dz, provides a stable reference voltage source. Because feedback for the op amp is through the DAC, capacitors C1 and
C2 are added to provide proper phase compensation. Reference resistor R3 is determined by the scale factor and the maximum cur-
rent allowed into the DAC reference input VR+. Bias current compensation for the DAC reference amplifier is accomplished by R4.

Figures 1b, 1c, and 1d show dynamic performance of circuit 1a when the digital inputs are swept by an external BCD up-counter
with codes of 0000 0001 through 1001 1001 (division by zero is not allowed).

THEORY OF OPERATION (-A/X)

The circuit configuration for the —A/X function is shown in figure 2a. It is quite similar to that of figure 1a with both the DAC
reference amplifier and output amplifier terminals reversed. Capacitors C1 and C2 provide phase compensation. Figures 2b, 2c, and
2d show dynamic performance of circuit 2a.

DESIGN CONSIDERATIONS

1) Circuit speed and settling time are dictated by output op amp slew rate, scale factor, and compensation. Use of stower ampli-
fiers considerably increases the illustrated settling times. Effective slew rate of circuit 1a is 3V/us, while circuit 2a slews
0.6V/us.

2) Layout and breadboarding of high gain, wide-bandwidth devices necessitates considerable care with a ground plane with single
point grounding being highly desirable. Decoupling capacitors located close to the devices’ supply inputs are essential.

3) Accuracy of the circuit is within 1% over the 0°C to +70°C temperature range with 1% metal film resistors R1, R2 and R3.
DAC linearity becomes an important factor as the divisor decreases; for this reason 1/4 LSB linear DAC's are recommended.

4) Binary coding may be accomplished by subsituting an 8-bit binary-coded DAC-08EX for the two-digit BCD-coded DAC-
20EX. In addition to adjusting circuit values however, a higher performance op amp such as the OP-17F is desirable because
the output amplifier’s input offset voltage drift becomes a more significant error source for overall scale factor stability over
temperature. This is due to the increased resolution of the binary coding.
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A/X FUNCTION GENERATOR

“X" DIVISOR
DIGITAL INPUTS

/ M\
8 40 20 10 8 4 2 1 +15V
s 5 |6 |7 |8 |9 |0 [11 |12
R
B1 B2 B3 B4 B7 B 01uF
sdeka 3 B4 B5 B6 B7 B8 <4—— ICONSTANT "
VR+ A 3
+Vour
DAC-20EX 6
] 51 vR- o/,
¢ comp V- v+ VLC
10pF
lw 3 13 1
R4 RS
3.6KQ c2 -15v +15fv 10K 2 6.8V
47pF BOURNS 01uF
O‘W':é ;;o.um 3006 P-1-103 {];
-15V
R1.R2,R3=1%METAL FILM
FIGURE 1a

ALL CAPS = CERAMIC DISC
A/X FUNCTION GENERATOR

GROUND
PLANE

-V
lconstant = LSB value = —— ‘
R where XFg = decimal equivalent

-VR =-IR*R2 of full scale counts

and Xdjy = decimal equivalent

A= lconstant” R3* XFS of desired divisor

N lconstant” R3* XFs

Vv
ouT Xdiv

FIGURE 1b

TOP TRACE = CLOCK

LOWER TRACE = % THRU -1%

(CODES 0000 0001
THRU 0001 0000)

FIGURE 1c
TOP TRACE = CLOCK

A A
LOWER TRACE = 3 THRU oy

(CODES 0000 0011
THRU 0010 0010)
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FIGURE 1d

TOP TRACE = CLOCK

LOWER TRACE = A THRU A

1 99

(CODES 0000 0001
THRU 1001 1001)



— A/X FUNCTION GENERATOR

“X" DIVISOR
DIGITAL INPUTS
/ \
80 40 20 10 8 4 2 1 +15V

T& 10 |11 |12

5 16 |7 15
O1uF
348K 0 B1 B2 B3 B4 B5 B6 B7 B8 4—— ICONSTANT i
VR# \7
6 -Vout
DAC-20EX oP-17G
AAA F15 VRe V's
R4
3.6KQ COmP V- v+ VLC
16 3 13
c2 s
100pF .
-5V +15}v 10K Q o8V
BOURNS 0.1uF
0.1uF otuF 3006 P-1-103 %
c % %
22pF
.
L
-15V
R1,R2,R3 = 1% METAL FILM
FIGURE 2a

ALL CAPS = CERAMIC DISC
-A/X FUNCTION GENERATOR

GROUND
PLANE

_VR
leonstant = LSB value = A
! where Xfg = decimal equivalent

-VR =-IR*R2 of full scale counts

and Xdjy = decimal equivalent
of desired divisor

A= lconstant* R3*XFS

FIGURE 2b FIGURE 2¢ FIGURE 2d
LOWER TRACE = CLOCK LOWER TRACE = CLOCK LOWER TRACE = CLOCK
-A -A , -A -A -A -A
TOP TRACE = =~ THRU & TOP TRACE = = THRU 5o TOP TRACE = == THRU =&
(CODES 0000 0001 (CODES 0000 0011 (CODES 0000 0001
THRU 0001 0000) THRU 0010 0000) THRU 1001 1001)
 SUMMARY

‘Simple, low cost circuits which generate the hyperbolic functions A/X and —A/X have been presented, together with design guide-

lines for either binary or BCD-coded divisors.
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THE OP-17, OP-16, OP-15 AS OUTPUT AMPLIFIERS FOR
HIGH SPEED D/A CONVERTERS

by George Erdi

This application note shows how to make high speed, voltage output D/A converters using the DAC-08 and OP-15/16/17 precision
bifet op amps. Designs are optimized for highest speed (OP-17), lowest drift (OP-16) and for lowest power (OP-15). Although the

DAC-08 is used as an example, the same configurations work wi

Converting the current output of a fast IC DAC to a voltage
while maintaining fast settling time is difficult. The full scale
current of the DAC-08 settles in 85nsec. It can be terminated
with a load resistance, as shown in Figure 1, to give a 10V out-
put. However, in this configuration the settling time will be
dominated by the RC time constant of Rq and the DAC-08's
output capacitance (T=R1Cp=5KQ X 15pF 75nsec). It
requires 6.2 time constants to settle within 0.2% of full scale
(1/2 least significant bit of an 8 bit converter). Therefore, the
settling time is 500nsec including the DAC-08’s 35nsec propa-
gation delay.

th DAC-20 and DAC-76.

Due to this RC time constant, current to voltage conversion is
usually accomplished with a transimpedance amplifier as shown
in Figure 2. The output’s response is now limited by the amp-
lifier's slew rate and settling time. However, an additional pole
is introduced at , where C1 is the sum of the DAC’s

7R
output capacitance and the op amp's input capacitance. The
frequency of this pole is likely to be at an inopportune
location for fast amplifiers, creating an underdamped response
or even oscillation.

DIGITAL
INPUTS
VRer  MSB LSB
RRrer T T T T T T T T
Iner —p | Veer™)
DAC-08
‘L—'VREF("
V+ V-

SETTLING TIME = 5

FIGURE 1
DAC-08 WITH RESISTIVE TERMINATION

Vg = Qto -1o0v

00 nsec FOR 0 TO -10V

DIGITAL
INPUTS
Veer  MSB LsB
RRer T T T T T T T T
e Vaer () -
pAC-08  °T
rVREF(‘) -
= Vic
l i Ce -
v+ V-

FIGURE 2
VOLTAGE OUTPUT DAC WITH TRANSIMPEDANCE AMPLIFIER

—O
Vg =0to +10V

Cy=Co+Ciy
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DIGITAL
b———'\/\/\/———————-
Vier MSB INPUTS
(o3
1199107 4t
Rrer \
ler 5] VReEF)

V, = 0to +10V
Vgerls) 0

L]

FIGURE 3

VOLTAGE OUTPUT DAC WITH RESPONSE SHAPING

The circuit of Figure 3 resolves this problem. It can be shown that if R1Cq = R2C2, the effect of the two capacitors is completely
cancelled, and the overall settling will be determined by the amplifier’s behavior only. In addition, C2 can be varied to fine tune the
system’s response and minimize settling time to compensate for the op amp's possibly underdamped or overdamped characteristics.
The disadvantage of this circuit compared to that of Figure 2 is that all input errors, and in particular input offset voltage (Vpg), are

R
amplified by the factor (1 + ﬁ%)

DIGITAL 1.25KQ2 R2 5K

INPUTS
+10V msSB

AR

B1 B2 B3 B4 B5 B6 B7 B8

Rger
14 1y, (+)
— ] VReF
DAC-08E
_J_L Veert)
i 15V
NOTE: VALUES SHOWN ARE FOR OP-17. REFER
TO TABLE | FOR OP-15 AND OP-16 VALUES.
BV 15V ° W

FIGURE 4
0 TO +10V CONNECTION, SETTLING TIME = 380nsec

The optimum speed is obtained - at low cost - by using the OP-17, fast, precision, BIFET-input op amp, stable only at closed-loop
gains of five or more. Therefore, the R1/R2 ratio is set at four (Figure 4). Settling time to 0.2% is 380nsec with all bits turning on
(0 to 10V), or all bits turning off (10V to 0). The last 2.5 volts of the rising wave-form are shown in the photograph of Figure 5.
The three grades of the OP-17 are specified at Vos=0.5mV max (OP-17E), 1.0mV max (OP-17F), and 3.0mV max (OP-17G). Even
though V |s multiplied five times its effect is still less than 0.2% or 20mV. The OP-17E’s contribution will be only 1/4 LSB even
ona 10 blt system. The offset voltage can also be trimmed to zero, then the TCV os’ at 2 to 4uV/°C, typically,will be the limiting
factor. The complementary output of the DAC-08 can be used for a ~10V fo +10V system as depicted in Figure 6. Settling time
is only slightly increased because of the time required to slew the additional ten volts. Since 1/2 LSB is now 40mV, the non-slew
" portion is decreased by 70nsec.
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LOGIC
INPUTS

The OP-16 is slower than the OP-17 but it is stable in unity
gain. Therefore, improved output-referred error can be traded
off for increased settling time. The OP-15 is a lower power
dissipation model, but again this improvement is obtained at the
expense of settling time. Table | summarizes the resistor and
capacitor values for the various amplifiers in the circuits of
Figure 4 and Figure 6, the settling times obtained in these cir-
cuits, and the output-referred offset errors.

FIGURE 5
SETTLING TIME OF FIGURE 4 CIRCUIT USING OP-17
DIGITAL 125K52 R2 5K
N
+10v  MSB INPUTS LSB L py
C 8pF
P 2 “
5KS2 T T T T T“’T“T‘ZT +15V i
Rrer B1 B2 B3 B4 B5 B6 B7 88_\
14 2
lner — 1 Vrer ™) o - U
DAC-08E or-17F > e—0
15 =1
l Vieee + A Vo o
= V+ v-  Cc Vic
3 13[ 18] 1 -15v
c, = L NOTE: VALUES SHOWN ARE FOR OP-17. REFER
= -15 AND OP-16 .
BV sy OF TO TABLE | FOR OP-15 o] VALUES
FIGURE 6
+10V CONNECTION, SETTLING TIME = 450nsec

TABLE |
OP-17/16/15 PERFORMANCE AS OUTPUT OP AMP FOR DAC-08

oP-17 OP-16 OP-15
0 to 10V -10 to +10V 0 to 10V -10 to +10V 0 to 10V -10 to +10V
Fig. 4 Fig. 6 Fig. 4 Fig. 6 Fig. 4 Fig. 6

Ry 1.25KQ 1.25K$ 10KQ 10KQ 10K 10KQ

R2 5KQ 5K 5KQ 5KQ 5KQ 5K

R3 — 1KQ — 3.3K - 3.3K

C2 8pF 8pF 25pF 40pF 30pF 50pF
Settling time to +0.2% 380nsec 450nsec 750nsec 1100nsec 900nsec 1350nsec
Slew Time 150nsec 290nsec 400nsec 800nsec * 590nsec 1170nsec
1/2 LSB =0.2% 20mV 40mV 20mVv 40mVv 20mVv 40mvV
Closed Loop Gain 5 5 15 15 15 15
Offset Error at Output

E Grade MAX 25mVv 25mV 0.75mV 0.75mV 0.75mV 0.75mV

F Grade MAX 5.0mV 5.0mVv 1.5mV 15mV 1.5mVv 1.5mv

G Grade MAX 15.0mVv 15.0mV 4.5mV 4.5mV 4.5mV 45mv
SUPPLY CURRENT MAX 7mA 7mA 7mA 7mA 4mA 4mA
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AVAILABLE PACKAGES

PACKAGE DESCRIPTION

6 Pin TO-78
8 Pin TO-99
10 Pin TO-100

10 Pin Hermetic Flatpack
14 Pin Hermetic Flatpack
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T IXPKXK Z2Z2r A<
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MECHANICAL DIMENSIONS — DIP’S (CONTINUED)
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MECHANICAL DIMENSIONS — FLATPACKS
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EAST
3375 Park Avenue

PMI REGIONAL OFFICES

CENTRAL

605 East Algonquin Road

Wantagh, NY 11793 Suite 250G
(516) 785-3331 Arlington Heights, IL 60005
(312) 437-6697

PMI DISTRICT

PENNSYLVANIA, King of Prussia
P.O. Box 657
(215) 265-3255

P.O. Box 74

MARYLAND, Lutherville-Timonium

(301) 252-2988

SOUTHWEST NORTHWEST

9800 S. Sepulveda Blvd.,
Suite 818

Los Angeles, CA 90045
(213) 670-3791

1500 Space Park Drive
Santa Clara, CA 95050
(408) 246-9222

OFFICES

NEW YORK, Fishkill
Box A
800-824-5120 EXT 237

NORTH AMERICAN REPRESENTATIVES

ALABAMA, Huntsville
W.A. Brown Components
P.O. Box 1332 West Station
(205) 539-4411

TWX 810-850-0140

ARIZONA, Tempe

Argus Sales

1050 E. Southern, Suite Cb
P.O. Box 26817

(602) 967-8709

TWX 910-950-1940

CALIFORNIA, Mountain View
Thresum Associates

1901 Old Middlefield Way, Suite 16
(415) 965-9180

TWX 910-379-6617

CALIFORNIA, San Diego
L&S Associates

11772 Sorrento Valley Road
(714) 455-0055

TWX 910-322-1730

COLORADO, Wheatridge
Waugaman Associates, Inc.
4800 Van Gordon

(303) 423-1020

TWX 910-938-0750

171

CONNECTICUT, Wallingford
Com-Sale

633 Williams

(203) 269-7964

FLORIDA, Orlando

Technology Marketing Associates
6009 S. Orange Ave.

(305) 857-3760

FLORIDA, Pompano Beach
Technology Marketing Associates
1010 East Atlantic Blvd.

(305) 942-0774

GEORGIA, Chamblee
W.A. Brown Components
3083F Colonial Way
(404) 455-0405

ILLINOIS, Rolling Meadows
Sumer, Inc.

5050 Newport Drive

(312) 394-4900

TWX 910-687-0764



NORTH AMERICAN REPRESENTATIVES (CONT'D)

INDIANA, Indianapolis
Ihrig Associates, Inc.
6410 Woodwind Drive
(317) 783-7630

IOWA, Cedar Rapids
Comstrand, Inc.

204 Collins Road, NE
(319) 377-1575
TWX 910-5676-0924

KANSAS, Olathe

Technical Representatives, Inc.

801 Clairborne
(913) 782-1177
TWX 910-749-6412

NEW MEXICO, Albuquerque
Waugaman Associates, Inc.
P.O. Box 14894

(505) 294-1436

NEW YORK, Jericho
J-Square Marketing, Inc.
P.O.Box 103

(5616) 997-6210

TWX 510-222-1048

NORTH CAROLINA, Raleigh
W.A. Brown Components
P.O. Box 19407

(919) 781-9426

MASSACHUSETTS, Waltham
Com-Sale

235 Bear Hill Road

(617) 890-0011

MICHIGAN, Detroit

A. Blumenberg Associates
P.O. Box 8936

(313) 557-1934

TWX 810-224-4852

MICHIGAN, St. Joseph
A. Blumenberg Associates
2910 Willa Drive

(616) 983-0431

MINNESOTA, Minneapolis
Comstrand, Inc.

6279 University Ave., NE
(612) 571-0000

TWX 910-576-0924

MISSOURI, Hazelwood

Technical Representatives, Inc.

300 Brooks Dr., Suite 108
(314) 731-5200
TWX 910-762-0618
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OHIO, Cleveland

Del Steffen & Associates
33 Alpha Park

(216) 461-8333

TWX 810-427-9272

OHIO, Dayton

Del Steffen & Associates
1201 E. David Road
(513) 293-3145

OHIO, Lexington

Del Steffen & Associates
173 Otterbein Drive
(419) 884-2313

TENNESSEE, Knoxville

W. A. Brown Components
4000 Pleasant Ridge Road .
Apt. C-4

(615) 637-3523

TEXAS, Houston

Qeler & Menelaides, Inc.
6065 Hillcroft, Suite 502
P.0O. Box 35428

(713) 772-0730

TEXAS, Richardson

Oeler & Menelaides, Inc.

558 S. Central Expressway, #276
(214) 234-6334

TWX 910-867-4745

UTAH, Salt Lake City
Waugaman Asscciates, Inc.
445 East 2nd South, Suite 304
(801) 363-0275

TWX 910-925-5607

WASHINGTON, Seattle
SJ1 6

626 Alaska Street

(206} 624-9020

TWX 910-444-2212

WISCONSIN, Milwaukee
Sumer Inc.

11430 W. Bluemound Road
(414) 259-9060

CANADA

ONTARIO, Mississauga
RFQ Limited

P.O. Box 262

Port Credit Postal Station
(416) 626-1445

QUEBEC, Dollard Des Oreaux
RFQ Limited

P.O.Box 213

(514) 626-8324



INTERNATIONAL REPRESENTATIVES

PMI — A BOURNS SUBSIDIARY — IS REPRESENTED IN EUROPE, NEAR EAST AND

AFRICA THROUGH THE NETWORK OF BOURNS REPRESENTATIVES.

EUROPEAN HEADQUARTERS

BOURNS AG, BAARERSTRASSE 8, 6301 ZUG, SWITZERLAND

PHONE: 042232242 TELEX: 78722

AUSTRIA

Ing. Otto Folger
Elektronische Gerate
Graf Starhemberggasse 45
1040 Vienna

Phone: 0222 /65 45 03
Telex: 76588

BELGIUM

Bourns (Belgium) N.V.
I.R.C., Rogiersplein 13
1000 Brussels

Phone: 02 /218 2005
Telex: 23217

DENMARK

E. Friis-Mikkelsen A/S
Krogshoijvej 51

2880 Bagsvaerd-Copenhagen
Phone: 01 /98 63 33
Telex: 37350

EASTERN EUROPE
Eltrans
Handelsgeselischaft m.b.H.
Nordbahnstrasse 44/15
1020 Vienna

Phone: 0222 /247137
Telex: 75011 a

FINLAND

Oy Chester AB
Kumpulantie 1
00510 Helsinki 51
Phone: 80/ 735774
Telex: 122217

FRANCE

Ohmic S.A.

21/23, rue des Ardennes
75019 Paris

Phone: 01 /203 9633
Telex: 230008

GERMANY

Bourns GMBH
Eberhardstrasse 63

7 Stuttgart 1

Phone: 0711 /2429 36
Telex: 721556

GREECE

Sotiris V. Vorgias
Kontostaviou 11-13
Kalamaki Alimos
Athens

Phone: 9812326

IRAN

Berkeh Company Ltd.
20, Salm Street
Roosevelt Avenue
Teheran

Phone: 831 564
Telex: 212956

ISRAEL

Rapac Electronics Ltd.
P.O.Box 18053

Tel Aviv

Phone: 45 42 46 or 44 66 91
Telex: 33528

ITALY

Technic S.r.L.

Piazza Firenze 19
20149 Milan

Phone: 02 /325688

NETHERLANDS

Bourns (Nederland) B.V.

Van Tuy! Serooskerkestraat 81-85
P.0.Box 37

Voorburg

Phone: 0708893 18

Telex: 32023

NORWAY

A/S Kjell Bakke
Tekniske Agenturer
Nygt 48, P.O. Box 143
2011 Strommen
Phone: 02 /71 53 50
Telex: 19407

PORTUGAL
TelectraS.AR.L.

Rua Rodrigo da Fonseca 103
Lisbon 1

Phone: 68 60 72

Telex: 1598

SOUTH AFRICA

Associated Electronics (Pty) Ltd.
P.O.Box 31094

Braamfontein — Johannesburg
Phone: 839 1824

Telex: 8-8432

SPAIN

Hispano Electronica S.A.
Poligono Industrial Urtinsa
Apartado de Correos 48
Alcorcon (Madrid)

Phone: 619-4108

Telex: 42 634

17-3

SWEDEN

AB Elektroutensilier
184 00 Akersbergam
Phone: 0764 /20 110
Telex: 10912

SWITZERLAND
Bourns (Schweiz) AG
Baarerstrasse 8
P.O.Box 331

6301 Zug

Phone: 042 /232242
Telex: 78722

TURKEY

Nel, Nukleer Elektronik Ltd.
Fevzi Cakmak, Sokak 33/3
Yenisehir, Ankara

Phone: 187270

Telex: 42-229

UNITED KINGDOM

Bourns (Trimpot) Ltd.
Hodford House

17/27 High Street

Hounslow, Middlesex TW3 1TE
Phone: 01 /5726531

Telex: 264485

YUGOSLAVIA
Unitrade/Podravka
Foreign Agencies
Marinkoviceva 1
41000 Zagreb
Phone: 44 80 55
Telex: 21169

AUSTRALIA

Cema

21 Chandos St.

Crows Nest NSW 2065

INDIA

Fegu Electronics, Inc.
260 Sheridan Ave.
Palo Alto, Ca. 94306

JAPAN

Toyo Trading Co., Ltd.
Second Section — Electronic
P.0. Box 5014 International
Tokyo, Japan

SOUTH AMERICA
Intectra

2349 Charleston Road
Mountain View, Ca.
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Precision Monolithics Incorporated
1500 Space Park Drive, Santa Clara, CA 95050
(408) 246-9222. TWX 910-338-0528.

®Cable MONO.




