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Editor’s Notes

NEW PRODUCTS

We've never felt the need to
apologize for anything that has
appeared in Dialogue, and we
intend to keep matters that way.
However, we do think that fans
of our “Applications” section
deserve an explanation for its
truncation in favor of a ver-
table “raft” of New Products in
this issue.

Simply stated, our innovative “boys in the back room” have
gone-and-done-it again. There is something about the Spring
season (in sway at this writing) that quickens the processes of
life: after conception last year (or earlier) and a winter of ges-
tation, the budding and flowering occur with a suddenness and
massiveness that is breathtaking. And our creative colleagues,
similarly, seem to be graced with this Call of Nature.

And so, we suddenly have an embarrassingly-rich assortment of
new products, each of which seems —in its own way— to be the
ideal answer to some unheralded need. The significance of some
should be obvious, for example, the tremendous potential in-
herent in the utility and low cost of monolithic 10-bjt DAC’s*,
Many of the others can be “sold” on the basis of salient im-
provements in specifications, packaging, or price, all of which
add up to increased value for the knowledgeable user.

But then there are some that have potentially-great significance
that is not immediately obvious because they are unfamiliar:
the type 433 Y(Z/X)™ device, the AD2002 2Y%-digit (0.5%)
infra-lowcost DPM, the MDA-11MF fast multiplying DAC;
their novelty poses a challenge to the imagination. For this
reason, the stories describing them include suggestions for
applications that amount to gem-like little “Application Briefs.”
And that is where much of this issue’s “Applications” section
is, not in one neat package, but widely dispersed in the context
of the products that make the applications possible. Perhaps
these ideas, and products, will help you now plant the seeds
of new uses that may come to fruition by next Spring! ppPp

TEASER UNMASKED

In Volume 5, No. 5, we offered this formidable expression and
suggested that it had a neat closed-form solution, that could
be embodied with a new multi-purpose
be announced.

module, soon to
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The closed-form solution (to dispense with suspense) is
W=yU* +V? (2)

and it is achieved with low cost and good accuracy by the
Model 433 (described in the adjacent pages) and two op

*Wacch for the AD560, to be announced in the next issue of Dialogue.

2

amps. If you solved the problem in the following way, you
were inevitably led to the scheme described below:

Recognize that 2U (indicated by the arrow) = U+ U, and that
consequently
v?
weus L (3)
This expression is an implicit solution for W, containing the
key to the use of the 433, which we'll come back to in a
moment. The rest of the solution goes:

(W-U) (W+U)=V? )
whence

w2 =u? + V2 (5)
and W=V + V2

Returning to equation (3), it is evident that if you have a device
that computes Y-Z/X, and two summing devices (op amps), a
configuration that embodies equation (3) can be drawn.
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Then, if the input-signal polarities and scale factors are correct,
in terms of the devices used and the sign of the square-root, the
computation will be performed to good accuracy over a wide
dynamic range of either (or both) input(s).

The conventional (and hardly satisfactory) configuration for
performing vector summation is simply to use ewo multipliers
(or squarers), followed by a square-root<connected multiplier/
divider. Besides being expensive, it has serious dynamic-range
problems. Configurations using squarers and rooters employing
logarithmic techniques solve the dynamic range problem, but
still have undesirable cost and complexity. The Model 433
would appear to be a better way.

A number of readers sent us correct solutions in terms of the
final equation, but they all used a method of substitution that
involved a (more-difficult) quadratic equation that completely
obscured the point established by equation (3), ie., an implicit
solution was possible, given the availability of 2 YZ/X device.

Dan Sheingold  ppp
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VERSATILE NEW MODULE: Y(Z/X)™ AT LOW COST

LOG-ANTILOG TECHNIQUES ARE USED TO MULTIPLY, DIVIDE, EXPONENTIATE

0.5%(FS) ERROR AS A DIVIDER WITH 100:1 RANGE OF DENOMINATOR (NO-TRIM)

0.5%(FS) ERROR AS A SQUARE-ROOTER WITH 10,000:1 INPUT RANGE (NO-TRIM})
by Fred Pouliot and Lew Counts

In Volume 5, Number 5 of Dialogue, we predicted the intro-
duction of a new “LAMDE” module. LAMDE is an actonym
that implies a set of capabilities: Log, Antilog, Multiplication,
Division, Exponentials, However, the new Model 433* has
applicability that goes so far beyond even this impressive
list, that we decided simply to call it by the unglamorous
but apt designation “Programmable Multi-Function Module.”

WHAT IT DOES

The equation describing its overall functioning, with appropri-
ate external connections, is (for its 3 inputs, X, Y, Z)
B, = 10 Vy<VZ> Vx, Vy, Vz,E; >0
9 Vx 1/5<m<s§

from which one can deduce that it will multiply, divide, raise
(or lower) ratios to an arbitrary power. In addition, it can be
connected to perform squaring, rooting, and —with a small
amount of external circuitry— rms and vector computation.
Terminals that are available for manipulation of the exponent
m also permit logarithmic outputs to be developed. To provide
scale constants for operations involving only pairs of variables,
or for operations where a low-drift reference voltage is (in

general) desirable, a nominal 9V low-TC reference output
is available.

As a multiplier or a divider, maximum error, without trimming,
is in the 0.5% (of full-scale outpuc) class, for a wide range of
inputs. Typical error is 0.3% of output plus 5mV. (See tabula-
tion on page 5.) Small-signal and large-signal bandwidth tend
to be proportional to input voltage, ranging from 50 or
100kHz downward.

WHERE TO USE IT

Typical application areas for the Model 433 are those that in-
volve manipulation of analog voltages in analog data-reduction
and computing, pre-processing before digitizing in data acquisi-
tion, and design of sophisticated measuring instruments,

Examples include “true-rms” measurements, computing vector
sums and differences, and —using the adjustable exponent—
ideal gas computations, curve fitting, linearizing, and developing
approximations for analog computation.
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Figure 1. Functional Block Diagram of Model 433

*For complete information on the Model 433, use the reply card. Request
G1. Price of Model 433 (1-9) is $75.

Perhaps the most important area of application is a quite
prosaic (but hitherto neglected) one: performing division of
analog voltages over wide dynamic ranges. When conventional
analog multipliers are used in feedback configurations for divi-
sion, erzors and noise increase in inverse proportion to the

denominator voltage. Even if such a circuit has been arduously
trimmed for less than 0.05%(FS) error in one quadrant with
10V denominator, its error will be comparable to the 0.5%
guaranteed no-trim maximum error of Model 433 at 1V, and
ten times worse at 0.1V. The log/antilog techniques used in
Model 433 inherently yield small, nearly-constant errors (with-
out tweaking) that are essentially independent of the denomi-
nator level and are well-behaved near zero. This advantage be-
comes especially significant in such applications as square
rooting, when the output js fed back as the denominator ingput.

continued on page 4
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PRINCIPLE OF OPERATION (Figure 1)

Consider first the case where m = 1: a log ratio circuit develops
a small voltage proportional to the log of the ratio of Vyx to
Vz, and makes it available at terminal B. This voltage is con-
nected directly to C and subtracted from another voltage pro-
portional to the log of Vy. Since log (Vy) - log (Vx/Vz) =
log Vy(VZ/Vyx), the subsequent antilog of this difference is
proportional to Vy(Vz/Vx).

For m < 1, a resistive divider having attenuation m is con-
nected between B and C (Figure 2a). The quantity to be anti-
logged is then log(Vy) - m log(Vx/Vz), which is equal to
log Vy (Vz/Vx)™

For m > 1, a divider with attenuation 1/m is connected in the
feedback path of the log ratio circuit between B and A (Figure
2b), to provide a gain of m, or m log(Vx/Vz) at point B,
which is then connected to C, etc.

The antilog circuit has a sensitivity of q/kT, which compensates
exactly the kT/q terms associated with the input ratios, giving
the circuit first-order independence of temperature. The out-
put scale factor is 10/9. For computing ratios, the built-in
9V(£5%, 50ppm/°C) voltage reference is connected to the Y
input, the gain of which is pre-trimmed to impart a 10V
scale factor. The reference voltage (@ 1mA) is available for
the user’s convenience and may be used externally or as a
constant at any of the input terminals,

By .V Ry wed
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a. m<i1 b. m>1

Figure 2. Resistance Connections and Ratios as a
Function of m.

BENEFITS OF LOG/ANTILOG TECHNIQUES

Log modules can accept unipolar inputs that vary over wide
dynamic ranges, and they have the valuable property that
log-mode errors of a given magnitude correspond to a fraction
(e.g., %) of the actual input signal regardless of its relationship
to full scale. One can infex from this that an accurate divider
can be designed, using log techniques, that will hold its accu-
racy over a wide dynamic range. To illustrate the differences
between the conventional approach of implementing division,
using a multiplier in a feedback loop, and the 433 approach,
ercor analyses for both techniques are developed and compared.

CONVENTIONAL APPROACH TO DIVISION

(Figure 3a)
The multiplier, M, has the transfer equation
_VxVy
E1=—5" *VerRrOR.

where VERROR, represents such cumulative ecrors as drift, non-
linearity, offset, and noise. Ignoring errors attributed to the am-
plifier, A1, and summing currents at the inverting input of Al,

V2 E,
—_t— = Vo=
R % z=-E
VxVy
+
R t VERROR

Solving for Vy,
10V7 + 10VeRROR

EByn=Vyv ==
0 Y VX, VX

Since Vy is equal to Eg, the expression clearly shows that
the magnitude of the error contribution is inversely pro-
portional to the denominater, V.

LOGARITHMIC APPROACH TO DIVISION

(Figure 3b)

The outpot of the summing nodeisloglVz - logVx * VERROR.,
where Ve p p OR again comprises those components contributed
by the log circuits, the summer, and the antilog module (re-
ferred to its input). Since an additive log error corresponds to
an jncremental multiplicative linear error*, the antilog of the
log-mode error can be expressed as A(Vz/Vyx), where
A =log' (VerRrOR ) = (1 £ ERROR), The output amplifier’s
offset adds an error term, VogpseT-

Overall error, then, is in the form of a scale-factor error

(which can be expressed as a fraction of the signal) and a
small dc offset, which is not affected by the denomina-
tor Vy.
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b. Simplified Logarithmic Divider. Error is a Constant
Plus a Constant Fraction of Output.

Figure 3. Comparison of Division Techniques

For a well-designed unit, such as the 433, this circuit model
is valid over a 100:1 range of denominator voltage, and
accounts for maximum output error less than 50mV (0.5%
of 10V(FS)), and typically 5mV plus 0.3% of the output.

PERFORMANCE COMPARISON—-DIVIDERS
Judging from the brief error analysis, one would expect some
rather impressive improvements in performance when applying
the Model 433 as a divider. And indeed, this is the case. Figure
4 illustrates the dramatic difference in performance between a
high-accuracy multiplier-divider, which has been externally
trimmed for full-scale error of 0.05%, and a2 Model 433 with
no trimming,

1t should be noted that the 433’s linearity, offset drift, and
noise performance are all virtually independent of the de-
nominator level. For Vx = 0.1V, the 433 has 1/10 the error
of the 0.05% multiplier-divider. This performance is achieved
without external trimming and at less than one-half the typical
cost of high-accuracy multiplier-dividers.

*A comprehensive discussion of errors in log circuits can be found in the
Model 755 technical bullecin. Use the reply card. Request G2,



CONVENTIONAL 0.1%
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Figure 4. Comparison of Divider Error vs. Denominator
Level, Model 433 vs. a Conventional Multiplier/Divider.

SQUARE-ROOT PERFORMANCE

When connected as shown in Figure 5, the Model 433 performs
as a divider, with the denominator equal to the output voltage,
which must then be necessarily proportional to the square-root

of che input.
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Figure 5. Square Root Circuit Using Divider with Feedback

Bverything that has been stated about divider performance is
similarly true for the square-root connection, but the dyna-
mic range of input can be increased. The minimum denomin-
ator for specified accuracy is 0.1V. For square-root operation,
the denominator becomes 0.1V when the input is about 1mV:
(10V:0.1V)? = (10V:1mV). Below this level, noise and drift
errors become significant.

Figure 6 shows the difference in performance between a con-
ventional multiplier/divider connected for square-rooting, and
the 433. Since the conventional circunit utilizes feedback, it
suffers a degradation of performance as feedback is removed
at low levels. In contrast, the 433’s error actvally decreases
as the input decreases, a marked improvement.

CONVENTIONAL 0.1%
MULTIPLIER/DIVIDER
EXTERNALLY TRIMMED
TO 0.05%

MODEL 433 WITH NO
50 EXTERNAL TRIM

SOUARE ROGT OUTPUT ERROR — mV
8
L

i a 1
0.001 oo 0. 1 10
INPUT (Vo)

Figure 6. Comparison of Square-Root Error vs. Input
Level for Model 433 and a Conventional Mult./Div.

ADJUSTMENTS

Although the initial tolerance of the reference is 5%, the
scale factor (gain) of the 433 is internally trimmed for less
than 0.5% overall error when connected for division, i.e.,
Eo = 10(VZz/Vx) t 0.5% max, for m = 1, and Vy = VREF.

continued on page 6




continued from page 5

For other interconnections or for different scale factors in the
divide mode, the user can adjust the scale factor by inserting
a 25k$) variable resistance in series with the Y input, or by
using an adjustable external reference at the Y terminal. No
offset adjustments are required.

LOWER NOISE USING LOG TECHNIQUES

Figure 7 is a plot of output noise as a function of signal level
in a 10Hz-1kHz bandwidth with Vy constant and Vx = Vz.
It should be noted that, with Vy at 0.1V, the effective gain
for Vg is 100. Curves are plotted for m = 1 and for the two
specified extremes. Noise values may be interpolated for inter-
mediate values of the exponent.

Again, the value of the 433 as a divider, compared to other
approaches, is manifested. In changing by only 3:1, over a
100:1 range of input, the noise level is essentially independent
of signal level; compare this with the 100:1 change over the
same range experienced with circuits using multipliers with
feedback for division.
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EXPONENTS

Figure 8 shows the variety of curve shapes provided by the con-
tinuous range of exponents from m = 1/5 to m = §, for pos-
sible use in function fitting and curve linearizing.
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Figure 8. Varying the Exponent, m.
LOG OF VOLTAGE RATIO

If an output is taken from terminal B, with the device con-
nected for m > 1, it will be equal to 0.06 m log, o{Vx/Vz) at
*27°C, ie., 0.06 m valts per decade. Since the temperature
compensation provided by the antilog is not used, the co-
efficient will be sensitive to temperature in the ratio T/300°K.
Though the circuit will work with higher values of m, the
maximum recommended value is 5, which corresponds to a
sensitivity of 0.3V/decade. The maximum output swing at
B is about 1V,

TRUE-RMS COMPUTATION (Figure 9)

If a simple unit-lag averaging filter is connected between the
433’s output and the square-root feedback point, the output
of the filter is constrained to be the square-root of the average
squared input, ot the rms. The averaging time constant is
adjusted by the choice of R and C. For long time constants, a
low-cost FET-input amplifier, such as the AD540%, may be
desirable. Unlike speciallycalibrated linear averaging devices,
that produce the true rms only for sine waves, this low-cost
approach produces true rms of any stationary waveform, be it
noise, pulses, sine waves, or square waves. Error (relative to
full-scale) is virtually independent of a non-saturating signal’s
“crest factor” (peak to rms). If bipolar signals are to be applied,
the absolute value should be taken first,
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Figure 9. *True” RMS Circuit: E4 =/ V|2
VECTOR SUMMATION

This technique is described in the *“Teaser Unmasked” on page
2, an implicit solution of an identity that gives the square-root
of the sum of the squares as a result. Though the identity used
in Figure 10 is slightly different, the results are the same. In
order to avoid saturation, the maximum tolerable value of
(Vw + Vy), in any combination, is 10V (e.g, Vy = 0,
Vy =10V, Vy = 10V; or Vy = 4.1V, Vy = 4.1V, Vy = 5.8V).
This circuit is capable of high accuracies, typically 0.1% of
reading. For this reason, matched resistance pairs having low

TCR should be used. |4 4 2
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THE AUTHORS

Fred Pouliot, a graduate of Northeastern U. (TBII and HKN),
and 2 key member of ADY’s analog-module marketing staff, has
had solid experience as designer and
engineering manager, with specific
nonlinear-device accomplishments.

Lewis Counts, Manager of Analog
Product Engineering, has an S.B.
from M.L.T. and a broad spectrum
of successful analog and digital
circuit-design experience, ranging
from picosecond TDR systems to
chopper-stabilized op amps.

*For information on the ADS40, use the reply card. Request G3.



New .Products

TWO LOW-COST HIGH-LINEARITY A/D CONVERTERS

10-BIT ADC-10Z IS MONGTONIC (NO MISSED CODES] FROM 0°-70°C
LOW-COST CONVERTER HAS 20us CONVERSION TIME

The ADC-10Z* sets a new standard of
value for low-cost 10-bit successive-approx-
imation A/D converters. Encapsulated in a
compact 2” x 4" module, it offers a con-
version time of 20us (50kHz rate), a gain-
temperature coefficient of #40ppm/°C, and
guaranteed monotonicity (i.e., no mis-
sing codes) over its full operating tem-
perature range.

1o addition to these basic characteristics,
it includes some features and a degree of
versatility that have until now have availa-
ble only in more expensive units. For ex-
ample, the user can select any of 4 pro-
grammed input ranges (0 to +5 or +10V,
15 or £10V) by choice of external connec-
tions and jumpers; he can also choose an
arbitrary range by using an external scaling
resistance of appropriate value.

Since an important application for low-
cost 10-bit general-purpose ADC’s is in
early conversion in noisy environments
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where analog signals would be degraded
in transmission, the ADC-10Z features a
good, workable serial data output. A

*For complete data on the ADC-10Z, use the reply
card, Request G4,

latched serial output with non-return-to
zero (NRZ) format is available at the out-
put of a TTL flip-flop. A strobe output is
available to clock the serial data into a re-
ceiving shift register. A status output
changes level only when the conversion is
really complete. A timing diagram and
typical serial data transmission configura-
tion are shown.

The parallel data outputs are positive-true
binary for unipolar inputs and either 2's
complement or offset binary for bipolar in-
puts. The standard unit is specified for the
0 to +70°C range. Units are also available
with input buffer follower, and/or for

ALOG
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operation over extended temperature
ranges (-55° to+125°C). Price of the stand-
ard unit is $67 in 100’s, $99 for 1-9.PPP

12-BIT A/D IS A “BEST BUY"!
HAS EASY-TO-USE SERIAL OUTPUT

The ADC-12QZ* is a 12-bit successive-
approximation general-purpose A/D con-
verter that offers moderate speed and good
all-around performance at very low cost,
less than $100 in 100’s.

The excellent value created by this com-
bination of low cost and solid performance
(10ppm differential-linearity TC, better-
than 25kHz conversion rate, 30ppm gain
TC) is achieved by a combination of fac-
tors that is probably unique to Ana-
Jog Devices:

® Our own proprietary monolithic quad
switches are used for excellent linearity
and low cost (for both parts and testing),
® Years of production of many thousands
of DAC’s and ADC's have resulted in the
techniques and know-how to manufac-
ture 12-bit devices that retain many of
the extra features of the more-expensive
units at very low cost in large quantity.

The extra features include choice of four
input ranges by jumpering: 210V, *5V, 0
to +5 or +10V. All logic is fully TTL/DTL
compatible. Both 2’s-complement and off-
set-binary coding are available for bipolar-
input devices. And the same clean logic de-
sign that is used for the ADC-10Z results
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Block Diagram of the ADC-120QZ

in a workable serial output from a
latched TTL flip-flop, with accompanying
strobe for clocking data into a recetving
shift register. Price is 892 in 100,
§129, {1-9). (4 d 2
*To reccive complete information on the ADC-12QZ,
use the reply card. Request GS.



3 SAMPLE-HOLDS: ECONOMY, SPEED, PRECISION
SHA-6 ENHANCES 16-BIT CONVERSION
IDEAL MATCH FOR ADC-160'S PRECISION

SHA-2A SETTLES TO
0.01% IN < 500ns

The SHA-2A*, a very fast sample-hold
module, has both speed and accuracy ap-
propriate for applications with 12-bic A/D
converters characterized by total conver-
sion times of the order of microseconds.
It is ideal for use with such converters
as the ADC-10F, which performs 10-bit
conversion in lys.

Since such converters are most-often used
to acquire data from rapidly-changing sig-
nal sources, the dynamic parameters of
the SHA-2A were designed to provide ex-
cellent performance in such applications.
Slewing rate is 100V/us; setcling time to
within 0.01% is <500ns. The aperture un-
certainty of 0.25ns means that an input
signal slewing at 200mV/us will be ac-
quired to well-within 1LSB uncertainty
for 12-bit conversion.

Maximum droop rate of 100uV/us means
that the input to a fast converter, such
as the ADC-10F, will change considerably
less than 0.1LSB during conversion. Since
the droop rate is typically much less than
this maximum figure, the SHA-2A is ep-
tirely suitable for use with most 12-bit
high-speed converters.

Important applications of the SHA-2A
(besides “ordinary” high-speed data-acqui-
sition cireuits) are in data acquisition for
signal analysis and for simultaneous
sample-hold systems. The former relies on
the low aperture jitter for uniformity of
sampling, the latter for minimal time
skew between ‘‘simultancously”  ac-
quired samples.

One additional feature of the SHA-2A
that tends to increase its flexibility and
versatility (if not performance) is the
availabilicy of its open-loop input ter-
minals. The user can connect it in the
usual way, as a unity-gain follower, as a
follower-with gain, as an inverting ampli-
fier, or even diffecentially. The specifica-
tions are for operation as a unity gain fol-
lower, and are of course degraded with in-
creased closed-loop gain, or the use of
externally-connected circuit elements,

Price of the SHA-2A is $225 (1-9). PPP

“For fustherinformation on the SHA-2A, use the
reply card. Request G6.
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'The SHA-6* is a sample-hold module de-
signed as a companion to the high-tesolu-
tion ADC-16Qt converter, introduced
earlier in these pages (Vol. 6, No. 1). The
sample-hold is designed to acquire an in-
puc signal to 16-bit accuracy, and to hold
that signal stable during the time required
by the ADC-16Q to convert it. For the
ADC-16Q to realize its ful) accuracy for
signals varying at rates in excess of about
375mV/s, a precise sample-hold, such as
the SHA-6, is essential. §

Systems that require 16-bit conversion im-
posc severe burdens upon the designer.
Not only must a sample-hold be used to
limit the slewing rate of the input to the
ADC; it must also have adequate accuracy
and stabilicy for 16-bit applications; and
it must be capable of rejecting common-
mode voltages as small as 1504V (1LSB
for the ADC-16Q). The SHA-6 was speci-
fically designed to meet these needs, and
at present, it is the only known commer-
cially-available sample-hold that does.

The key to success is careful design and
layout, and the use of an inscrumenta-
tion amplifier-type buffer at the input.
AD504L7 low-drift IC op amps, and high-

stability resistor networks with excellent
tracking TCR’s, arc used. The resulc js sta-
bility within 2ppm/month and per °C. The
SHA-6 settles to within 7.5ppm in 5ms (at
unity gain) and recovers from 10x over-
voltage within 150us. As secms appropri-
ate for devices designed for use in high-
accuracy applications, input bias current
is only 80nA maximum, and input im-
pedance is 10°Q and SpF. Aperture time
is -1.7us with 10ns jitter due to switching
(because of delay in the buffer, the switch-
ing to hold occurs 1.7us “early’). The
most salient applications of the SHA-6
and ADC-16Q will be found in the mea-
surement of voltages that require precise
(to 16 bits) characterization at a specific
instant of time. Price of SHA-6 (1-9)

is $375. >hh

GENERAL-PURPOSE SHA-5 HAS
12-BIT PERFORMANCE AT LOW COST

The SHA-5% is a very low-cost sample-
hold module designed for general-purpose
use in data acquisition, data distribution,
sampling synchro-to-digital conversion,
and in other applications where sample-
hold is necessary or desirable. Desirability
is increased by its low cost, §39 (1-9, less
in quantity).

Although the SHA-5 was designed with
the primary design goal of low cost, the
amplifier technology is so advanced that
even a lowcost product has surprisingly
good performance (compared with what
might have been available even 1 or 2 years
ago). Gain error isless than 0.01%, settling
time to 0.01% (of 20V input step) is well
below 15us, and aperture jitter is about

4ns, allowing a 12.5V/ms signal to be
stopped with less than 1LSB uncertainty
in 12-bit conversion.

Droop rate in hold is 5mV/s (or SuV/ms),
making the SHA-S suitable for either the
short holds normally rcquired in data ac-
quisition or the somewhat longer holds
needed for data distribution and simulta-
neous sample-hold systems. )
*For information on Model SBA-6, use the reply
card. Request G7.

t For information on Model ADC-16Q, request GB.
§For further information on the need for sample-
holds to spced the acquisition of varying signals, see
the A-D Conversion Handbook, pp. 1-17-23 and 11~
160-162. (Scc p. 15, this issue.)

 For information on ADS04L op amps, request G9,
wPor information on the SHA-5, request G10.



New Products

A DPM THAT REALLY CHALLENGES ANALOG METERS !
21, DIGIT AD2002 SNAPS INTO PLACE ; AVAILABLE FROM STOCK. $50 IN 100'S

The AD2002* digital panel meter may
well posc the first important threat to the
“high-accuracy™ analog panel meter be-
cause of its small size, readability, and
speed, as well as its low cost and data-
acquisition-system compatibilicy. t

The second member of the Analog De
vices DPM family to be made available, it
has a number of advanced features, in-
cluding availability of filter surface for
silk-screened user graphics (such as com-
pany logos, application designations, phys-
ical units, ete.); a rugged new 1.8"H x
3”"W x 1.5”'D aluminum case that allows
tool-free insertion and removal ; and defin-
idve out-of-range indication: two dashes
replace the data digits.

WHAT IS THE AD2002?

It is a 2%-digit panel meter that operates
from a 5V supply. It is designed specifi-
cally as a replacement for 0.5-1.0% analog
meters in equipment and systems. Besides
a maximum error rating of 0.5% *1 digjt,
with temperature coefficient of 1/20 digit
per °C, other characterietics include simul-
taneous test for all filament segments and
optional data-processing interface capabil-
ity. The unit provides stable readings of
unipolar signals over a full-scale range of
0 to 1.99V, with automatic overload in-
dication. The reading can be held indefi-
nitcly upon command (optional).

BRIGHT, SHARP DISPLAY

With a green filter (other colors optional)
for the RCA Numitron display, the
AD?2002 is well-matched to the optical
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response of the human eye. The perceived
result is a bright, sharp, highly-readable,
non-fatiguing display, over a wide range
of ambient light, The unambiguous digjtal
display has the advantage (over analog
meters) that the operator needs only the
ability to read numbers.

COUNTER-COMPARATOR
CONVERTER

The figure shows a block diagram of the
AD2002 circuit. The leading edge of the
trigger pulse (external or internal) resets
the counter and complements the status
(i.e., “in process”) line. The trailing edge
starts the counter (100kHz, 200 counts
maximum). The counter output is con-
verted to voltage and compared with the
input. When it exceeds the input, the com-
parator switches, stopping the count and
changing the status polarity.

The counter output is decoded to illumi-
nate the appropriate digit segments. Noth-
ing further happens until a new trigger
pulse arrives, normally after 250ms. Since
the typical conversion time is 2ms, the ap-
propriate segments are lluminated 99% of
the time, resulting in a flickerless display.
Optionally, a rate of up to 200Hz is avail-
able for data acquisition.

APPLICATIONS

The AD2002 is especially useful in meter
applications, where clear, sharp, unambig-
uous readout is desired, where conversion
as well as readout is necessary, where
readings indicating a given state must be
“frozen,” or where rapid full-scale changes
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must be read accurately withouc “bounce”
or interpretation. It is especially useful in
measuring changes in physical variables,
such as power, temperature, or pressure.
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The circuit shows a scheme for measuring
temperature, typically calibrated in °C,
using the 5V meter supply. A constant cur-
rent of about 1mA flows through a diode-
connected transistor probe, which devel-
ops a voltage change of about-2.2mV/°C.
The voltage is amplified and scaled to (for
example) 10mV/°C. 1f the output is set to
zero at 0°C, the meter will read °C di-
rectly, from 0°C to beyond +125°C. PP

*For complete information on Model AD2002, we
the reply card. Request G11,

tOptional. For display-only applicadons, the user
also avoids the cost of a mating connector.



FAST MULTIPLYING DAC FOR DISPLAYS

MDA-TIMF HAS < 1,LSB FEEDTHROUGH FOR 10V /us INPUT

Model MDA-11MF* is a multiplying
digital-to-analog converter designed for
high-speed applications, such as graphic-
display generation; digital coefficient-
setting for automatic testing, adaptive con-
trol, or signal processing; and manipula-
tion of trigonometric quantities. Its re-
sponse is extremely fast. For example,
outputcurrent settling time in response
to a full-scale analog step (0 to -10V) is
0.8us to 0.05% and 1.0us to 0.01%. With
a full-scale analog voltage applied (-10V),
settling time in response to a full-scale
digital code change is 0.4us to 0.05% and
1.0us to 0.01%. With OV at the analog in-
put, settling time for a full-scale digjtal
step disturbance is 0.2ps to less than SmV
and 0.5¢s to 1mV (with Model 48).

Analog frequency response is excellent:
2MHz full-power bandwidth and 5MHz
small-signal -3dB bandwidth. More im-
portant, feedthrough of analog signal at
zero digital gain (all “0”’s) is truly negli-
gible: -80dB for sinewaves to beyond
100kHz, and YALSB for triangular waves
with 10V/us slope. This is shown graphi-
cally in the Figure.

VIVIVIVIVIN

In both photographs, the lower trace is a
500kHz, 10V/us triangular wave that is
driving the analoginput. The upper photo-
graph shows the magnified response with
a digital input of 1LSB (least-significant
bit, 1/2048). This establishes the calibra-
tion of the lower photograph, which shows
the response with zero digital input, clearly
demonstrating that the feedthrough under
these conditions is less than %LSB.

In addition to its speed the 11-bit resola-
tion (1:2048), with commensurate line-

*For further information on the MDA-1 IMF, use the
reply card. Requese G18. Price is $150 (1-9).
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log and digital signals. A fixed dc reference
is also available for applications in which
the analog input is either constant or re-
quires a stable (passively) added constant.

The analog input range is 0 to -10V, and
the output is a current, ranging from 0
to +4mA:
i=4NpTN A
10
where i is the generated current and Np is
the fractional digital number.

Though best performance is obtained in
single-quadrant multiplication, the MDA-
11MF can be used for two-quadrant mul-
tiplication, with offset binary input, and
an output range of ¥2mA, by the use of
jumpers. (All necessary components are
contained within the unit.)

The output current (600Q unipolar source
resistance) may be used directly, or to de-
velop up to 1V across a load resistor; how-
ever, the most usual application is to drive
the inverting input of a fast operational
amplifier such as the Model 48 (see page
11, this issue).

DAC-10DF

DISPLAY APPLICATION

The Figure shows 2 pairs of MDA-11MF’s
generating computer graphics using
straight-line segments. The excellent reso-
[ution allows them to provide full-scale
deflections. However, they may also be
used with positioning DAC’s, as shown,
for character generation.

For each axis, two out-of-phase constant-
amplitude triangular waves are digitally-
modulated alternately, in proportion to
the next end value. The sum of the in-
creasing and decreasing waves provides
linear interpolation between adjacent
values. Since gains are switched at zero
amplitude, disturbance is minimal. The
figure shows the time history of several
X-values. Y is varied similarly, and the re-
sulting X-Y plot has straight-line segments.
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New Products

TWO NEW AMPLIFIERS
LOW-DRIFT INSTRUMENTATION AMPLIFIER HAS + 0.5uV/°C DRIFT,
9408 CMR

Model 605* is a new instrumentation am-
plifier that combines excellent perform-
ance and low cost, while retaining the ad-
vantages of single-resistor gain adjustment,
for gains from 1 to 1000. Its overall error
for a 20° temperature range is typically
less than 0.03%, with 0.5uV/°C drift and
better than 0.01% nonlinearity, It has an
unusoally cost, $59 (605]) to
$80 (605L).

The low drift and nonlinearity, plus che
high 94dB of common-maode rejection (G
= 1000), make the Model 605 especially
useful for precision processing of low-level
signals in noisy environments or reduced-
interference reception of low-level signals
from remote locations. The low total error
(0.03% typical, 0.1% maximum) over a
+10°C range is useful in a wide range of
transducer, bridge, or pre-amplifier appli-
cations in medical, industrial, and aero-
space data-acquisition applications.

low

In addition to its single-resistor gain pro-
gramming, the Model 605 also has ter-
minals available to permit remote sensing
and arbitrary output reference. Remote
sensing is used to obtain precise output
from a booster follower, arbitrary refer-
ence can be used for output biasing or
zero suppression, and both terminals may
be used for current drive of floating or
grounded loads.

Other features include 300kHz gain-
bandwidth, *100nA (1nA/°C) bias cur-
rent, 10°Q input resistance, and 0.5uV
noise (peak-to-peak, referred to the input,
10Hz bandwidth).

MODEL 605 FEATURES

Low Drift: £0.54V/°C(605L) to
uv/ew)

Adjustable gain (single resistor):
1 to 1000

t ow nonlinearity: +0.01% (G = 100)

High CMR: >94dB (x10V, G = 1000)

Small Size: 1% square x 0.4”’H

Low Cost: $59(605J) to $80(L), 1-9

*For complete information on Model 605, use the
reply card. Request G16.

COMPARISON WITH OTHER
INSTRUMENTATION AMPLIFIERS

Precision . Econ-
Low- Precision omy
Drift  Wideband FET
Model 805K 604K 603K
Characteristics
Offset Drift!
(RT1, uv/°C)
G=1 £150 31000 %500
G = 1000 21 +1 *15
Nonlineanty, max
(%FS,G=100) 2001 30,012 0.2
CMR, min
{G =100, dB,
1k£2 unbal.) 94 100 80
Bandwidth, -3dB
(kHz,G=100) 3 502 10
Setding time (0.1%)
s, G=1 130 153 40
Price (1-9) 8§65 $170 £45

' See page 14 for drift camputation at other gains

2Indcpendcm of gain, 1 to 1000.
3254 settling to 0.01%, G = 10.

>

OP AMP SETTLES TO 0.01% IN 300ns

| SIS = <3580 S AT s

MODEL 48 IS IDEAL FOR DISPLAY APPLICATIONS

Model 48's* small settling time (300ns
typical, 500ns max to 0.01%), fast slew
rate (125V/us), and low cost, plus excel-
lent common-mode rejection (80dB @
$£]10V) make it an ideal general-purpose
high-speed operational amplifier for use
as a unity-gain buffer, fast current source,
or high-speed integrator. In data acquisi-
tion, it can be used in sample-hold and
multiplexer circuits. And in data-distribu-
tion and displays it is an ideal partner for
high-speed current-output DAC’s to ob-
tain voltage output.

In particular, it is an excellent mate for
the MDA-11MF fast multiplying DAC
described on page 10. A circuit board is
even available to house this compatible
couple in applications calling for high-
speed voltage output.

Its fast settling is also smooth and stable
due to 6dB/octave rolloff at frequencies
exceeding 15MHz. It can drive up to
750pF of capacitance without oscillating.

The table compares it with other members
*For complete information on Mode) 48, request G17.

of Analog's family of fast FET-input op
amps. Model 48, in a 1 1/8" square x
0.4”"H package, tends to run especially
“cool”” because of its low(9mA) quiescent
supply drain. (A typical supply to power
itis the Model 904: 215V at +50mA.)
KEY SPECS COMPARED
Model 48 46] 44] 45]
Spees

Settling time, max

(ts 0.01%,ns) 500 300! 1000 1000

Slewrate (V/us, min) 110 1000 75 75
Bandwidth (MHz,
small signal) 1 40 10 10

Qutput current, min
(mA max at 10V) 20 100 20 20

Drift (uV/°C, max) 80 75 50 50

CMR (dB min

@t10V) 80 72 80 747
Gain (open loop,

min) 100k 25k 100k 50k
Price (1-9) $49  §75 $42 $37
1100ns settling 10 0.1% for Model 46
2Rated at +5, -10V for Model 45

(4 2
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I.C. Insight
NOT BY DRIFT ALONE . . .

by Stan Harris

Voltage offset drift is commonly considered to be the most
important factor limiting op amp accuracy at low frequencies,
with drifts due to current bias and offset closely vying for
second place. Recognizing (and perhaps overreacting to) the
importance of low drift specifications, IC op amp manufac-
turers (and purveyors) have offered such popular devices
as the SSS725E, the LM208A (and the BB35S00E), which
feature either low offsét or bias current or low voltage drift.
Analog Devices has recently (Dialogue, Vol. 6, No. 1) intro-
duced the ultra-stable monolithic AD508K*, which not only
has a 0.5uV/°C offset drift and super input transistors, but
also includes minimum gain of 10° and CMR of 110dB,
to minimize ftotal error, rather than simply win a drift-
specification contest.

[t has not been well-recognized that once drift (of both kinds)
is greatly reduced (to the order of 14V/°C), there are other
sources of error that can no longer be neglected, particularly
for high-accuracy non-inverting applications, and especially
if ambient temperature varies over a reasonable range. These
inctude finite-gain and common-mode errors.

== Eout

BASIC CIRCUIT, DOES NOT SHOW POWER SUPPLY,
COMPENSATION, OR ZEROING CONNECTIONS,

A particularly nasty transducer application that illuminates the
problems of optimization is shown in the Figure: a unity-gain
follower is driven by a 10V source with S0kS2 (¥10%) internal
resistance., The objective is to reproduce the source voltage
and its variations at low impedance with the besc possible
accuracy, but at the low cost of a monolithic op amp, and

with a minimum of external circuitry and “tweaking.” The
circuit in the Figure shows a model of such a source, in
which the amplifier output can be directly compared with
the open-circuit voltage.

To determine the major sources of error in the circuit and
arrive at a basis for estimating worst-cas¢ error, an error
budget is tabulated, based on specified (or estimated) worst-
case amplifier parameters, for each of the amplifier types
mentioned above, and for a representative low-cost amplifier,
the AD741K.t Performance is considered over two ranges of
temperature, +24°C to +45°C and 0 to +70°C. The amplifiers
are nulled using their zero-adjust terminals {(where provided),
and are allowed a £5% power-supply variation.

The results of this exercise tend to speak for themselves. The
AD508 comes off quite well because of its balanced design;
there is no single substantial source of error. The LM208AH
is handicapped by lack of an offset adjustment terminal, but
even so, gain, common-mode, and voltage drift errors make
the overall sum at least twice that of the AD508. SSS725E
is “done in” by its high bias and offset currents, as is the
BB35S00E, which is also beset by substantial gain, common-
mode, and power-supply-sensitivity errors. The AD741K,
despite its low price, is surprisingly not the worst performer,
and should be considered seriously as a “best buy” for applica-
tions of this type in the 0.03% performance class.

FET-input IC’s,§ while not listed here, should be mentioned,
because their current errors are negligible, and they mighe
seem an intuitive choice. Low drift-voltage types are costly,
however, and high gain, CMR, and PSR, if available at all,
would be quite expensive. The reader may wish, as an exercise,
to compare performance of the AD508 with his favorite IC
FET in the AD508’s price class. 4 3 2

1.C. OP AMP ERROR BUDGET ANALYSIS

Error Ta = +25°C o +45°C Ty = 0°Cto+70°C

Parameter

{min or max) ADS08BKH  LM208AH  SSS725E)  BBJS00E AD741KH | ADS08K LM208A SSS725E BB3SOOE AD741K

GAIN (10%) (80k) (10%) (100k) (50k) (500k) (Est 60k) (800X) (Est 70k) (25k) SPEC
10uV 1256V 10pV 1004V 200uV 20pV 167UV 1260V 143V 400pV ERROR

Iy x R [5k§) {10nA) {2nA) (80nA) {50nA) (75nA) {15nA) (Est 2.5nA)  {100nA) {Est 750A) (120nA) SPEC
50uV 10UV 400V 2504V 375uv T5uV 12,54V 5000V 375uv 600pV ERROR

los x R (50kQ) | (lnA) (0.2nA) {SnA) {30nA}) {10nA) {1.6nA) (Est 0.3nA)  (7nA) (Est 4SnA) {15nA) SPEC
S0uV 10UV 250uV 15000V 500UV 80uV 15V 3504V 22500V 7504V ERROR

Vas (1im ¢0 0)  (500uV) (trim 10 0)  (trim o0 Q) (im e 0) | (im0 0)  (Es¢730uV) (mmewo0) (uwimte0) {tnm o 0) SPEC
0 5004V 0 0 0 0 7304V 0 0 0 ERROR

AVos /AT (0.5uV/°C)  (S.0RV/°C)  (0.6pV/°C)  (1.0pVI°C) (5uvC) | (05uVAT)  (5.0uVI°C)  (0.6uV/°C)  (1.0uV/°C) {15uv/°Cy | SPEC

(see note) 100V 1001V 122V 20uV 3004V RIMY 3502V 420V T0uV 1050V ERROR

CMR (1104B) (96dB) (120dB) (Est 964B) {50dB) (1004B) (96dB) (1154B) (Est 90dB) {90dB) SPRC
3wy 1604V 10V 160V 320uV 100uV 160pV 18uV 3206V 3200V ERROR

PSRR (W0pVIV)  (16pVIV)  (SuVIV) (Exe S0uVIVY  (1SpVIV) | (isuvivy  Gleuvivy  (2aViV) (Eat 60uVIV)  (15uV/V) | SPEC
300V 48V 15uv y50uV 450V a5uv 484V MV 1804V 450V ERROR

NOISE Difficult to estimate because of specification non-uniformicy. Range apptoximately from 24V o 104V, aot a sipnificant % of the toral.

TOTAL 182V 953V 697V 2180pV 1740uvV 355uV 14820V 944uvV 3338uV 3165uV

PRICE (100 pcs) | $20.00 £14.95 $16.30 $20.00 $2.25 $20.00 $14.95 $16.30 $20.00 $2.25

NOTE: 3Vgg /AT for the ADSO8K and SSS725E are specificd with Vo nulled. Nulling the BBISOOR and AD741K may degradc AVog/AT beyond the maximuwm spec.

*For complete informadon on the ADS08, use the reply card. Request G12.
t Por daia on the AD741K, requesc G13.
§For informadon on FET-input IC's from Analog Devices, requeat G14.

12



Application Briefs

10-BIT BINARY TO 3-DIGIT BCD CONVERSION USING THE
ADC-10Z AS A 3-DIGIT BCD CONVERTER o uim isnoec

Three-digit BCD* analog-to-digjtal conversion (1000 codes) at
moderate-to-high speeds is usually performed by a 12-bit binary
successive-approximations converter with rescaled interquad co-
efficients, somewhat less-rigorous testing, and wancon wastage
of 3096 perfectly-good (possibly) codes.

It can also be performed by a 10-bit binary A/D converter
(1024 codes) and binary-to-BCD decoding. Such decoding
used to be rather arduous, involving counters and great expend-
iture of time. However, with the advent of such low-cost devices
as the SN74185A 5-bit binary-to-BCD converter, the decoding
by the A/D-converter user becomes quite practcal, with often-
negligible time delay. There are several good reasons for using
10-bit converters:

1. If the data is to be processed, but BCD is desired for
visual monitoring from time to time (via numeric readouts in
one or more locations), binary A/D conversion, followed by
binary/BCD, will provide both the binary input needed by the
processor and the BCD for the readout. If the data is acquired
and converted to binary at some distance from the readout and
processor, only 10 data lines are needed, instead of 12.

2. 10-bit conversion is, in general, less costly than 12-bit
conversion, since less board area and fewer connectors, flip-
flops, switches, and resistors are used. (However, it is only
fair to note that the requirements on 12-bit conversion for
BCD coding are not stringent, since the resolution is only
1:1000 instead of 1:4096; also, the cost of additional logic for
binary/BCD conversion is low, but not negligible.)

3. If speed is important, a successive-approximations con-
verter will probably be used. It will require less time to convert
10 bits chan is needed for 12 bits.

4. 1If data is transmitted serially, two fewer bits are re-
quired for each 10-bit binary word than for the correspond-
ing BCD word.

5. The 1024 binary codes are a close (but conservative)
match to the 1000 codes inherent in 3 BCD digits.

THE SCHEME

Figure 1 shows the connections for economical analog to BCD
conversion, via 10-bit binary, using five SN74185A binary/BCD
converters. The logic converter functions as a read-only mem-
ory, directly decoding each 10-bit binary number into its 3
BCD equivalent. There are no counting schemes involved,
which means that the logic converter’s speed is limited only
by the propagation delay through 4 IC’s, about 100ns in the
worst case. When the ADC-10Zt is appropriately calibrated,
a BCD display connected to the BCD outputs will read directly

“in volts for an analog input range of 0 to +10V.

IMPLEMENTATION
When using the ADC-10Z as a BCD-output converter, the 10-
volt input range (pin 5) is used. However, since nominal full-

*Binary-coded decimal (¢.g., 356 —+ 0011 1001 0110)
1See page 7, this issue.

scale is calibrated for 1024 codes, the gain must be modified
slightly by connecting a 75k{2 resistor between pins 15 and 23
(direct input and ground). The unit is externally jumpered for
unipolar operation (pin 16 to pin 19). Operation in this con-
nection does not adversely affect scale factor or coding for
ADC-102's supplied with the optional input buffer follower.

Zeroing and scale-factor (gain) adjustment are performed in
the same way as for binary, except that the inpur test voltage
for zero adjustment is 5.00mV (transition from 00..00 to
00...01), and the gain is adjusted for the BCD transition from
9.98 to 9.99 (1001 1001 1000 to 1001 1001 1001) at 9.985V.

OVERVOLTAGE

If the analog input is 10.00 volts or more, the most-significant
digit will have an “illegal” BCD code of 1010 (800 + 200). As
shown in Figure 1, a simple and gate will detect this state and
furnish a *“1” to indicate out-of-scale operation.

OUTPUT LOADING AND TIMING

Maximum output load is 7 TTL unit-loads for each bit, except
for the LSB (pin 52 of the ADC-10Z), which is limited to 4
unit-loads. Because successive-approximations is used, and the
LSB (the last bit to be converted) is not involved in the binary/
BCD conversion, all the delay through the digital conversion
occurs before the ADC-10Z finishes the A/D conversion.
Hence, the BCD output is valid on the “1” to *0” “end-
conversion” transition of the ADC-10Z’s status output, allow-
ing clocking of data on that edge, if desired.

The scheme described here can be extended to develop *3 %-
digit” BCD from 12-bit binary, using 4000 of the 4096 avail-
able codes. In the reverse direction, SN74184 BCD-to-binary
devices may be used, e.g., to permit 3 % BCD-to-analog con-

version with a 12-bit binary D/A converter. (233
OVERRANGE
17, W0v OR
GREATER
200 20
h 400 400
640 £40 1 4 2 220 | so
sz b 320 220 3l 4y,
P LT apl 180 w0 vl w10
B PIRELIRT RN T N R i—=_2
s 84+ G413 s 40 W ojt—42
| YT el 32 1l gy b 32 w22
6 w oo, b 0
ot 8w w8l 14 L
paltt -} "!
g % 3 1 7 pLse
v ot 1 ] i) u J
NOTES:
1. 21 - 25 are Toxs Inatruments SNT41854, 16 pin DIP.
2. Connect Pin 16 +Vce (+5.0VDC).

3. Connect Pins 8 and 15 to ground,
4, There sre no connections 1o Ping 7 and 9.
5. There are no connections to Pin 6 of Z2 end Z4, or to Pins 5 and 6 of Z5,

Figure 1. 10 Bit Binary-10-BCD Converter.

THE AUTHOR

Jim Fishbeck is Converter Product Marketing Specialist
at Analog Devices. Armed with degrees in both E.E. and
Marketing from Michigan State University, he has designed
flight control equipment for jet aircraft at Collins Radio
Company, and marketed electromechanical control compo-
nents at Texas Instruments.

Applicable to Z1 - Z5

13



Application Briefs
RTI vs. RTO

HOW TO COMPUTE THE DRIFT OF INSTRUMENTATION AMPLIFIERS

THE PROBLEM

An instrumentation amplifier’s offset drift is typically specified
at two values of gain, for example, 150pV/°C at unity gain and
0.5uV/°C at gain of 1000, referred to the input. How does 2
user determine the drift at a gain of 100? What is the difference
between ‘“‘referred to the input” and referred to the output?

THE BACKGROUND

Operational-amplifier offsets and drifts are always “referred to
the input” (RTI), as though they were produced by voltage
sources in series with one of the input terminals, and would
have to be balanced, in feedback circnits, by output self-
adjustment. The predicted magnitudes of offset and drift at
the output are computed by multiplying the RTI specifications
by the closed-loop gain of the feedback circuit. On the other
hand, offset or drift of a given device is deduced from a mea-
surement of the output offset or drift at a known value of
closed-loop gain (with impedances low enough for current
effects to be negligible}.

The reason offset and drift in op amps are always specified as
RTI is that, while the amplifiers’ high open-loop gain allows
them to be used in a wide variety of connections yielding a
wide range of closed-loop gains, the feedback circuit also main-
tains the input voltage at the RTI value, allowing the output
drift (RTO) to be readily calculated as a function of gain.
a5
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Figure 1. Output Offset Drift vs. Gain for Model 805L.

Fixed-gain instrumentation amplifier users don’t care whether
the specification is RTI or RTO, since the one can be computed
from the other by simply multiplying or dividing by the gain.
With adjustable-gain instrumentation amplifiers, it mighc be
thought useful to consider offset and drift in the same way it
is done for op amps, i.e., RTI, then to simply multiply by
the gain.

But... there is a catch. Many types of instrumentation amplifiers
have more than one significant source of offset, with differing
influence for each at different values of gain. Usually, there is
a term that is constant, added to one that is proportional to
gain. For this reason, manufacturers of these devices usually

specify the offset (or drift) at a minimum of two values of gain,
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However, there is little agreement among manufacturers as to
whether to specify the drift referred to the input or at the
output, and there has been precious little analysis published as
to how to predict the maximum drift at intermediate values of
gain, depending on whether the spec is RTI or RTO.

THE SOLUTION

The simplest favor a vendor could do his customers would be
to provide a specification in the form of a plot of maximum
output drift as a function of gain (Figure 1). Next best, or in
addition, would be an equation specifying the drift as a func-
tion of gain. Finally, if you have neither plot nor equation, you
can develop both quite easily from the available specs, if the
drift vs. gain can be considered a linear function.

Plot

The plot of output drift vs. gain in Figure 1, based on the
given example, is a straight line between the end points estab-
lished at gains of 1 and 1000. At unity gain, RTO and RTI
drift are the same. At gain of 1000, use either the RTO speci-
fication or the RTI spec multiplied by the gain {1000). Hence,
the end points in the example are 0.15mV/°C at unity gain
and 0.5mV/°C (i.e.,, 100C x 0.5u4V/°C) at gain of 1000. The
straight line is the locus of the magnitude of offset drift vs.
gain. Thus, at a gain setting of 100, the maximum drift would
be about 0.18mV/°C at the output, or 1.8uV/°C, referred to
the input.

Equation

An equation of the form y = mx + b, where m is the slope 2nd
b is the intercept, can be easily derived. The slope is the drift
change divided by the gain change (0.5 -0.15)/(1000 - 1)mV/°C,
or about 0.35uV/°C, and the intercept is, to a very good ap-
proximation, 0.15mV/°C. Thus, at gain 100, the output dnft
is (100 x 0.35uV/°C) + 150uV/°C, or 185uV/°C (or 1.85uV/°C,
referred to the input).

The approximate equation for output drift is

RTO RTO
Drft = Drift - Drift| . + Drift
G 1000 1| 10 1

To refer drift to the input, either divide the above equation by
the gain, or usc the approximation

RTI
= Drift

RTI
Drift

1
+Drift| o[ —= - 0.001
G

G 1000 1
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Worth Reading

3 RECENT BOOKS ON OP AMPS AND CONVERTERS

MODERN OPERATIONAL CIRCUIT DESIGN
by John 1. Smith, published by Wiley-Interscience, 1971

This upusual book, which contains a number of novel circuit
applications, is a good philosophical introduction to operational
a.mpliﬁers. Its author, who is obviously in love with his subject,
writes fluently, if a little self-consciously. It is profusely illu-
strated (258 illustrations in its 256 pages) and printed in a
highly readable type face on paper having a slightly-tinted

semi-marte finish.

Introduced on the jacket as a “cohesive collection of essays
about the application of the modern operational amplifier,” it
(in the Preface) “addresses the practicing technologist who is
not conversant with electronics”. Further, “some electrical
knowledge is presupposed, but it is thought to be of the axio-
matic kind that is difficult to avoid in an electrified culture
... half-serious thought was given to the subtitle ‘Ohm’s law
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with applications”™.

Within, the author begins with inverting circuits, both static
and dynamic, goes to followers (non-inverting circuits), sym-
metric (differential) circuits, and precise diode (basic non-
linear) circuits. He then takes up bridge and meter circuits
(both voltage and current), devotes two chapters to static and
dynamic errors, and thep, in the remaining half of the book,
discusses circuits for use in instrumentation, computation,
switching, and operational systems. The book ends with a (too-
short) chapter: “Recommended laboratory practice”.

The book is a highly-personal one; in fact, the jacket states
that “all circuits illustrated in this book have been successfully
built and tested by the author”. Its style is reminiscent of the
efforts of writers for the old “Lightning Empiricist” in its hey-
day (when the author and curself were colleagues).

Ifir has weaknesses, there are atleast two: an excessive fascina-
tion with the lever analogy (-V{Gy = V3 G;), and an insuffi-
ciency of guidance for the serious designer in the areas of speci-
ficadons and selection criteria. But, on the other hand, the
book succeeds in its quest “to be practical by providing the
most practical of all commodities — insight.”

D.H.S. | d 4 2

OPERATIONAL AMPLIFIERS

Design and Applications

by Gene Tobey, Jerald Graeme, and Lawrence Huelsman, Ph.D.,
published by McGraw-Hill Book Company, 1971

This book is a welcome addition to any library on op amp

circuits. Its strong suit is the 200-or-s0 pages devoted (for the

first time) to the internal design of op amps. With op amps

available for pennies, engineers are unlikely to design their own;

nevertheless, an understanding of design is important to getting

~the best performance out of an op amp consistently in
real applications.

There are about 245 pages on applications. 45 of these are
devoted to an in-depth treatment of active filters. The rest

of the applications, depicted in some 159 numbered illustra-
tions, include linear, nonlinear, switching (A/D, D/A, sample-
hold) waveform-generation, and modulation circuits, many of
which are familiar. Though largely limited to “how it works,”
discussion of the applications includes occasional design tips.

The philosophical and the practical (op amp circuit theory
and some notes on definition and measurement of performance
characteristics) are presented briefly in a small appendix.

Any criticisms of the boock must necessarily be considered
minor, in the light of its importance. Nevertheless, the circuit
designer may find himself eraving more “flesh-and-blood” infor-
mation in the Applications section, including some guidance
(perhaps in tabular form) as to the classification of and selec-
tion among the most common op amp families to meet the
needs of specific applications. It was difficult to find some
relevant topics via the index, which might impair its accessibility
as a reference (there’s more to be found than meets the eye).
It should prove near-ideal as an academic textbook. D.H.S. p

PUBLICATION NOTICE:

A D CONVERSION HANDBOOK

Analog Devices, Inc., has just published the Analog-Digital
Conversion Handbook, written by our engineering staff and
edited by Dan Sheingold. It has 400 pages, more than 250
illustrations, and 17 tables, bibliography, and index. Its price,
postpaid, is $3.95 in the United States and Canada. To obtain
a copy, send your check or money order to Analog Devices,
Inc., P.O. Box 796 (important!), Norwood, Mass. 02062,

Since reviewing one’s own book might be considered inappro-
priate, we list here a brief nonpartisan Table of Contents:

Part [: CONVERTERS AT WORK

Chapter 1 Data-System Components
Chapter 2 Data Acquisition
Chapter 3 Data Distribution
Chapter 4 Analog Functions with Digital Components
Chapter 5 Applications of Converter Systems
A. Automatic Testing
B. Communications and Signal Analysis
C. Displays
D. Commerce, Industry, and Elsewhere

Part 11: CONVERTERS
Chapter 1 Understanding Converters
Chapter 2 Designing Converters
Chapter 3 Testing Converters
Chapter 4 Specifying Converters
Chapter 5 Applying Converters Successfully

Part TII: OTHER SYSTEM COMPONENTS
Chapter 1 Operational Amplifiers
Chapter 2 Instrumentation Amplifiers
Chapter 3 Mulsiplexers and Multiplexing
Chapter 4 Sample-Holds

Part IV: GUIDE FOR THE TROUBLED

Frequently-Asked Questions, Frequently-Encountered Problems,
Frequently-Given Advice, If All Else Fails...
444
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