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This article explains the difference between an operational amplifier
and a wideband DC differential amplifier of the type generally referred
to as a data amplifier. Several basic op-amp circuits are analyzed here,
and 'their characteristics summarized in a comprehensive table. Also,
the key parameters of a data measuring application are discussed, with
the problems developed from first princibles. Finally, the article re-
views data acquisition applications in terms of op-amp circuits, and
concludes that no presently available op amp can meet all the require-
ments for extracting millivolt signals from a data circuit’s ‘high level
of common mode noise.
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INTRODUCTION

In order to explain the difference between operational amplifiers and data measuring
amplifiers (termed “Wideband DC Differential Amplifler;"), and then further, to high-
lizght the salient features of an advanced data amplifier, a first step 1s to review
the baslic operational amplifler circuits and develop an inventory of thelr advantages
and disadvantages. Later on, a3z we analyze a hypothetical data measuring application
{measuring the temperature of a rocket exhaust), several important criteria for a data
amplifier performance will emerge. The op amp circults can then be compared agalinst
these criteria to see whether circuits based on off-the-shelf op amps can handle high

accuracy data measurements,

senerally speaking, they can't! We can anticlpate the conclusions of this article by
stating that none of today's off-the-shelf op amps can simultaneously meet the DC
3tabllity, input impedance, galn-bandwidth and common mode specifications required for
aeasuring millivolt signals in the presence of large doses of common mode nolse typi-

cally encountered in data measuring situations.

for a start, therefore, we will examine the tiiree basic op amp circuits: 1inverting,
noninverting and differential, and Justify the remarks presented in Table 1 on page 2.
We also hope that the reader will benefit from the ensuing discuss!on, analysis and
comparison of many different circuits, even if he's not particular'y concerned with

advanced data aquisition problems.
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Fig. 1 - Inverting circuit 1s susceptible to bandwidth, gain, and input impedance
limitations due to capacltance strays shunting feedback resistor (A). Closed loop
zain curve (3) shows how gain rolls off at 6 db/octave when operating frequency
makes reactance of C smaller than Rr. Circult (C) is a method for achleving high
gain with low resistance values, but at expense of increased nolse and drift,

INVERTING CIRCUIT
We'll first review the inverting conflguration because it 1s perhaps the best lknown

and probably the most versitile. The basiec circult is shown in Fig. 1, and its
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closed loop gain, Vb/Vs' is very nearly the ratio of feedback to input resistor Rf/ﬂi.
If the op amp's internal, or open loop galn is high (10,000 volts/volt and upwards),
then the error voltage Ve at the summing junction, S, will be very small: less than

1 mV for a gain of 10,000 and often a matter of mlerovolts, for a full scale 110 volts
output. In effect, therefore, polnt S remains wlthin a whisker of ground potential
(called a virtual ground), so that the input signal current Isig is very nearly Vs/Rl-
More accurately, Igig would be (vg - Ve)/Ri, but Ve is just a few microvolts, and

will generally be negligible for our purposes of determining input impedance.

Because the summing junction 1s to all intents and purposes at ground potential, the
inverting circuit®s input impedancez, so far as the signal source ls concerned, 1is
simply equal to the value of the input resistance Ry. Now this brings us to the

major limitations assoclated with inverting amplifiers.

The inevitable stray capacitance (rarely less than 1 pf) in parallel with the feedback
resistance Re ls the cause of the difflculty. The stray capacltance C shunts R and
limits the circult’s frequency response to a frequency that makes the leakage react-
ance 1/2wch equal to Be. That is, bandwidth is restricted to fc=1/2aﬁfc (Figure 1B).
This limitation does not concern frequency alone, but gets into the act when high galn

and high input impedance are simultaneously required.

We can easily see why. Pirst of all, high input lmpedance requires a high value for
By . But 1f the amplifier must operate at high closed loop galn, then the feedback re-
sistance Ry must be higher than the input resistance in the ratlo Re= Galn x Ry. For
example, Af the input impedance must be 1 megohm to avold source loading effects, and
a 604B (1000:1) closed loop gain is required, the feedback resistance will become
1000 x 1 megohm = 1000 megohms. The frequency at which the reactance of 1 pf leakage
capacitance equals 1000 megohms is only about 160Hz, which makes a pretty spectacular
bandwidth limitation. Actually, 1000-megohm high stablility resistors don't exist, so

a different circult, such as Figure 1C, would be required for this level of galn.

Generally speaking, the inverting circult is the wrong approach to adopt for high in-
put impedance, and the noninverting configuration to be dlscussed next is much more
appropriate. The noninverting design uses low value resistors for its gain determin-
ing network, hence clrcumvents the bandwidth problem at the same time as achleving

high input impedance.

However, the inverting circuit does have an advantage over the noninverting arrange-
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ment, because it operates with one input terminal grounded, thereby enabling a chopper
stabllized amplifier to be used for utmost long-term stability. A further point is
that the inverting conflguration obviates any possibility of common mode errors and
can operate, in theory at least®, with inputs in the thousands-of-volts range. The

major pros and cong of the lnverting clrcuit are summarized in Table 1,

NONINVERTING CONFIGURATION

The noninverting amplifier, Figure 2, achieves very high "bootstrapped" input imped-
ance by opposing the input signal Vg with feedback Ve almost equal in magnitude to the
input signal. The amplifier's net differential drive signal, represented as error
voltage V, in Figure 2, 1s then equal to the difference between lnput and feedback
voltages, and may be a matter of millivolts...or even microvolts...for high gain ampll-
flers. Consequently, with only millivolts across the amplifier’s differential input
resistance Rry, the signal current drawn from the signal source will also be propor-
tionately small, giving the effect of artificlally boosted input impedance. 50 far as
the signal source 1s concerned, the amplifier draws an lnput current of only (Vs-Vf)/RIN,
rather than VS/RIN, and input resistance ls raised from Rin to approximately

ARIN X Rz/(Rl + Ry), as Figure 2 demonstrates. More accurately, input impedance becomes
RIN(l +AR) in parallel with R,,, where /3 is the feedback fraction Ro/(Ry + Ry), and

R

- is the common mode input resistance, or resistance from input terminal to ground.

SIGNAL CURRENT, Is,q=}’,!|;=%(ﬂ'—m); (R R

INPUT RESISTANCE, R;, SEEN BY SOURCE= %S.
g
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"Ri'fa'q AR R (AR A ABRy,

R+R

Pig. 2 - Noninverting circult uses feedback
to bootstrap input impedance, provides
high gain without compromising band-
width. Circuit is susceptible to
common-mode error, and input voltage
range 1s less than unit's supply
voltage.

OMMON MODE
d INPUT RESISTANCE /
%) .
v
FeEoBaCK=Vo(mids) |7 lgrpar

CAPACITANCE
BOOTSTRAPPING FEEDBACK
CAUSES SIGNAL CURRENT DR,
TO “"SEE" INPUT RESISTANCE
| R; OF APPROXIMATELY

R.
— AR,N(R—‘;%;). ACTUALLY =
RiasRey IN PARALLEL WITH Ry (I+AS)

STRAY CAPACITANCE C HAS MINIMAL EFFECT
ON CIRCUITS INPUT IMPEDANCE, GAIN, OR
BANDWIDTH

*A forthcoming Analog Dialogue article will show how a solld state op amp can be used
to measure the voltage of a 10,000 volt DC supply with better than 0.1% accuracy.
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Taking a typical example of an op amp with 106

open loop gain, 1 megohm input resist-
ance, and connected in a noninverting circult with closed loop gain, (143), of 50, the
bootstrapped input resistance Ry is 1 megohm x (1 + 106/50) = 20,000 megohms. Frequent-
ly, the artificially increased input resistance is far higher than the amplifiler's com-
mon mode lnput resistance, Rems OT resistance from input to ground. Consequently, the
common mode lnput resistance, rather than the bootstrapped differential input resistance,
sets the ultimate 1limit on source loading effects. Nevertheless, an operational amp-
plifier with 1 megohm differential input resistance frequently has a common mode in-

put resistance of 1000 megohms, so that the noninverting configuration truly does make

a high input resistance amplifier.

STRAY®*S DON'T LIMIT BANDWIDTH

Although the galn-setting resistors Ry and R, are shunted by leakage capacitance as
before, the noninverting circuit's bandwidth limitation is by no means as severe as
the inverting circuit's. This 1s because the noninverting amplifier's bootstrapped
input resistance is independent of actual feedback resistance values, but instead,

depends upon their resistance ratios. Actual input reslstance, as Flg. 2 shows, is
Ry = Rpy(l + Afp paralleled by the common mode input resistance Ryp. Consequently,
closed loop gain 143 = (Ry + Rz)/RZ, can be made arbitrarily high without actually

using high resistance values.

For example, the amplifier discussed earlier could produce a closed loop gain, Loe =

(B + Hz)/Rz, of 1000 simply by using Ry = 999 ohms and Ry = 1 ohm. If the amplifier's
open loop galn A was 106, input resistance would be ralsed by a factor of (1 + 106/103),
or 1000 fold, but the effect of the 1lpf stray capacltance shunting the 999-ohm R;

would be negligible. In practice, the values of Ry and R, are decided on the basis

of the amplifier's ability to supply enough current to excite them without depriving
the external circuit of its load current. A typical amplifier's output rating is

ti0 volt, 5mA, so that Aif 4mA were reserved for the load circuit, then the minimum
value for (R; + Rp) would be 10v/1ma = 10,000 ohms, Therefore, R; and Ry become

9,990 ohms and 10 ohms respectively, Even so, the 1pf leakage does not begin to roll-

-12  i5MBEz. Internal amplifier

off the closed loop gain much below e = 1/2w10u x 10
response limitations are much more likely to set performance levels than external

capacitance strays.



COMMON MODE ERROR

Desplte the noninverting circult's freedom from the
effects of capacitance strays, 1t nevertheless 1is
susceptible to a set of problems not encountered in
the inverting amplifier. These are the common mode
errors caused by unegqual gains "behind" the ampli-
fier's inverting and noninverting terminals, Figure
3A. Later, as we shall see, the external circuit, as
well as an amplifier, creates common mode problems.
In fact, the common mode errors, or rather the de-
sign measures adopted to overcome them, account for
a large proportion of the price difference between
operational amplifiers and high performance data

amplifiers.,

Although the transistors used in an operational
amplifier are elaborately matched, and gain-
stabilized by internal feedback, there may neverthe-
less be a gain difference between inverting and
noninverting channels of 1 part in 10,000, or 0,.01%,
even for quite expensive units. In fact, run-of-
the-mill FET op amps tend to have gain mismatches

of 0.1%, and require considerable design ingenuity
(as evidenced in high performance Model 147) to

achleve gain equality of 0,0003%.

An example 1llustrates the problem, Consider an
amplifier with a nominal open loop gain of 10,000
(very low for an op amp), and with 1 part in 10,000
gain error between inverting and noninverting signal
channels. That is, the noninverting galn might be
10,000 while the inverting gain is only 9,999. If
both input terminals are connected to a 10 volt com=-
mon mode source, Figure 3B, the noninverting term-
inal can be imagined to create an output of 10 x

10,000 volts while the inverting terminal produces -

INVERTING INPUT

C

AMPLIFIER
GAIN=|

GAIN +Aj
NONINVERTING INPUT
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R.
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Flg. 3 - Unequal inverting
and noninverting gains is
basis for common mode error
(A), creating common mode
output proportional to gain
inequality (B). Common mode

output can be imagined to have

been caused by differentlal
component of common mode in-
put, e,n, which 1is applied
between amplifier's input

terminals (C). Value of

hypothetical error source
€,p 1s common mode voltage
afHded by CMmR.
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10 x 9999 volts. The net effect 1s an output of 10(10,000 - 9999), which 1s 10 volts.
In other words, the common mode output Voop DAy be represented by ch(AZ - Ay), which

for an ideal amplifier would be zero, but for the amplifier cited is 10 volts.

The factor (A, - A)) 1s termed the common mode gain G,p. This is because the 10 volt
common mode output may be regarded as having been produced by multiplying the common
mode input voltage (10 volts) by this imaginary common mode galn: Voom = Vem ¥ Geme
Complete circuits, as well as operational amplifiers themselves, may exhibit a common
mode galn. 1In fact, even though a circuit 1s based on an {(1deal) op amp with identical
inverting and noninverting galns, it can develop a common mode error when unequal pro-
portions of common mode voltage are applied to its inverting and noninverting termin-
als. Common mode circuit errors will be discussed after we have reviewed common mode

amplifler errors in more detail.

COMMON MODE REJECTION RATIO

Amplifiers (and circults too) may have thelr response to common mode lnput voltage
defined in terms of a Common Mode Rejection Ratio, or CMRR, This ratio 1s a measure

of the amplifier's abllity not to respond to the common mode voltage applied simul-

taneously to both input terminals. One definition of CMRR is Signal Gain/ Common
Mode Gain. For a differential op amp this CMRR becomes A/(A2 - A1), where A 1is the
nominal open loop or slgnal gain value: é(A1 + Ap), while(A2 -~ Ay;) is the common-
mode gain. A circult's overall CMRR involves the amplifiers internal gain inequal-~
ity, but also depends upon the amplifier's common mode input resistance, and upon

deviations in external resistors from their calculated values.

It 1is worth noting that the CMRR, A/(A2 - A1), 138 the inverse of the amplifier's
fractional gain error, (Ap - Al)/A. The amplifier cited earlier, Fig. 3C, had a galn

error of 1 part in 10,000, which leads automatically to a CMRR of 10,000,

Another way of viewing the common mode rejection ratio is to regard it as the ratio

between the actual common mode voltage applied to both input terminals, V.., and a

cm

hypothetical common mode error signal e, that would create the same value of common

m
mode output error when amplified along with true input signals. This lmaginary com-

mon mode input error e o 13 then determined by dividing the actual common mode output

c
error, Vopm(As - Ay), by the amplifier's normal mode signal gain A. (Where A 1s the
cm\ 82 1

average open loop gain 1/2 (A1 + A2>
(]
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To use the amplifier cited earlier as an example, Figure 3C, its 10 volt common mode
output voltage may be imagined to have been created by an equivalent common mode in-
put error, e,p, of 10 volts/10,000, or 1mV., The CMRR 1s now the ratio of the actual
common mode output voltage (10 volts), to the differential component, e y, of the

common mode input that would produce this same common mode output when multiplied by
10,000. This works out to 10/0,001 = 10,000, which, as one might expect is the same

value as before.

PERCENTAGE CM ERROR

The percentage common mode output error for a given amplifier, or for a cirecult, is
the fraction (Efrror Output/ True Output) x 100%. If both error and true output are
divided by the amplifier's gain, then the percentage error may also be referred to

the input as the ratio: (Error Input/ True Input) x 100%.

Knowledge of an op amp's CMRR quickly leads to a value for the equivalent common mode
input error, because one definition of CMRR 1ls ch/ecm. In other words, the dif-

ferential error component of common mode input, e pm, is ch/CMRR.

Percentage error may now be calculated from 100% x ecm/Vs = 100% x ch/CMRR'%-VS.

If the amplifier already discussed, with 10 volt CM input and 10,000 CMRR, 1s used

to measure 100mV signals, the ratio of equivalent CX input error to true input sig-
nal ts (10/10,000 <+ 0.1) x 100% = 1%, Errors due to drift, source loading, long term
aging, and finite gain must be added to the common mode error for a true statement

of circult performance.

The discussion thus far has been concerned largely with an amplifier's internal com-
mon mode error., We also pointed out that a circuit, as well as an amplifier, can
develop common mode errors. However, the noninverting circuit, Fig. 3, 1s one parti-
cular configuration in which the voltage applied to the two amplifier terminals is
simultaneously the common mode voltage and the signal voltage. (Note: Vga2 Vr).
Consequently, the common mode error and CMRR of the noninverting circuit 1is the same
as the amplifier upon which the circuit is based, namely, A/(A2 - A1). This point

1s considered further in Pigure 6 on page 12,

NONINVERTING CIRCUIT'S VOLTAGE LIMITATION

The noninverting amplifier's input voltage capability is certainly no greater, and
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generally less, than the voltage of the plus and minus supply lines. This limits a
noninverting amplifier operating from a +15 volt DC supply to & maximum input voltage
level of less than +15 volts. In many applications this may be a severe restriction...
and one that drives the engineer to the inverting circuit even though he would like to

take advantage of the noninverting configuration's high input impedance,

Table 1 compares the pros and cons of the noninverting circuit with those of the in-
verting configuration discussed previously. The next section will examine some of

the pros and cons of differential amplifier circuits.

W Vo, INVERTING QUTPUT

R
Vo, = M (g2}

N Re o Fig. 4 - One-amplifier differential
2 NONINVERTING OUTPUT circult combines inverting and non-

- R inverting operation. Arrangement
%&=%@%f) 18 economical, but tends to exhibit

worst features of the two circults
upon which it 1s based. Also, gain
is difficult to vary without intro-
ducing common mode errors.

NONINVERTING QUTPUT
WITH INPUT ATTENUATION
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COMBINED NONINVERTING
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ONE-AMPLIFIER DIFFERENTIAL CIRCUIT

The evolution of a single op amp differential circult from the inverting and nonin-
verting conflgurations i1s shown successively in Pigures 4A through 4D. This 1s a

widely used differential design owing to its component economy., However, thls very
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economy is pald for at the price of inevitable compromises necessary in combining

inverting and noninverting operation in a single amplifier circuit.

Instead of yielding the best features of the inverting and noninverting designs, the

differential amplifier of Figure 4 suffers mainly from the disadvantages of both.

For example, the advantages of the inverting amplifier, as summarized in Table 1,
include immunity from common mode errors, ability to operate from high input volt-
age, and ease of design with chopper stabilized amplifiers. All of these merits are
sacrificed in the differential arrangement. Likewlse, the advantages of the nonin-
verting amplifier, which include ultra-high input impedance, immunity to bandwidth
limitations, and ease in producing high gain, are lost 1in the differential circuit

too.

However, the single amplifier differentlal configuration does have one edge, aslde
from economy, over the more sophisticated versions based on two or more separate op
amps. Use of two amplifiers means in the worst case, twice the drift, noise and

amplifier common mode errors, in addition to all the problems created by component
tolerance errors. The single amplifier circuit, at least, contributes only one set

of amplifier errors.

CIRCUIT COMMON MODE ERRORS

We have seen, in the section on noninverting clrcuits, how an amplifier's lack of
perfect equality between inverting and noninverting gains creates a spurious output
when a common mode voltage is applied to both input terminals. Now we will invest-
igate a further and separate common mode problem that can occur in a circult, re-

gardless of whether the amplifler's internal gain characteristics are 1ldeal.

The differential configuration, redrawn in Pigure 5A, relles on the voltage divider
effects Rp/(Ry + Ry) and Ry/ (33 + R,) to apply equal fractions of the common mode
voltage to the amplifier's inverting and noninverting terminals. So long as these
fractions are identical, as theoretically they will be for the ideal clircult of Flg-
ure 4, then no differential component of common mode voltage will be created and

the amplifier will develop zero common mode output. (This assumes a perfect ampll-

fier in which A; = Aj).



11'

But suppose ordinary off-the-shelf resistors with 0.1% tolerance are used for Ri» Ro»
Hj and Ry: then one can visualize a distribution of resistance in errors,which, in

the worst case, make R;_‘/(Ft3 + Ry ) larger than 1ts theoretical value, while Rl/(Rl*’Rz)
is smaller than thls same ideal wvalue.

Now, of course, there will be a net fraction

of common mode voltage e, applied differentially between the amplifier®s input term-
lnals, which will be amplified by noninverting gailn factor of (Ry; + 82)/31 to create

a common mode output voltage error proportional to the resistance tolerances.

COMMON MODE VOLTAGES
4 APPLIED TO AMPLIFIER
TERMINALS ARE V, AND
Vg, WHILE COMPONENT
OF COMMON MODE VOLTAGE APPLIED
BETWEEN TERMINALS IS sy Yy~ Vg
= Rz R‘
Va s \eMmar,) AND Vo= \emlmgray)
soT Nl -
HAT eCM'\(:M(m _R_s’"T) AND
AMPLIFIER COMMON MODE QUTPUT IS
o F2Ry. (Re _ Ra_, RoR
Voo R, VoA, T, R
WHENCE COMMON MODE GAIN 1S

!

Ry(1-K)

RAIHK)

\ocm

) COMMON MODE OUTPUT
NRa(1-K) Voot \6M(GCM) .
= = DIFFERENTIAL GAIN Gz
COMMON MODE GAIN, Gy, FOR
RESISTANCE DEVIATION, K, 1S
Gl Ro(1+K) ___NRy(i=K) \’Rl(I-K)*Rél"K))
R{KI+R{+K)  NR{KHNRSI-KI™ R ;l1-K)
Ry HK R{FKI+R(K) R,  R{MKP-R(I-KIZ
=§ﬁ:ﬁ'%ﬁﬂﬁ%&i?“ﬁf%ﬁ%ﬁ%ﬁé%ﬁﬂﬂ
R aKR, 4KR,  4KR
Cem Rlz((Rloﬂz)#Kz(ﬂz-Rl-ZyK)m ;.Z(F,EI; = 5.7;&
WHENCE COMMON MODE GAIN 1S
PROPORTIONAL TO FOUR TIMES THE

NR, (1410

Ra Ra RESISTANCE ERROR, CMRR=2EFERENTIAL GAN

= = R +Q2
Geni Vo em™ Rk, ~RovR, I R, ) COMMON MODE GAIN
WHICH IS ZERO FOR NR =R AND NR,=R,4 CMRR~4KRR$(/:I o g_g( ::::z)
BUT MAXIMUM WHEN RESISTOR'S 2/(Ri+Re) ' 2
TOLERANCE ERROR, K, MAKES R, =R({I-K); CMRR* '*f:”'n 1+ 6oy
4K

Ry=RAMHK); Ry=NR(14K), Ry=NRI-K).

Filg. 5 - Unequal proportions of common mode voltage Vo.m 8re applled to amplifier's
inverting and noninverting terminals when external resTstors deviate from their as-
signed values (A). Analyslis shows that worst-case common mode error is proportional
to four times the resistor tolerance fraction K, and that CMRR lmproves with closed-
loop gain (B).

The worst-case distribution of resistance errors occurs when the four feedback re-
sistors assume new values of By(1 - K), Ry(1 + K), NRy{(1 + K), and NRz(1 - K), where
K 18 the resistor tolerance speciflied by the resistor manufacturer. This arrange-
ment 13 shown in Figure 5B, and its accompanying analysis demonstrates that the

worgst-case common mode gain is proportional to four times the resistance error K.

The circuit's common mode rejection ratio is defined as the ratio of closed loop, or
normal mode gain, G,y = Ry/Ry» to the common mode gain, Ggp = 4KR,/(R; + R,). Thus,

CMRR for the single amplifier circuit of Figure 5 becomes (1 + Rp/R)/4K.
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However, the circuit's differential gain, RZ/R1 appears explicitly in thls CMRR ex-

pression, which may now be rewritten as (1 + G, y)/4K.

In short, the circuit's CMRR

improves with closed loop gain, but falls inversely with resistor tolerance error K.

ERROR EXAMPLE

In a practical instance based on a circuit using 0.1% resistors and operating at a

closed loop gain R,/R; of 100, the CMRR becomes (1 + 100)/4 x 0.14. This works out

to approximately 25,000 : 1,

If the same circult measures a 100mV signal superimposed on a 10 volt common mode

level, then the common mode error would be 100% x 10V/25,000 < 100 mV, which gives

a common mode error of 0.4%.

But this analysis accounts only for the common mode error due to imperfect resistors,

Additionally, the amplifier's internal galn inequality contributes a second source of

common mode error, which in the worst case must be added to the error caused by re-

sistor tolerance,

The amplifier's internal gain, (Ap - A}, and

CMRR, = A/(A2 - Ay), apply equally to the

amplifier itself, and to the differential

circuit in which the amplifier is connected,

as Figure 6 shows. Accordingly, if the speci-

fication sheet shows the amplifier's CMRR

to be 25,000, the additional common mode

error in measuring 100 millivolts super-

imposed on the 10 volt commom mode level 1is
100% x 10V/25,000 ~ 100 mV,

This 1s an error of 0.4%.

Thus, in the worst case, where the common
mode errors caused by external resistance de-
viation and by amplifier gain-inequality act
in unison, the total common mode error adds

up to O0.4% + 0.4% = 0.8%.

In general, the overall CMRR dve to these

o
Az—3

COMMON MODE
OUTPUT, Vo,

DUE TO
UNEQUAL GAINS:

EQUIVALENT COMMON
= = MODE ERROR, ecw,

THAT WOULD CREATE
SAME C.M. OUTPUT iS:
S oow Ly Ry ftAL
tni R T Vemlmp R T
COMMON MODE ERROR, ey, REFERRED TO

R, +R
INPUT CIRCUIT BECOMES: sy sk, )
. R, . Ay-A R,eR
INPUT C.M. ERROR, %M'WW)(kr)(R_z)

, Ay-a
Som™ ot E )

COMMON MODE_VOLTAGE INPUT (Vepy)
COMMON MODE INPUT ERFOR (o7
- al = A

CMRR.# V5 (C2L) 2

SO THAT CIRCUIT'S COMMON MODE ERROR
DUE TO AMPLIFIER GAIN INEQUALITY IS
SAME AS AMPLIFIER'S C.M. ERROR.

CMRR.=

Pig., 6 - Amplifier's internal
common mode error due to gain
inequality reflects a CMRR to
the circuit's input that 1is
equal to that amplifier's own
CMRR: A/(4, - Aq).
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separate causes 1s calculated in the same way that the net resistance of two parallel
branches is calculated:

Total CMRR = CMRRH b 4 CMRRA

CHHRR + CMRRA
where CMRRR and CMRRA are the separate values for resistance and gain errors, respect-

ively.

A useful design trick is to trim the external resistors so that the resulting common
mode gain has opposite polarity to the common mode gain caused by the amplifier's un-
equal inverting and noninverting gains. Thils technique, for example, can glive CMRBR
a negative value while CMRRA 1s positive. The net effect 1s to create zero common
mode output, and hence achieve infinite CMRR., The same result may be inferred from
the equation for overall CMRR, above, since the denominator in this expression,

CMRR, + CMRR,, 1s reduced to zero.

In a practical instance, and especlally for transistor rather than FET-input ampli-
fiers, this method can tweak-up the overall CMARR by a factor ranging from ten to per-

haps one hundred.

However, there are several hazards to the technique. For example, if the external
reslators drift away from thelr "tweaked-up" values, elther through temperature in-
stability or aging, then the amplifier's common mode compensation drifts away too.
Similarly, the compensating method depends upon the constancy of the ampliifier's in-
ternal CMRR, but in actuality, this parameter varies in response to several factors.
For example, CMRRA, changes with the amplitude of applied common mode voltage; it also
varlies with output loading and common mode frequency, and follows the long-term aging

of internal resistors and semiconductors.

Consequently, the designer should become quite familiar with the amplifier's common
mode characterlsics, and should also make sure that his external resistors have long-
term and temperature~induced drift characteristics commensurate with his accuracy

needs.

GAIN CHANGE CREATES CM ERROR
We have seen how resistance deviations in a differential clrecuit's feedback compon-
ents produce common mode error. In practice, 1t 1s possible to "tweak up" a differ-

entlal amplifier for near-perfect circuit CMRR by making one or another of the resis-
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tors slightly variable....or adding a small amount of trimming resistance iln series
or parallel, However, trouble really sets in when one wants to build a variable gain
differential amplifier. If the circult of Pigure 5A uses 0.01% resistors for high
CMRR, 1t would be exceedingly difficult to replace Ry, and R, with a ganged pair of
varlable resistors and still secure the same CMRR owing to the impossibility of main-
taining good tracking between Ry and Ry. Careful common mode trimming would come
"untweaked". Accordingly, it is difficult and not entirely straightforward to bulld
a variable gain differential amplifier capable of high CMRR.

R Rp/2 Rp/2 R, Ry R, Ry R KR

<Y

Rp/2

Ra/2

- R ;. R
= Vo = Vg (g 11+ 5¢) Vo =Yg (RENK)

Fig. 7 - Circuit (A) uses single resistor to adjust gain without altering common mode
balance, but requires six high-stability resistors in feedback circuit. Also, gailn
varies nonlinearly with K. Circult (B) uses only four feedback resistors, but re-
quires an auxillary lifler for 'unloading' resistor K. Gain also varies nonlinear-
ly with K. Circuit (C) provides linear gain variation with aid of auxiliary amplifier,
useg five fixed feedback resistors.

Various methods have been adopted for altering a differential amplifier circuit's

gain using a single variable resistor, instead of the ganged pairs of resistors re-
quired by the circuit of Flgure 5 on page 11, Some of these are presented in Figure 7?7
along with their closed loop gain equations. One problem with such circuits is theilr
lack of gain linearity as a function of the gain adjusting resistance, although this
problem can be overcome by use of an inexpensive auxiliary amplifier, as shown by the

circuit on the right.

CM_ERRORS DUE TO AMPLIFIER INPUT RESISTANCE

Yet a further source of common mode error is the unbalancing effect of the amplifier's
own common mode input resistance R,y. Because the common mode resistances between the
inverting and noninverting terminals and ground are, in effect, placed in parallel

with feedback resistors Rz and Ry, of Fig. 5, they modify the fractions of common mode
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voltage applied to the two input terminals. So long as these resistances are equal,
they will have no effect on the CMRR. However, they are never identical in reality,
and so add to the common mode errors already created by resistor tolerances and amp-

lifier internal gain differences.

Errors due to common mode resistance are minimized not so much by ensuring that the
two resistance values are equal, but in selecting resistors Rz and Ry that are small
compared to the nominal R, value. Or working the other way around, by selecting an
amplifier with very high common mode input resistance. An example of such an ampli-
fier 13 the PET or varactor bridge type, while even the recently developed hligh per-
formance differential transistor amplifiers feature 109 ohm common mode impedance.
Errors due to thousand-megohm R, ., values shunting 100 kilohm feedback resistances
(R2 and By ) amount to only about 0.01% net resistance deviation. Purther, because
both R; and Ry are simultaneously shunted by virtually-equal common mode values, the

net unbalancing effect will be negligible compared with other error sources.

o
We now see that any given single-amplifier differential circult is susceptible to com-
mon mode errors from at least three digtinct sources, namely, internal galn inequal-
ity, feedback resistor tolerances, and the shunting effect of the amplifier's common

mode input resistance.

In addition, a fourth source of error can crop up when even the most perfect differ-
ential amplifier is connected into a practical measuring circuit. This ig error
caused by unbalanced source resistance, and which is dealt with in Figure 15 and its

aggsoclated discussion.

FURTHER DIFFERENTIAL CIRCUITS

It 13 possible to improve on the single amplifier circult in various ways by develop-
ing a differential configuration around two separate op amps instead of one. Off-the-
cuff, one might suppose that a differential design based on two noninverting amplifiers
would benefit from the noninverting circuit's high input impedance and relative lmmun-
ity to capaclitance strays. Likewise, a differential circult based on two inverting
amplifiers can be envisaged to handle very high levels of common mode input voltage and

afford immunity to the op amp's internal common mode errors.

Two such eircuits, based mnn noninverting amplifiers, are analyzed in Figure 8, and
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their major features included in Table 1. It is worth observing that the common mode
error due to external resistance deviations decreases with closed loop gain for the
noninverting circult, whereas the inverting configuration's CMRR 1s constant, Off-
setting this advantage of the noninverting design is its additional error caused by
gain inequalities within the two amplifiers. Closed loop gain of both Plgure 8A and

Pigure 8B can be varied in proportion to the output amplifier's feedback resistor.

R (I-X)

. VARABL E 1K) ARIABLE
RIHO  RO-K) ‘mum) RG+K)  RlI-K) KR,(M()

M Rp(1+K)

FOR OUTPUT DUE TO V| INPUT FOR OUTPUT DUE TO V| INPUT

ey (RUOHRUK0 NRGHK), Rty Rit+K) RelteKt, Ry
Vo A = BN e k-0 o R i(R3) WHEN K=0

FOR OUTPUT DUE TO Vp INPUT FOR OUTPUT DUE TO Vj INPUT

o2 Vo R =V, (R WHEN K=0 %2R VL (R2) WHEN KO
NET OUTPUT, V446, FOR K=0 =(1+N\,-V) NET OUTPUT, \6|+\6ZFOZR K0 =g (y-\p)
DIFFERENTIAL GAIN “\%—QW (+N) =G, DIFFERENTIAL GAIN gv_ﬂw =—%§ = G,

BOTH CIRCUITS DEVELOP COMMON MODE OUTPUT Vocu WHEN
FRACTIONAL RESISTANCE DEVIATION iS K, AND V, = Vo = Vem

NRUSKIRIG  BIHOH+RUK) | NR(1+K) 14K Refisk),  Rali+K)
%w"éu[—ml—?‘)‘ B (= R('I-K_)ﬂ Voc:\(:iz Er i RZ(M()]

Vo~ M (M0 _ ‘z'“"z;,ﬁ?;,‘;’“’ ) 2 " W:ﬁ; _ :_:;K_ )( %:_)
o e R ML 3 vt B
Yo ~Vom (4K) b VCM(4K:—:) NOTE % “6o,
COMMON MODE GAIN = 4K COMMON MODE GAIN = 4KGc,

CMRR= S-S0 - Led - Sa CMRR=%§"’T~=I‘:§%=J_’(

Fig. 8 - Use of two noninverting amplifiers gives differential circult high input
impedance, and CMRR that improves with closed loop galn. However, clircult 1s suscep-
tible to amplifier’s internal common mode errors, has limited input voltage range,
and requires isolated power supplies when based on chopper stabilized amplifiers (a).

Alternative circult uses two inverting amplifiers, has constant CMRR for external re-
slstance deviations, handles high input voltage levels, is immune to common mode
error of individual amplifiers, and can be based on chopper stabillized amplifiers
without needing speclal power supplies., However, input resistance is limited to the
value used for Ry (B).

ERROR CANCELLING CONFIGURATION

The differential amplifier of Pigure 9 has the unusual attribute of providing theo-

retical immunity to common mode errors caused by resistance deviations, (Errors due



to gain inequality within the two

amplifiers remain, however.)

The error analysis, Figure 9B,
shows that the circuit has unity
common mode gain when the two amp-
lifiers are considered separately,
but because both amplifiers fea-
ture this same unity common mode
gain, the common mode output mea-
sured BETWEEN the output terminals
is theoretically zero. This means
that the common mode differential
gain is also zero, and the circult's
common mode rejection ratio theo-
retically infinite, insofar as re-

slstance errors are concerned.

Galvonometers, relays, colls and
other isolated loads can be driven
directly from the push-pull output
with near-perfect immunity to re-
sistor-induced common mode errors,
On the other hand, an additional
stage of differential amplification

is required for single ended loads.

Figure 10 shows the error cancel-
ling circuit followed by a differ-
ential-to-single-ended "interface"
amplifier. Overall galn of the two
cascaded stages is then

Gain (A) x Gain (B)

and the total CMRR reduces to
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AMPLIFIER (A) INPUTS AREX—V,
APPLIED DIRECTLY TO (+) TERMINAL

AND V, APPLIED AT POINT Q
THEN FED TO (-} TERMINAL

> VoIrF

AMPLIFIER (B) INPUTS ARE:—V,
APPLIED DIRECTLY TO (+) TERMINAL
AND V; APPLIED AT POINT P
THEN FED TO (—) TERMINAL

Vo

AMPLIFIER (A) OUTPUT IS SUM AMPLIFIER (B) OUTPUT IS SUM
OF QUTPUTS DUE TO V| AND V, OF OUTPUTS DUE TO Vp AND V,

VOf"Om.‘* V°A(v2) Vog =\bs(\a£)+ Voa(v‘)
’ RsQ+R, R, (oK) Q)
=\, . ==\ = . =

\buvp A e WAL V°w2»\é(&$)' V:’a(v,) —V'(&g-z_)

o RlieR, R{I+K)
VOA-W(-TZL)—VZ( Rz )

) 0+
VOB =\, (JT’.EL =V (%)
R R
Yo, Ut RS 1KY —Vy) Yop V2 + R I-KIL=Y,) |
CIRCUITS DIFFERENTIAL OUTPUT, Vorrr Vo, ~Vo,
R R
Vorr® [v, +§‘5(»K)(v|—v2)]— [v;iu—m(vz—v,}(v,-vzw(v' -@[%(m)»f ;—:-(I—Ki'

R(1+K)  Ru(I-K) R|9R K(R-R,)
e "‘*7;‘*%"’

Vorer= (VR 1+

R4R.
AND IF K=0, leFF=(v|-v2)(|~—‘R—zl) SO THAT DIFFERENTIAL GAIN,

Voire =1+ Ri+Rs
A R,

CONNECT INPUT TERMINALS TO COMMON MODE SOURCE, Vom

VOA

R,(1 )
R V)

Ry{1+K) Yoy Y+

BUT V2V Ve
S0 Vo, “Vem

Ry(1-K)
= ==y =
V°s v, + R, {V,=V))

BUT Vy =V, =Vey
SO Vog=%m

COMMON MODE OUTPUT FOR INDIVIDUAL AMPLIFIERS IS \ey, SO THAT
COMMON MODE GAIN IS UNITY, REGARDLESS OF RESISTOR DEVIATIONS K.
ALSO, THE DIFFERENTIAL COMPONENT OF COMMON MODE OUTPUT
(MVopcanOncan ) = \eMVom =0, SO THAT THE DIFFERENTIAL C.M. GAIN
IS ZERO. HENCE, CONSIDERING RESISTOR ERROR ONLY, THE CIRCUIT
HAS A THEORETICALLY—INFINITE DIFFERENTIAL CMRR.

Fig. 9 - Differential circuit is immune
to ¢¢ _.on mode errors caused by resist-
ance deviations, but remains susceptlble
to the amplifier's internal common mode
errors. Circuit can be used to drive
galvanometers, relays, magnetic coils,
and other isolated loads, without need
for conversion to single-ended output.
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Gain (A)]1 + Gain (B‘)]/'-FK. A chart - GANA—————» - GAIN 8 -
of the overall CMRR, Figure 10, sug- * N P Rel1-K) Rg(i+K) Vo
gests that the circuit's common mode v Rk Voem
{1+ K
performance can be maximized by as- A
signing most of the gain to the first %g‘;égﬁéml- Ry . +
stage. In fact, fractional gain for ™
s Vo = o+ 2R3 )y
the second stage appears to improve Ra(I1-K) 0~ R, R, '‘Vs
R4(I+K) 4KR
CMRR considerably. + Yy Ve )
+ v M CM' Ry+Rg
M Rl
Actually, this advantage cannot be T Vg = Vs(GAIN A) Vo =Veg(GAIN B)
- R,+R. -_— R
Vog A2 Veli+ ——3) VoAV, (o8
pushed too far without running into Q™ s Rz OQ’PO(R)
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Ocm %M Ra*Re
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will elther restrict the level of com-
mon mode voltage, or cramp the cir-

cuit's dynamic signal swing. GANA GANB
OVERALL CMRR = 3
CM

_—— ——

(GAIN A)GAIN B)=I00 CMRR

Or both.
e GAN A | GaINB | 2NA | GanB)
CMRR =+
SN 0.t | 1000.0 100.1 /4K
Because the individual amplifiers cMRR=SANA  Rs, 1.0| 1000 101/4K
4K R,
vith 4 0.0} 100 110/4K
e operate t
used in the first stage op CMRR:G&;I:A(HGNN B) 100.0 1.0 200/4K
1000,0 0.1 1100/4K
unity common mode galn, output sig- TABLE SHOWS THAT FIRST

STAGE GAIN SHOULD BE HIGHEST FOR MAXIMUM C.MR.R.
nals at points P and Q, Figure 10,

vary around the common mode level,

Vems ©f the input. If, for example,

v 1s 9.5 volts, and the amplifilers Fig. 10 - Right-hand differential stage
cm develops single-ended output from push-
are built for a +10 volt output pull input circuit. Arrangement provides
high input impedance and allows low-value,
rating, then the maximum output sig- high-tolerance resistors to be used for
wide bandwidth and maximum CMRR. Chart
nal swing cannot be greater than shows advantage of having first stage

contribute most of the gain.
10-9,5 = 0,5 volts.
Not revealed in drawing is the fact that
the second stage's gain-inequality errors
are reduced in proportion to first stage's

A circuit with 100:1 first-stage normal-mode gain. (See Table I)

gain could not handle input signals Disadvantage lies in the superimposition
of output signals at P and Q onto the

larger than 0.5/100 = 5uV, without common mode voltage Vem. Thls can cramp
gain, or dynamic range, or both, because

driving output (at P & Q) "into the first stage's output slgnals, perched on

high Vepm values, can drive amplifier into
saturation.
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stops". large lnput signals could only be handled by using lower values of first-
stage gain, or by reducing the common mode level upon which these signals are super-

imposed.

Table 1 summarizes the pros and cons of these differential circuits, and prepares

the groundwork for developing a high-performance data aquisition circuit.

HANDLING IOW-LEVEL SIGNALS

Having established some of the key features for several standard op amp circuits,
Wwe are now in a position to investigate data measuring applications and learn how
conventional op amps fit (or fall to fit), these requirements, We will also see why
a data amplifier must almost invariably be a differential amplifier, even though the

transducer itaself generates a single-ended output.

Data amplifiers are widely used to measure low level signals developed by strain
gauges, thermocouples, blological probes, and many other sensitive transducers. Very
often, the transducer ls located at a remote test site, while the amplifier i1s housed
some distance away in an instrumentation building. For example, signals developed

by strain gauges strung along a bridge structure would most probably be fed back to

a data center at one end of the bridge. Similarly, thermocouple temperature signals
developed during rocket engine testing would usually be fed to recorders and computers

located in a well-protected blockhouse.

Separate sites for generating and measuring the data create the basic difficulties in
accurate data acquisition. The trouble arises when both transducer and instrumenta-
tion are separately grounded. We shall explore this condition in due course. In the
meanwhile, the tople of ground loops, which multiple grounds introduce, can best be

demonstrated on the familiar territory of an ordinary Hi-F1 installation.

GROUND IOOPS IN A HI-FI

If the Hi-Fl signals are developed by a tape recorder, microphone and preamplifier,
or other signal source with its own DC power supply, then fed to a maln power ampli-

fler, also powered by its own transformer and regulator, then the prospects for
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trouble are well established.

A simple H1-Fi system, Figure 11A,1ntroduces the ground loop problem which occurs
when signals must be transferred from one plece of equipment to another: 1in this
case from microphone preamplifier to the output amplifier. The kernel of the ground
loop problem lies in the 60Hz leakage current that flows between primary and second-
ary of both power transfomers’a.nd which is then converted into a 60Hz noise at the

power amplifier's input circult.

Dust and atmospheric humidity can reduce the leakage resistance between a trans-
former's primary and secondary windings to a few megohms; poor primary-to-secondary
shielding can place a substantlal leakage capacitance in parallel with the leakage
resistance, For example, 100pf of leakage capacitance places roughly 30 megohms
reactance in parallel with the leakage resistance. These leakage paths set up cur-
rents that circulate between both amplifiers, developing spurious hum voltages that

are applied along with the signal to the output amplifier.

IISY, 60Hz HOUSE CURRENT\

AT Leaxace BETWEEN
PRIMARY AND 4& N
SECONDARY === AR o
It =< “
60Hz q
Rt
MICROPHONE e
~ . Qg ,
N ]
SIGNAL AND GROUND LINES EAKAGE PROVIDES
Y HAVE 17100 TO 100 RESISTANCE PATH FOR GROUND-
DESIGNATED R, AND Rq LOOP CURRENTS Ig o
@ Ro REPRESENTS PREAMP'S RESISTANCE TO GROUND-LOOP CURRENT)
° r};' —_== Ro® T 1 ~100.N.
( Rg¥ R =15 . —10.N
\ Rp=10* N —10"N
[} |
z.2l |
GROUND-LOOP | |
CURRENTS l
MICROPHONE Lot
B .
\l PRIMARY-SECONDARY GROUND-LOOP CURRENT 1%\ /Z (Z,>>Rg)
‘éggmg‘fl_ggg‘;ﬁ” VOLTAGE ACROSS BC, Vac® IgRg™ VLRe/ZL
OF NET IMPEDANCE Z BECAUSE Ry>>(Ro+Rs), THE HUM
(100K TO 100MAL) VOLTAGE, Vy* Vgc®WRy/Z,_

FOR I

Fig. 11 - Transformer leakage sets up ground-loop current Ig that circulates between
the two amplifiers via path ABCD (A). Ground-loop current flows through signal and
ground lines connecting the two amplifiers (B), and creates hum voltage V), at power
amplifier's input terminals (Cj.
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An equivalent circuit, Flgure 11B, shows that the leakage currents flow in parallel
through the ground and signal lines connecting both amplifiers (via the twin paths
ABCD). Both these lines (which may be a coaxlial cable in which the ground lead is the
outer sheath), have a finite resistance, Rg and Rs’ even though it may be as low as
a fraction of an ohm, Actually, plug and socket interconnections can introduce ap-

preciable resistance, especlally 1f they are oxide-coated or loose-fitting.

A third diagram, Pigure 11C, lumps the leakage resistance and reactance of both
transformers into a composite leakage impedance 2, connected in series with the

115 volt, 60Hz source designated VL, If we assume that the leakage resistance and
reactance of each transformer amount to about 5 megohms, then the two series-connected
leakage impedances will total somewhat less than 10 megohms. Since transformer leak-
age 1s by far the largest impedance in the ground current path, the ground currents
wlll be roughly equal to VL/ZL£3 115 volts/10 megohms. This leads to a nominal 11-
microamp ground loop current that divides between the two parallel paths provided by

RE and the series-connected resistances, Ry, Rgs and RIN’

Because the amplifier's input resistance Ry wlll be very high compared to the ground-
conductor's resistance RS’ most of the 1luA ground loop current will flow through RS‘

Consequently, hum voltage developed across Rs will be 11upA x R If the ground path

SQ
(including plug-and-socket connections) has 1 ohm resistance, then the hum voltage
Vg across R8 will be 11uV. We can also express this voltage as a fraction of the

115 volt supply: Vpa= V. x R/Z:.
BC L L

Now we are in a position to determinethe proportion of this 11uV hum voltage that 1s
applied to the amplifier, Actually, most of it is. The hum voltage, VBC developed
across Rg i3 applied to the series network of Rys Rg and RIN’ but becausge amplifier
input resiastance RIN is usually orders-of-magnitude greater than Ro and Rg, almost

the whole of the hum voltage 1s developed across Rrye That s, hum voltage

Vi = Vpc x Rry / (Rpy + By + Rg) &7 Vpeo

Two obvious tactlies for reducing hum present themselves, In the first place, the
transformers should be "leakproof"™ 80 as to minimize ground loop currents. Secondly,

the resistance Rg of the ground conductor should be made as low as possible in order
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to "short circuit” the hum voltage between points B and C. Both these requirements
suggest that one should buy a packaged Hl-F1 system for which a single manufacturer
has taken overall "systems responsibility®. Otherwise, it would be possible for dif-
ferent manufacturers of the various components to blame “the other guy® for the ex-

cessive ground-lcop hum,

DATA MEASUREMENTS

The Hi-F1 system just described paves the way for understanding ground loop errors
that occur in data measuring systems. We will see, for example, that one way to
eliminate errors caused by earth voltages is to use a differential amplifier, even
when measuring single ended signals. We will also see that the key specifications
for a data amplifier include ultra-high common mode and differential input impedance,
utmost common mode rejection ratio, high DC stability, and very often, wide bandwidth,

fast slewing and fast settling.

It will also become evident as the argument proceeds, that all the performance specs
for measuring millivolt signals developed by remote transducq;s are never simultane-
ously available in off-the-shelf operational amplifiers. Instead the data amplifier
must be designed from the ground up and the key specs built right in at a price per-

hapa twice the cost ©f a premium op amp.

HYPOTHETICAL MEASUREMENT EXAMPLE

FPigure 12A presents a hypothetical data measuring aystem that points up the sources
of ground loop error ocourring when signal source and data handling equipment are
separately located, and grounded at both loecations. In this instance, the signal s
generated by a thermocouple placed in the siream of exhaust gases from a rocket motor
undergoing test. The thermocouple feeds 1ts signals over shielded cables to record-
ing and data processing equlpment located for safety in a blockhouse some 200 feet

from the test site.

The fundamental data acquisition problem is caused by the separation of signal source
and signal handling circuitry, both of which are invariably grounded (deliberately or

otherwise), at the two different locatlons. The difference in potential between the
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two geographically-separate ground points ends up as an error voltage applied to the

amplifier along with 1ts true input signals,

alogous to the Hi-FL ground loop difficulties already discussed.

EARTH POTENTIALS

The problem turns out to be closely an-

One can well appreciate, to take an extreme example in New York City, that if one

terminal of a sensitive voltmeter was connected to a ground plate in Timea Square,

and the other terminal connected to a ground plate in Grand Central Station, that

there would be a substantial reading on the meter.

Among the sources of potential

difference between Times Square and Grand Central are the infinite variety of earth
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Fig. 12 - Separation of signal source and data amplifier can lead to considerable
potential differences between ground connections at each location (A).
attailning 5 volts in extreme instances, is represented as Vg in serles with ground

impedance Zg (B).

error voltage Vy at amplifier's input terminals (C).

Ground voltage,

Circulating “ground loop" current set up by Vg develops substantial
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currents due to the city's telephone, electrical and subway services., Other con-
tributors might be electrochemical and thermovoltalc (Seebeck) effects in the soil
created by water and sewage services, and by minerais and bullding foundations.
Currents created during lightning storms would add large transients effeots too.

On the whole, it wouldn't be surprising to find a large enough voltage difference
between the two locations to energize a flashlight bulb, or even power a transistor

radio for free,

If one now returns from New York City to the rocket test station of Pigure 12, the

ground voltages are still present, although their profusion of causes are less ob-

vious, Nevertheless, in extreme instances the data systems designer has found that
his signals are sitting upon as much as 5 volts of ground potential-differencs.

More typically, voltages from 1mV upwards are almost invariably present.

Figure 12A illustrates typical sources of ground potential between transducer and

instrumentation sites. They ilnclude electrochemical effects (analogous to storage
batteries), rectifier effects caused by soil crystals contacting buried metals and
ores, thermoelectric effects created by temperature gradients in buried metals and
soll elements, plus capacitive, inductive, and resistive coupling from power lines,

charged clouds, and sp forth., Doubtless there are many more.

FPigure 12B lumps all these voltages together into a single ground EMF source Vé in
series with the sum, Zgs of all the ground impedances between rocket and blockhouse,

As in the Hi-Fi example, it turns out that a substantlal proportion of this ground
voltage 1s developed across the amplifier's input terminals. Impedance levels now
differ however. Whereas it would be rare to find the earth's resistance exceedling
about i ohm, it is not unusual for 200 feet of conmnecting cables to introduce 20 ohms
and upwards resistance in each line. Consequently, as shown in Figure 12C, practically
the whole of the ground voltage (10mV) is applied across points A and B, and in turn
across the amplifier's input terminals. Figure 12C shows the thermocouple transducer
as a low resistance, designated ZBT, split between the two separate current paths

Joining A and B. (The thermocouple 1s represented for simplicity by resistance RT

in each ground loop path.)
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ELIMINATING GROUND LOOP ERRORS

Before discussing the most practical and inexpensive method for eliminating ground
potential errors, it helps fill in the picture by considering alternative approaches

that are sometimes adopted.

Perhaps most obvlious is some way of interrupting the continuity of the ground loop,
but at the same time preserving the path for thermoscouple signals. Referring to
Figure 12C for example, one can see that increasing the value of ground lmpedance

Zg would be a step in the right direction. Perhaps a chemical poured into the ground?
Another error-reducing stratagem would be to reduce the resistance of the ground con-
ductor Rg so as to "short circuit" the ground potentials VAB' This latter method

1s generally expensive, and anyway, the electronic method discussed in due course is

far simpler than laying heavy ground conductors.

An alternative method, and one that 1s theoretically equivalent to raising ground
registance, 18 to break the ground current path, elther by operating the amplifier

from an isolated power supply, or by insulating the thermocouple from ground.

Neither of the methods are as simple as they appear. For lnstance, the amplifier is
frequently used to feed signals into recorders, A-D converters, dlsplays, and other
data-handling equipment, all of which are themselves llkely to be grounded. In this
case, the ground-loop is completed through the amplifier thence to ground via the
subsequent piece of equipment. Running the amplifier from an isolated supply is then

useless.

Very often, it is necegssary to weld the thermocouple to the structure beling monitored,
in order to secure utmost thermal conductivity. And even if this extreme measure ls
not required, the ionized gas lssuing from the rocket motor of PFigure 12 will certainly

provide a low=resistance path from thermocouple to ground.

But even assuming that one or another of these measures is possible: there is yet a
further phenomenon that couples elther the transducer or the amplifier to ground, and
this is leakage capacitance., The problem of minimizing the capacitance coupling be-

tween any part of the measuring circuit and ground is a major subject on its own, and
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we can do little more than draw the reader's attention to the numerous papers cited in

the bibliography at the end of this article.

In any event, the instrumentation engineer is frequently presented with a pair of
wires carrying signal and ground loop nolse, and has little opportunity to make large-
scale modifications to the overall system., Instead, he must seek ways within his in-

strumentation package to reject the ground currents and consequent error voltages.

One well-known principle for interrupting the ground loop currents is to interpose an

"open circuit” between signal source and amplifier, but arrange for the "open circuit"”

.- CHOPPER CONVERTS DC
SIGNAL INTO PROPORTIONAL
AC FOR FEEDING VIA

SIGNAL SOURCE
RESISTANCE

TRANSFORMER
LINE
RESISTANCE | Vo
4
DEMODULATOR AND
GROUND IMPEDANCE TRANSFORMER BREAKS AMPLIFIER RE-CREATE
DIRECT ~CONNECTION AMPLIFIED VERSION
BETWEEN A AND B OF ORIGINAL SIGNAL

OPENS GROUND LOOP
GROUND VOLTAGE Vg

|
| a4

SIGNAL SOURCE
RESISTANCE

GROUND
IMPEDANCE

AMPLIFIER
AND FILTER

CAPACITOR TRANSFERS SIGNAL

VOLTAGE TO AMPLIFIER BUT

BREAKS CONTINUITY OF GROUND
GROUND LOOP BETWEEN A AND B
VOLTAGE

||l
=

Flg., 13 - Magnetic coupling between transformer's primary and secondary breaks direct
connection for ground-loop currents, transmits signal as equivalent AC voltage (A).
Alternative technique breaks direct ground-loop continulity with switched capacitor

that alternately charges to signal voltage Vg then passes this voltage to the amplifler

(B).
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to transmit signal currents while it blocks ground loop currents. This seemingly im-
possible task is accomplished by the “DC transformer" between thermocouple and final
amplifier, as shown in Figure 13A, The transformer, which is actually a modulator-
demodulator arrangement, responds (in principle at least) only to signal voltage (Vg),

and presents an open circuit to the ground voltage V..

This prineciple affords the advantage of being able to handle very high voltage differ-
ences between signal and amplifer "grounds", Or, when used with bridge and other
differential sources, very high common mode voltage levels. A further merit is that
1ts error rejection is independent of any closed loop gain setting, which 1s certainly

not the case for the differential technique to be discussed shortly.

Disadvantages occur thiough limited bandwidth, which can only be a fraction of the
modulation frequency, plus the fact that intermodulation between chopping and signal
frequencies can create output errors. Another drawback is that error reducing feed-
back cannot embrace both modulator and demodulator without restoring the path for

ground currents.

The switched capacitor principle, Figure 13B, i3 an alternative method for breaking
the ground loop circuit. This method is analogous to the modulator-demodulator, and
tends to provide similar advantages and disadvantages, as well as particularly poor

frequency response,

DIFFERENTIAL BALANCING OF GROUND IOOP ERRORS

The most wldely-used trick for eliminating ground-loop errors is not so much a process
of attenuating ground loop currents, but instead, of applying identical fractions of
ground loop voltage to the inverting and noninverting terminals of a differential amp-
lifier., In this way., the ground voltage is applied as a common mode voltage to the
differential amplifier, while the transducer signal is applied differentially between
the amplifier's input terminals, S0 long as the amplifier has high common mode re-

jection, 1t will ignore the common mode voltage and respond only to the true input

signal.

The basic idea and circult analysis are presented in Figure 14A. Here, the ground
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loop currents flow through the parallel paths APB and AQB, adding to the voltages Vj
and V, at the amplifier's input terminals. If the signal source is temporarily ne-
glected (removed for example), then Vi and V, will be created solely by the ground
loop currents. Accordingly, it will be possible (for DC errors at least), to adjust
balance resistor Rg so as to make V; exactly equal to V,. But V; = V, now forms the
common mode input voltage for the differential amplifier, which, ideally, develops
zero output for identical voltages appllied to its inverting and noninverting input

terminals, In practice, Figure i14B, the resistors, R, across which the common mode

VY. Y
TRANSDUCER TRANSDUCER ReRg+RL TR 2
SIGNAL SOURCE RESISTANCE

Va GROUND DIFFERENTIAL

IMPEDANCE RESISTOR BALANCES AMPLIFIER WITH
DC COMMON MODE HIGH CMRR
ERRORS . y
v (v, +

@ 4 *ReRg+Rg+Rg A <)
DIFF AMPL OUTPUT, =Gy (V=V,) =G | Troramsa— a+2) — Romeeri—h— 3
RO e e R T N

R R B
ADJUST R TO MAKE gop-lo—re = armg vy =%

THEN ;=G ¢ Vg+ Gy & (V=V} =G AND DC COMMON MODE ERRORS ARE ELIMINATED.

GROUND-LOOP CANCELLING RESISTORS, R, ARE USUALLY THE AMPLIFIER'S OWN
INTERNAL COMMON MODE INPUT RESISTANCE VALUES, Rcy

Rz

s A

Ry

KDC BALANCE

G CONTROL

DC COMMON MODE ERRORS ARE ZERO WHEN R—R'—=%
cMy 2

Z4

\
8

Fig. 14 - Circuit illustrates methoa for minimizing ground loop errors by converting
ground loop voltage into amplifier common mode input voltage. Hqual proportions of

Vg are applied to inverting and noninverting terminals and thelr effects scaled down
in proportion to amplifier's CMRR (A). 1In practical circuit, high-value balancing re-
sistors R are replaced by amplifier's own common mode input resistances, Rem (B).
Although method shows only DC balancing basic principles are also applied in reducing
AC ground loop and common mode errors.
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voltages Vi and V, are developed are actually the differential amplifier's own common

mode input resistances, R

cm

Commercial amplifier's are avallable with CMRRs of 106 or more, thereby reducing every
volt of common mode input to a miecrovolt of equivalent common mode error (shown as
e.m in Figure 3C). This performance level makes accuracies of 100 PPM entirely

feasible.,..at least insofar as common mode errors are concernmed.

The reader should note that the balancing resistor merely eliminates DC common mode
errors, whereas in fact, AC problems are the predominant ones. However, the principles
of balancing AC common mode errors are similar, and are discussed more thoroughly in

some of the texts listed in the bibliography at the end of this article,

DIFFERENTIAL MEASUREMENT

S0 far, we have used a differentlial amplifier as a subtle and economical way to con-
quer ground loop problems in high accuracy data measurement applications, However,
the differential amplifier is also used for data measurements in which the transducer's

output is inherently differential rather than single ended.

Strain gauge elements, for example, are usually connected in Wheatstone bridge arrange-
ments, and develop push-pull output signals perched on relatively high levels of com-
mon mode voltaze. Even when the strain gauge elements are 1solated from ground
(insofar as leakage capacitance permits), the amplifier must invariably be a differen-
tial one in order to extract milllivolt signals from several volts of common mode
"carrier", Blomedical applications too, invariably require differential amplifiers

in order to extract information from high levels of 60Hz pickup.

CM ERROR CAUSED BY SOURCE UNBALANCE

Three sources of common mode error were discussed in the section on differential amp-
lifiers, and the common mode errors for various differential configurations were listed
in Table 1, There is, however, a fourth common mode error that can arise even when
an infinite CMRR amplifier is put to work in a practical data gathering application.
The error stems from unequal amounts of source impedance in series with the amplifier’'s

input terminals.
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For example, if the signal transducer is operated with one of its output terminals
grounded {point A in Figure 15), then its internal resistance or impedance is placed
1s placed in series with the amplifier's inverting terminal, Even though the two sig-
nal lines introduce further series resistance, resistance imbalance will remain if the
source resistance is appreclably higher than the signal line resistancea. The net

imbalance 1s represented as Ry in Pigure 15.
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NET RESISTANCE AMPLIFIER HAS
UNBALANCE IN

SERIES WiTH Npyr ~ CLOSED LOOP
SIGNAL (R,<< Repy)

Fig. 15 - Differential method can reject

common mode errors when working with single-
ended sources, although resistance imbalance
impairs rejection process. Overall CMRR is
maximized by making amplifier's common mode
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Theoretically, of course, it would be possible to introduce a compensating resistance
into the noninverting line to cancel the effect of R,, just as in Figure 14, But in
practice this is not always so simple., What happens, for example, when the ampliflier
is switched sequentially to read the output from an array of different transducers, all
with different amounts of imbalance? Or what happens when signals are developed by an
inductive-type transducer (e.g., tape recorder head), whose internal impedance varies
with ground-loop and common mode frequency. In both these instances, and in many more,

common mode and ground loop errors cannot be completely compensated.
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Actually, the degree of common mode error does not depend upon the absolute value

of resistance unbalance. As the analysis of Figure 15 shows, the error is proportion-

al to the ratio of source reslistance imbalance R, to amplifier input resistance R_,,

cm
Ru/Rcm' Consequently, the higher the amplifier's common mode input resistance, Rops
the smaller will the common mode errors become, The solution, therefore, in absence
of methods for external common mode compensation, is to make the amplifier's common

mode input resistance as high as possible.

Typical amplifiers are rated for common mode errors with a glven amount of source
resistance unbalance., O0ften, thls value for Ry 1s 1000 ohms, In order to provide
108 CMRR with such a value of imbalance requires a minimum common mode lnput resis-

tance of R,p = CMRR x R, = 109 ohms,

If such an amplifier 1s used to measure 10 millivolt signals against a 5 volt common
mode background, then the equlvalent common mode lnput error, e.ps becomes
5 v/106 = 5 uv,

The percentage measuring error, 100% x ecm/vs works out to

100% x 5 x 106/1072 = 0.05%

SOURCE LOADING ERROR

The amplifier's finite differential lnput reslstance (usually smaller than the common
mode input resistance), creates an attenuating effect when measuring signals from
sources having appreciable internal resistance or impedance. In turn, this attenu-
ating effect leads to a measuring error, termed source-loading error, equal to BS/RIN
where these symbols represent source resistance and amplifier differential input re-

sistance.

Using the same amplifier referred to above, and assuming a 1000 ohm total source
resistance (not just source unbalance), then the differential input resistance RIN

6

must be higher than 10~ ohms if the loading error is to be held below 0.1%. (Percent-

age loading error = 100% x RS/RIN.)

So not only must the amplifier's common mode input resistance be very high to reduce
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common mode errors caused by source unbalance, but the differential input resistance

must also be very high to minimize source loading errors.

RESPONSE, GAIN & DRIFT

Although most data ampliflers are used for narrow bandwidth measurements from DC to
perhaps 500Hz, the response characteristics enter the picture when the amplifier 1s
used to sample readings from several signal sources. Recovery, slewing and settling
times then define the maximum rate at which the amplifier can be commutated between

the various sources.

Adjustable galn enables the user to scale the amplifier's output signal to represent
convenient units of the phenomenon he is measuring, Thus, each volt of amplifier
output might represent 1 ton of thrust, 1°¢ of temperature rise, 32.2 Ft/Sec of
velocity, or any other natural variable, Since accuracy depends upon the gain line-
arity, a considerable amount of negative feedback must be used to achleve the desired

linearity levels,

Drift is a major parameter in determining the measurement accuracy. If an amplifier
with 2uV/°C maximum drift operates over the temperature range 25°C to 35°C, the

equivalent input error is 10 x 2 = 20uV, which creates a further

100% x 20 x 10°8/1072 = 0.2 Percent

measuring error for 10mV signals.

Current drift, or "pump out®™ current must also be consldered when the source impe-
dance 1s appreciable., For example, if the total source impedance is 10,000 ohms,

then the input error caused by 300 pA/OC current drift for a t10°c range 1is

12

10,000 x 300 x 10 x 10 = 30 uv

This will create a 1008 x 30 x 10'6/100 x 1073= 0.03% measuring error.

Actually, a source impedance of ld* ohms could create serious loading errors, and

i1f single ended, substantial common mode errors too.
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CONCLUSION

We have established that a circuit cable of measuring millivolt signals in the
presence of several volts of common mode or ground loop noise must have low drifﬁ;
high CMAR, high input impedance, fast response, and varliable gain. The next step is
to see how conventional operational amplifier cireults fulfill these basic require-

ments,
IMPEDANCE

The need for impedance levels of 1000 megohms or more rules out a differential amp-~
lifier based on the inverting circult Pigure 8B whose input impedance is equal to

the circult's input resistance, Ry» Figure 1,

A noninverting circult, Figure 2 can provide adequate input impedance when used in
elther of the differential amplifiers, Figure 8A, or Figure 10, so the next para-

meters to consider are DC stabllity, response, gain, and most important, CMRR.
DRIFT

The question of DC stabillty rests upon the drift of the two operational amplifiers
selected for the differential clrcult used, Chopper stabllized op amps introduce
complications because of thelr single endedness: they require special power supplies
to overcome this limitation. Alternatively, high stability but conventional differ-
ential op amps might be used. It 1ls concelivable that a palr of ordinary op amps

could provide adegquate input DC stabillty and as a matter of fact, input lmpedance
too, For example, Analog's Model 180B features 0.75 uv/°c drift and 1000 megohms Zem?
while FET type 147C gives 2 uv/°c drift and better than 1011 common mode input

impedance,
RESPONSE
Many operational amplifiers can provide good response, in combination with the pre-

requisite DC stability and input impedance. Analog's Model 180B is such a unit, as

is the FET amplifier Model 147C. Thus, response is no particular stumbling block for
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the use of op amps as building blocks in advanced data acquisition circuits.

SCALING FACTOR (GAIN)

The amount of closed loop galn and gain linearity that an ampliflier can provide,

depends upon the amount of open loop galn avallable for use as gain-stabillzing

negative feedback.

The relationship between closed loop gain stability, % Zchl/Gcl, and open loop gailn
variation, % Da/A, 1is
% 06, /Gy = 5 AMAT /(1 +A8)

where/3 is the fraction of open loop gain used as feedback.

Because 143 is very nearly the same thing as closed loop gain G,;, and A%3:$>1.

the above equation simplifles to
; 4 AGcl/Gcl ~ % AA/A x Gcl/A'

If the data amplifier must provide 2000 volts/volt gain for DC signal scaling, and
specifications call for 0.05% gain linearity, the stability equation can be mani-
pulated to give the nominal value of opén loop DC gain A in terms of the amplifier's

expected open loop galn variation, ¥ /\A/A.

For example, if open loop gain varies by 25% due to loading, aging or temperature
effects, that is 1008\A/A = 25%, then 0.05% 2% 25% x 2000/A. This equation shows
that the minimum open loop gain A under these conditions: 25 x 2000 % 0,08 = 106,
or 120 dB,begins to get beyond the range of the types capable of giving adequate
stabiliity.

Note: The chopper stabilized amplifier is an exception.
Most chopper stabllized types feature very high DC gain
along with advanced drift specifications. Chopper types
also provide very fast response, Unfortunately, however,
the chopper stabilized op amp requires elaborate power
supply arrangements when used in high impedance differ-
ential circuitry.
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Consequently, unless the stabllity specifications are relaxed to enable a high gain

amplifier to be used (e.g., Model 102 at 5 uv/°C max drift and 10° gain), high values

of closed loop gain will tend to put a two amplifier differential circuit (Pigure 8A)
beyond the reach of most off-the-shelf op amps,

On the other hand, 1f the total 2000 gain 1s shared between two separate amplifica-
tion stages, as occurs in the differential circuit of Pigure 10, then Models 180B or
147C are back in the running once more. Cost for three such amplifiers, however,

would begin to nudge $350, which gets a bit uneconomical.

COMMON MODE REJECTION

This is the apecification that really inhibits the use of conventional op amps 1in
differential data measuring circuits. Unfortunately, there are very few operational
amplifiers with CMRR beyond about 500,000 : 1 (Analog's varactor bridge Model 301,
with 108 CMRR at DC, i3 an exception), while those op amps emphasizing CMRR tend to
suffer from high cost, or deficiencles in some other parameter. (Model 301 costs
$198 and features 50 av/°C drift: it handles ultra-high source impedances when

connected in elither Figure 8A or Figure 10.)

However, for more practical applications, where the signal source 13 a low lmpedance
thermocouple of strain gauge bridge, no presently available operational amplifier
nodel fits the CMRR requirements and at the same time features high stabllity, open

loop galn, input lmpedance, fast response, all at moderate cost.

In summary, therefore, a data amplifier must be designed from the ground up, in order
to achleve adequate performance at reasonable cost. Operational ampliflers used as
data amplifier bullding blocks cannot meet cost and performance specs if such features

6

as 10~ CMRR, 2000 maximum gain, 109 and 107 common mode and differential input im-

pedance, and 2 uv7°C drift are required.

NEW DATA AMPLIPIER MODEL 601

Analog Devices has applied its knowhow in designing high density semiconductor cir-

cuits to the data amplifier problem. Using temperature compensated wA726 dual tran-
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sistor pair as the input stage, an advanced data amplifier Model 601 has been devel-
oped, and features the gpecifications outlined in the foregoing paragraph. Its basic
circuit, Pigure 16, follows the general principles of. the two stage differential
design outlined in Figure 10, (An alternative version, Model 602, with slightly
relaxed drift and gain specs, 1s also avallable, and based on the noninverting cir-

cuit of Figure 8A.)

Both these amplifiers are fully encapsulated intc PC mounting modules that operate
from -25°C to +75°C, and which can be located right at the signal source., They also
save an enormous amount of mechanical hardware (racks, supports, interconnecting

sockets and cables), by mounting directy into the data handling equipment.

-—————— FIXED 20:| GAIN - - VARIABLE 1-100 GAIN ————=

TEMPERATURE CONTROLLED

LAT26 GIVES 2uV/°C AND v+ EXTERNAL GAIN
3000A/°C MAX VOLTAGE SELECTION

AND BIAS CURRENT ORIFT UNITY RESISTOR

FROM —25°C TO +75°C CM GAIN

I !

SOURCE F
UNBALANCE |

I

+IN

1K

LoD

FEEDBACK BOOTSTRAPS DIFF AMPL 1S
INPUT |IMPEDANCE TO ] DESIGNED FOR HIGH

1000 MEGOHMS V4 CMRR, LOW DRIFT

AND FAST RESPONSE
SHEELD DRIVE

MODEL 60! WIDEBAND DIFFERENTIAL DC AMPLIFIER

Fig. 16 - Wideband differential DC amplifier Model 601 embodies many of the principles
outlined in this article. Input circuit based on uA726 temperature compensated mono-
lithic pair provides high voltage & current stability, uses bootstrapping feedback to
create 1000 megohms common mode and 10 megohms differential input impedance, Subse-
quent circuitry preserves uA726's inherently-wide bandwidth by using low-value resis-
tors, which also permit highest resistance stability, hense best long-term CMRR.
Single resistor adjusts closed-loop gain from 20 to 2000; fixed first-stage galin of
20:1 reduces second stage's galn-inequallty error: CMRR, = A/(A, - Ay), twentyfold.
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MODELS U1 AND bus

modular package, 3.5 x 2.5 x 0.875 in., can be located near the transducer or
source voltage to reduce noise pick-up problems.

DESCRIPTION

The Model 601 is a modular encapsulated low level differential amplifier specifi-
cally designed for data acquisition applications or for instrumentation applications
which require high input impedance, differential inputs and high common mode
rejection. This module differs from operational amplifiers in as much as internal
feedback networks are included to give a closed loop gain from 20 to 2000. Gain
is changed by varying a single external resistor. In many applications the small

The Model 602 is a lower cost version in a smaller encapsulated package. It is pri-
marily intended for less demanding applications and offers substantial cost savings
with some compromise in specifications and application flexibility. The 602 offers
fixed gains of 10 or 100, common mode rejection of 100dB and 10V output. The
most significant features are its small size (1.5 x 1.5 x 0.62 in.}) and low cost.

SPECIFICATIONS (typical @ +15VDC and 25°C and gain of 2000(601) , 100(602-100) and 10{602-10} unless noted)

GAIN CHARACTERISTICS
Range
Accuracy
Stability
Temperature Coefficient
Nonlinearity @ DC

OFFSET CHARACTERISTICS

Offset Voltage
Initial Offset, 26°C, max
Temperature Drift, max
Drift Stability - per day
Supply, Voltage Influence

Bias Current (each input)
Initial, 26°C,max
Temperature Drift, max2

INPUT CHARACTERISTICS
Full Scale Voltage Range
Differential impedance
Overvoltage, max

CMRR, min @ 210V

OUTPUT CHARACTERISTICS
Output Rating
Qutput Resistance
Short Circuit Limit

RESPONSE CHARACTERISTICS
Frequency Response

Settling Time 10 0.1%
QOverload Recovery

POWER REQUIREMENTS
Supply Voltage
Supply Current,max

PRICE
(1-9)
(10-24)

1. With externail por.

601

20-2000 (selected by external resistor)

adj. to +.01% by external gain pot
+.02%/month

+,003%/°C

+.02% (best straight line)

+160uV RTI (adj. to Q)1
2uV/°C RTI plus 2mV/°C RTO
£10mV RTO

+20uV/% RTI {3k source)

+10nA
+300pA/°C

+(5-100)mV
10MS2 paralleled with 1000pF
+10V {with no damage)

120dB, DC-60Hz (1k source unbalance)

+10V @ 20mA(DC to 20kHz)
0.5 ohms
+100mA

1% from DC-1kHz

all gains
+3d8 from DC-30kHz

100usec for full scale step
Tmsec

{15 10 16)VDC
60mA Quiescent

Contact tactory

602-A/B-100

100-1000 (selected by external resistor)
Internally trimmed to 0.05% max @ gain-of-100
+.02%/month

+,001%/°C

*+.01% (best straight line)

+200uV/£100uV RTI (adj. to 0)1
+10uV/°C/+2uV/°C RTI

+10uV RT!

+10uV/% RT! {1k source)

+50nA
+1nA/°C

+{10-100)mV
1000M$2 paralleled with 50pF
+20V differential, £20V each
input to ground
100dB, DC-60Hz ( 1k source unbalance)
86dB,DC-500Hz( 1k source unbalance)

+10V @ 4mA (DC to 10kHz)min
0.5 ohms
+70mA

- 1% from DC-250Hz(gain-of-1000)
-1% from DC-1kHz(gain-of-100)
-3dB from DC-75kHz(gain-of-100)
-3dB from DC-20kHz{gain-of-1000})
50usec

200usec

{15 to 16)VDC
14mA Quiescent

Contact factory

i o
2. Avg. trom .nacn to ..\moo_mo:.. avg. from 0 C ta 70 C(602)

602-A-10

10-100 (setected by external resistor}
Internally trimmed to 10.05% max @ gain-of-10
*,02%/month

+.001%/°C

£.01% (best straight line)

£300uV RTI (adj. 10 0)?
+10uV/“C RTI

+10uV RTI

+10uV/% RTI (1k source)

150nA
+1nA/°C

+{100-1000}mV
1000M$? paralleled with 50pF
+20V differential, £20V each

input to ground
80dB,DC-60Hz( 1k source unbatance)
75dB8,0C-500Hz({1k source unbalance)

+10V @ 4mA (DC to 8kHz) min
0.9 ohms
170mA

- 1% trom DC-500Hz(gain-of-100)
- 1% from DC-1kHz(gain-of-10)
-3dB from DC-75kHz{gain-of-10)
- 3dB from DC-35kHz{gain-of-100)
50usec

200usec

£{15 to 16)VDC
14mA Quiescent

Contact factory

Note: Specifications subject to change without notice.




