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Common Mode Rejection Ratio in Differential
Amplifiers

Ramoén Pallds-Areny, Senior Member, IEEE, and John G. Webster, Fellow, IEEE

Abstract—We have analyzed the common mode rejection ra-
tio (CMRR) for a differential amplifier (DA) using a single op-
erational amplifier and for an instrumentation amplifier (IA)
using three operational amplifiers, and we have derived the
complete equations for the case when op amps have finite dif-
ferential and common mode gains. Amplitude and phase mea-
surements support our theoretical predictions. We conclude
that, at low frequencies, for the single-op-amp DA the use of a
trimming potentiometer is better than relying on low-tolerance
resistors, because of the higher CMRR achieved. The DA yields
a fixed 90° phase shift for the CMRR at frequencies above 1
kHz, giving a clear advantage if synchronous demodulation is
used for further processing of amplitude-modulated signals. For
the three-op-amp IA, it is extremely important for input buff-
ers to be ‘‘coupled’’ and to be built from a matched op amp
pair. The best CMRR is obtained when the differential gain is
concentrated in the input stage, but in any case it decreases at
frequencies above 1 kHz because of the reduced CMRR for the
differential stage at these frequencies.

I. INTRODUCTION

P AMP-based differential amplifiers are a common

building block in instrumentation circuits working at
frequencies lower than 100 kHz. At higher frequencies,
discrete transistors usually replace op amps, for example,
in oscilloscopes. Differential amplifiers are valuable be-
cause of their ability to reject power-line and other com-
mon-mode interference which follows from their high
common mode rejection ratio (CMRR). So far, however,
no complete analysis of this important parameter has been
published.

Szynowski [1] derived the CMRR for the classical
three-op-amp IA using amplifiers with finite common-
mode gain, but otherwise he assumed infinite differential
gain for the input op-amp pair. White [2] considered the
finite differential gain of input op amps, but was not con-
cerned with the common-mode gain. Kirshner [3] studied
the CMRR degradation due to imbalance of input op
amps, but otherwise he did not consider the limited CMRR
for op amps. Most published analyses are satisfactory at
low frequencies, but are not valid above 1 kHz. Also,
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some oversimplifications when analyzing these circuits
may lead to the wrong conclusions.

In this paper, we analyze the CMRR performance of a
DA based on a single op amp and the classical three-op-
amp IA, in the frequency band from 0.1 Hz to 25 kHz
(determined by the range of our measurement instru-
ments). First, a theoretical analysis shows what parame-
ters determine the CMRR. Then we present experimental
results that verify the theoretical models developed. We
have paid particular attention to phase measurements,
since they have emerged as being very important in de-
termining whether or not we were obtaining the best
CMRR a given circuit could yield.

II. THEORETICAL CMRR ANALYSIS

It has been shown elsewhere [1], [3], [4], [5], that the
CMRR for the three-op-amp IA depends heavily on the
input stage. Therefore, we first analyze the CMRR for the
one-op-amp DA and then we consider the influence of the
op-amp pair in the first stage.

A. Differential Amplifier Using a Single Operational
Amplifier

Fig. | shows the first circuit analyzed. It consists of a
nonideal op amp and four resistors. The output voltage is

v, = A4 — v)) + Avy + v)/2 ()

where A, is the differential mode gain and A, is the com-
mon mode gain of the op amp. The common mode rejec-
tion ratio for the op amp is CMRRy, = A,/ A.. For the
circuit we take the usual definitions for the differential
input signal, vp = v, — v,, and for the common mode
input signal, v¢ = (v, + v,)/2. Thus the circuit output
voltage is

v, = Gyup + G.vc. 2
It can be easily shown that the respective expressions

for the differential gain, G;, and common mode gain, G,
for the circuit are

R R
— —— (4, + A/
IR+ R Rs + Rq

2 R;
1+ 4, — A./2) A+ R

(A — A./2) +

Gy

3
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Fig. 1. Differential amplifier using a single op amp. The op amp is con-
sidered to have a limited common mode rejection ratio. The resistors can
be high-precision components or ordinary components when including a
potentiometer, in R, for example, to optimize the common mode rejection
ratio.

R, Rq
—A;+ A + +
G - R3 + R4( d 0/2) R5 + R6 (Ad Ac/2)
c R3
1+ A —A/2) ——
( d c/ )R3 + R4
“)

Therefore, the common mode rejection ratio for this dif-
ferential stage, CMRRp, is
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values, whose ratio we call k,

Reo _ Ry
== ©
Rso Ry
Therefore, the minimal value for CMRRy, is
k(1 — )+ 1+ k+1
CMRRy = = —
R 4t 4t (10)

This means that when relying on high-precision resis-
tors to obtain a high CMRR, we must consider not only ¢
but also the actual value for k. CMRRy is more sensitive
to t than to k, but because very small-tolerance resistors
are expensive, a high value for k is most desirable, pro-
vided that A, is large enough at the frequencies consid-
ered. For example, 0.1% resistors can result on a CMRRg
of only 54 dB when k = 1 and 69 dB when k = 10. We
may be tempted to design for example with k = 100 in
order to have CMRR, > 89 dB. But in addition to the
restricted bandwidth for the differential signal, we must
remember that CMRR), is also limited by the op amp (8),
and at frequencies beyond 1 kHz many op amps have a
CMRR;, well below 89 dB.

g ) e )
CMRRD=@=1 Rs+Re R, +RJ) 2\Rs+R, Ry+R, (5)

G. 2Ad( Ra R >+é£< Rq R, >

R,+R, R, +R) 2\Rs+Rs Ry+R,

If the op amp considered had A, = 0, then the only
factor contributing to CMRRp, would be mismatching of
the resistors. We can thus define a common mode rejec-
tion ratio for the resistors, CMRRy. By taking 4. = 0 in
(5) we obtain

1 2R,Rs + ReRs + R;Rq

CMRR; = =
k=2 Ry;Rs — R4Rs ©
Equation (5) can then be written
'MRRRCMRR,, + 1/4 .
CMRR, = C R 0A / (7)

CMRRy + CMRRo,

Whenever CMRRr CMRR,, >> 1/4, (7) simplifies and
leads to the following well-known rule [1]:

1 1 1
= + .
CMRR, = CMRR; CMRRo,

An immediate conclusion is that in order for CMRR), t0
be high, both the resistors and the amplifier must have a
high CMRR unless we are sure that they have different
signs. Further, if we assume that the circuit is imple-
mented using four resistors with the same tolerance z, from
(6) we deduce that the worst-case condition will be when
Ry = Ry(1 + 1), Rs = Rgo(1 + 1), Ry = Ryo(1 — 1), Rso(1
— 1). Ry, R, Rsg, and Ry are the respective nominal

®

Because CMRR,, is very high at low frequencies and
starts to decrease at frequencies between 100 Hz and 1
kHz, depending on the op-amp model, we can interpret
(8) and (10) in the following way. In a worst-case con-
dition (CMRRg and CMRR,,,, with the same sign), the fre-
quency where CMRR; starts to decrease because of
CMRR,, depends on k; a larger k lowers that frequency.
But also a larger k, as long as it does not exceed moderate
values, yields a higher CMRR), at low frequencies. There-
fore, for reasonable values for ¢ and k, the value for
CMRR,, will be determined at low frequencies by the
matching of resistors and at high frequencies by the op
amp.

A method to overcome the need for low-tolerance re-
sistors is by using a potentiometer to trim the value for
one of them, usually Rg. this also allows us to take ad-
vantage of a fact implicit in (8): if we can achieve CMRRy
—~CMRR,, then we have an infinitt CMRRp. In order
to study this possibility, we must consider the frequency
dependence of CMRRo,, which according to op amp data
sheets we can assume has the form

wr
s+ w,

CMRRy, = CMRRoA(0) = CMRRA(0)

1+s/w,
an
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where w, is the frequency where CMRRo4 has decreased
by 3 dB. Then (8) can be expressed as
1 - 1 + 1 + 1 s
CMRR, CMRRp CMRRy,(0) CMRRoA(0) ;,

12)

. Therefore, if instead of adjusting the potentiometer un-
til Rs/Rs = R;/R;, we adjust it untii CMRR; =
— CMRR(0), we then will have

1 1 s
CMRR, ~ CMRRo,(0) w,’

(13)

That is, we obtain an increased CMRR,, at frequencies
below w,. (We assume that at frequencies higher than this,
in (8) it is the op amp that determines CMRR,, and we
assume that the resistors have a low enough tolerance).
Further, from (13) we deduce that the output voltage due
to the common mode input will now have a 90° phase
shift with respect to the input. Therefore, for the case of
amplitude-modulated signals that are further processed by
synchronous demodulators, the final contribution of input
common mode signals to the in-phase input will be very
low even if the resulting CMRR), is not very high. This is
advantageous, for example, in ac-resistance measure-
ments in the presence of stray capacitances and with com-
mon mode voltages. We notice that in order to have
CMRR; = CMRRy, we do not need low-tolerance resis-
tors. But if there is any thermal drift, it must be the same
percentage for all of them. Therefore, because tempera-
ture coefficients for potentiometers and resistors are, in
general, different, the use of a single potentiometer in-
stead of Rg seems less appropriate than the use of a resis-
tor in series with a potentiometer with a low nominal re-
sistance value.

Another conclusion from (13) is that the use of a single
potentiometer does not allow us to improve CMRR, at
frequencies beyond w,, where it remains limited by
CMRRo4.-

B. Three-Op-Amp Instrumentation Amplifier

The need for a high input impedance, for both differ-
ential and common mode, calls for improvements to the
circuit shown in Fig. 1. The usual solution consists of
adding a pair of ‘‘coupled’’ input buffers with gain, Fig.
2(a). We wish to know when and why the three-op-amp
IA is better than just placing a pair of ¢ ‘noncoupled’” buff-
ers in front of a DA based on a single op amp as shown
in Fig. 2(b). The reason for the possible difference be-
tween these two circuits stems in the particular way the
cascaded differential stages combine their respective
CMRRs that, as far as we know, has not yet been de-
scribed in a complete way. This means that the classical
three-op-amp IA should not be considered as a combina-
tion of a single-op-amp DA and two simple input buffers
with gain. Rather, we must emphasize that the input buff-
ers are in some way ‘‘coupled.”
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Fig. 2. (a) Three-op-amp instrumentation amplifier with two coupled input
buffers. (b) Three-op-amp instrumentation amplifier with two independent
(noncoupled) input buffers with gain.

b————o
Va'e Yo Ve G .G Yo
d c

Fig. 3. Two-stage system with differential input and single-ended output.

Fig. 3 shows a two-stage differential system with sin-
gle-ended output. The first stage has a differential output,
and is best described by four transfer functions: Gpp, Gees
Gep, and Gpc [6]. Gpp is the differential mode gain: out-
put differential mode signal/input differential mode sig-
nal, when there is no input common mode signal. Gec is
the common mode gain: output common mode signal/in-
put common mode signal, when there is no input differ-
ential mode signal. G¢p is the differential to common
mode gain, that is, the output common mode signal due
to the input differential signal. Gpc is the common mode
to differential gain, that is, the output differential signal
due to the input common mode signal. Therefore, we have

14
where G, and G, are, respectively, the differential and

common mode gain for the second stage. By applying the
preceding definitions we have

v, = Ggup + G.ve

(15a)
(15b)

vp = Gppva + Gpcle
ve = Gopta + Gecle
The complete expression for the output voltage is then
v, = va(GyGpp + Gc.Gep) + v{GyGpc + GcGcc):
(16)
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The CMRR for the complete system, CMRR;, is de-
fined as the ratio between the output voltage due to an
input differential mode signal and the output voltage due
to an input common mode signal of equal amplitude [7].
That is,

va/vdlvv =0

RR; = : 1
M ! va/vc|vd =0 ( 7)
This leads to
G,Gpp + G.G
CMRR, = 224G * Gclcp (18)

GyGpc + G.Gec

which holds independently of the particular implementa-
tion for each stage. If the second stage were perfect from
the point of view of differential measurements, that is if
G, = 0, then the CMRR for the system would be limited
only by the first stage. We can thus define a CMRR for
the first stage, CMRRp,

CMRRr = CMRRz|g.-o = Gpp/Gpc. (19)

In a similar way, if the first stage were perfect, then the
CMRR would be limited only by the second stage. From
the point of view of differential measurements, a stage
with differential output can be considered as perfect when
there is no conversion from common mode to differential
mode, and no conversion from differential mode to com-
mon mode. This is the case when G, = 0. Then from
(18) we obtain the common mode rejection ratio for the

second stage,

Ga Gp

CMRR =
s ¢ GCC Gep=0
Gpc=0

Gp
= CMRR,, =22
CcClGep=0
Gpc=0

20)

where CMRR), = G,/ G. is the CMRR for the second stage
when considered alone and G,/ G is the first-stage dif-
ferential mode gain divided by its common mode gain.
Therefore, a first conclusion from this analysis is that, in
general, the CMRR for the second stage is not the same
when considered alone or when it is included in a circuit.
Only when Gpp, = G will it be the same in both cases.
By substituting (20) and (19) in (18) we obtain

CMRRpGpp/Gee + Gep/Gec
1 + CMRR,Gpp/GecCMRR;,

From (21), when G¢p/Gpp << CMRR), we have the
following rule for combining the common mode rejection
ratio for cascaded stages:

1 1 1
=~ + .
CMRR; ~ CMRR; = CMRR;

The validity of this approximation can be judged only after
analyzing the particular circuit being considered. In any
case, (22) shows that CMRR; will not be better than the
common mode rejection for a single stage unless we are
sure that CMRRr and CMRR; have different signs. We
must also remember that (20) says that the contribution of
the second stage to the CMRR; is increased by a factor

CMRR; =

@n

(22)
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contributed by the first stage. Equation (22) suggests two
different approaches to obtain a high value for CMRR;.
One is to have a high CMRR for each stage; the other is
to make CMRRr = —CMRR;. Whether each of these ap-
proaches is possible or not depends on the particular cir-
cuit being considered.

Starting with the circuit in Fig. 2(b) if the respective
transfer functions for the buffers are H,(s) and H,(s), then
we have

v, = 2 {HS) + B Gy + [Hls) — Hi9)G./2}

+ v {[Hy(s) — Hi()I1G, + [Hys) + Hi(9)]G./2}.

23
Therefore, we have for this circuit
Gpp = [H\(s) + Hy(5)1/2 (24a)
Gep = [Hy(s) — Hi(9)}/4 (24b)
Gpc = [Hy(s) — Hi(s)] (240)
Gee = [Hi(s) + Hys)1/2. (24d)

We observe that Gcc = Gpp and by applying (20) we
deduce that CMRR; = CMRR),. That is, even if the first
stage were perfect, i.e., H,(s) = H,(s), there would not
be any improvement of the CMRR for this circuit as com-
pared to the one-op-amp DA. For this circuit, (19) gives

_ LH() + Hys)

CMRR; = 2 Hys) = His)' (25)

This confirms that a ‘‘perfect’ input stage would imply
H,(s) = H,(s). Note that this conclusion holds indepen-
dent of the gain for the input amplifiers. For unity gain
buffers the condition H,(s) = H,(s) depends only on the
op amps, and, therefore, is feasible. For buffers with gain
it depends on passive components, whose tolerances make
it very difficult to achieve this condition, unless trimpots
are added.

The analysis of the circuit in Fig. 2(a) when both input
op amps have finite differential and common mode gains

follows. The respective outputs for each input amplifier
are

v, = Ap(vy — vy) + Aq(vy + v})/2 (262)

(26b)
From the analysis of currents at inverting nodes of input
op amps we have

vi(l + RS/Ry) — vsR3/Ry (27a)
—viRY /R, + vi(1 + R!/R)). (27b)

From these two equations we can obtain v} and v} and
then substitute them in (26). From the resulting equations
we can obtain v, and v}, and from them v, (= v, — v,)
and vc(= (v, + v,)/2). The final results for the transfer

Uy = Agp(vy — v3) + An(v, + v3)/2.

Uq

Uy =
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functions corresponding to the first stage are

4ADGep = Ayp — Ay + Ar /2 —

673

DGpc = Ay + A2/2

2DGpp = A + A /2 + App + Aca/2 + 240 Ap — An A /2 (28a)
A, /2
AdlAc2 ~ ApAg + (RY /R — RS/R) QAnAsr — AnA/2) (28b)
1+ Ry/R, + Ry /R,
—Ap — A /2 + AnAer — AnAa (28¢0)
2DGcc = Aqr + Aa/2 + App + A2/2
+ 2Aads - A,4:2/2 + (R5 /R — Ry /R)(AnAcr — AanA) (28d)

1 + R/R, + Ry /R,

where D is the determinant of the resulting system of
equations. Because we are interested in ratios between the
transfer functions given by (28), it is not necessary to
evaluate D. For the particular case where both input op
amps are assumed to be identical and with zero common
mode gain, (28) leads to the same results obtained by
White [2].
By applying (19), we have for this circuit

CMRR; =

1An + A0 /2 + App + A2/2 + 24040 — AnAcr/2

Note that the matching of Ry and Rj affects both G¢c
and G¢p (28d and 28b). But when op amps are matched,
then it only-affects G¢p. From (18) we deduce that pro-
vided G;/G. = CMRRy, is large enough, G¢p will not
usually be very important, and consequently the matching
between R} and R is not important. Therefore, from now
on we will assume R} = Ry = R,.

This shows that in order to achieve a high value for
CMRRy, input op amps must be matched not only for their
CMRR [1], but also for both differential and common
mode gains. In other words, it is not the ratio A4,/ A, what
should be matched, but the absolute values for A, and A4,.
Furthermore, it is neither necessary for 4, to be very high
nor for A, to be very small. General purpose op amps are
acceptable provided they are matched.

From (28a) and (28d) we deduce that for this circuit we
will have, in general, Gpp different from G, as opposed
to findings for the circuit in Fig. 2(b). Because we wish
to have a large CMRR;, we desire Gpp >> G¢c when Gep
= Gpc = 0 (20). From (28b) and (28c) we deduce that
these last conditions require that both input op amps be
identical. In this particular case we would have 4, = A4,,
= Ay, Ay = A2 = A, and

GDD

_Adl_A

24, + A, + 245 —

(29
/2 + ApAn — Apnda

When the circuit in Fig. 2(a) is based on matched re-
sistors, then CMRR), is determined by the tolerance of the
resistors, ¢, the ratio k of the resistors, and CMRRq, ((7)
and (9)). For a given CMRR)p, according to (18), CMRR;
depends on the four transfer functions for the first stage
and, therefore, on input op-amp matching.

Equation (22) shows what will happen when we assume
that CMRR; and CMRR; have the same sign. Whenever
CMRRg >> CMRR or CMRRr >> CMRR;, then CMRR;
will be determined respectively by CMRRy or CMRR;.
Because CMRR,, is fixed, we can obtain a large value for
CMRR; by designing G very large (while taking into ac-
count the limited bandwidth for input op amps). The value
for CMRRy will be determined by the imbalance for the
input op amps.

A2)2

Gee 24, + 4, + Q4]

Therefore, when both input op amps are matched we have
the guarantee that Gpp >> G, and consequently CMRR,
> CMRRp. Observe that for the moment R} and R; do
not have to be matched. For the particular case when A4,
>> A, that is, provided that this CMRR for the input op
amps is very large, we have

Gov =1+ R;/R, + R}/R, =G.

CcC

(1)

This is, therefore, a very important factor in the design of
the three-op-amp IA. The larger G is, the larger the im-
provement of CMRRp, when included in this circuit, as
compared to the case when the second stage is used alone.

— A:/D/( + Ry/R, + Ry /R))

(30)

At frequencies lower than the corner frequency of the
CMRR of the op amps, 4, >> A, i.e., CMRR is very
high for op amps at low frequencies. At these frequencies,
from (29) we obtain

CMRR; ~ 1 An + Ap + 24044
24, — Ay + AnAc — Apda
- AnAa 32)
2 — Ag + Andcy — Apdy
1 1
U S _ (33)
CMRR, ~ A, Ag; | CMRR, CMRR,
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where CMRR, = Ay /A, and CMRR, = A,,/A,,. Equa-
tion (33) shows that both the open-loop differential gain
and the CMRR must be matched for the input op amps.
The first of these conditions is difficult to meet because,
according to op amp data sheets, A, usually starts to de-
crease at frequencies well below the CMRR comer fre-
quency. For the LM741C, for example, A, starts to de-
crease below 10 Hz while the CMRR does not decrease
until about 500 Hz. Therefore, even though the contri-
butions of open-loop gain and CMRR mismatching are
the same, the first condition may be worse. If we model
the open-loop differential frequency response as being de-
termined by a dominant pole, 4; = Ayw,/(s + w,), then
we have

— - =B (34)

W,

where

g1 Wa2(Azg — Ajg)

w, = .
Aypway — Ajpwg

(35)
If, for example, A,q and w,, are both 10% higher than 4,
and wy |, then even if CMRR, = CMRR,, from (33) to (35)
we deduce that starting at frequencies lower than w,, /2,
CMRR; will decrease 20 dB/decade from a dc value 11
times higher than 4,,. Nonmatched op amps will clearly
result in a low CMRRy even at low frequencies, even if
precision resistors are used in the second stage.

Some manufacturers of matched op-amp pairs specify

the CMRR matching as the difference between the CMRR

for each op amp when defined as A4./A,. In these cases,
the specified CMRR matching gives the difference be-
tween the two terms on the right in (33). But no matching
in A, is specified.

If instead of relying on low-tolerance resistors we use
a potentiometer to adjust the value for R, then at a low
frequency it is possible to trim CMRR) to any desired
value. Therefore, we can seek an infinite value for CMRR;
by nulling the denominator of (21), which, when assum-
ing Ry /R, = R5/R,, leads to

_ 1A, +A4/2 + Ay

- CMRRD
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nant pole at frequencies that are rather low, less than 10
Hz in low-cost general purpose models. Therefore, poten-
tiometer trimming will not allow us to improve CMRR; at
frequencies higher than w,, as given by (35).

III. EXPERIMENTAL RESULTS

We have measured the CMRR for the circuits in Figs.
1 and 2 for several op amps and different values for the
differential mode gain, using a Hewlett~Packard 3582A
spectrum analyzer. At low frequencies, the input common
mode signal was so highly attenuated that we could not
measure the exact value for the CMRR but only provide
a lower limit. Thus we have presented the results in tab-
ular instead of graphical form.

We first built the circuit in Fig. 1 using 1250 Q, 0.1%
resistors for R3, Ry, Rs, and R,. Therefore, G, = 1. Table
I shows the results for the common mode gain G, when
using an LM741C and an OP-27GP. We repeated the
measurements for several different positions for the resis-
tors. Some of them gave higher gains, others lower gains,
and some a 180° phase shift. The results scarcely changed
when we substituted another op amp of the same model.
These results support (8) and (10). The minimal CMRRj
for 0.1% tolerance resistors is 54 dB. We obtained 62 dB.
This value is so low that it predominates over CMRR, at
low frequencies, so that in spite of the better CMRR, for
the OP-27GP as compared to the LM741C, we obtained
a similar CMRRp,. But the phase for G. clearly indicates
that at frequencies above 1 kHz there was already some
influence of CMRR,.

The lower CMRR), for the OP-27GP at the higher fre-
quencies is somewhat surprising, because it is far better
than the LM741C. The phase for G. gives the explana-
tion: it happened that CMRR,, had an opposite sign to
CMRRy, in the case of the LM 741C, while the sign was
the same in the case of the OP-27GP. When we placed
the resistors so that at low frequencies the phase for G.
was 180°, then for the OP-27 we obtained G, = —62.7
dB at low frequencies and G, = —60.3 dB at 25 kHz,

+ Ac2/2 + QAnAsr — AaAn/2)/G

At very low frequencies (36) simplifies to

1 Ay + Ay + 24, 44,/G

CMRR, = — .
P 724y — Ay — AnAa + ApA,

At these frequencies, CMRRp, Ay, Ay», A.i, and A, are
real numbers. Thus we can fulfill (37). Therefore, instead
of secking a high value for CMRR,, it is better to adjust it
until it compensates for the imbalance between op amps
1 and 2. In fact, the more different op amps 1 and 2 are,
the smaller CMRR);, must be in order to achieve a large
CMRRy. But at frequencies where the differential gains
are no longer a real number, it will not be possible to
fulfill (37). As mentioned before, A, usually has a domi-

(37

1
2 Agp + A2 /2 — Ay — Ay /2 + Ay Ay — Ap A,

(36)

while for the same resistors the LM741C gave, respec-
tively, —62.6 dB and —48.5 dB.

Next, we changed the value of resistors R; and R, to
130 Q, 0.1%. The measured value of G, at low frequency
was 19.6 dB. The results for G, are also given in Table
I. From (10), the minimal CMRR;, is now 69 dB; we ob-
tained about 82 dB (19.6 dB + 62.6 dB) at low frequen-
cies for the LM741C. This is higher than in the case when
k = 1, in spite of the poorer resistor matching we had, as
inferred from the higher common mode gains at high fre-
quencies. Because CMRRy is now higher, the effect of
CMRR, is observed at lower frequencies. Because the
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TABLE 1
G, FOR THE CIRCUIT IN FiG. 1 FOR TWO DIFFERENT OP AMPs (when using 0.1% precision resistors, when
G, = 1 and G, = 10, and when using a trimming potentiometer)

f(Hz) 1 10 100 1000 10 000 25 000 Condition
LM741C (dB) —61.6 -61.2 —61.7 —61.8 —61.8 -60.1 0.1% res.
G, =1 0° 0° 0° 1° 20° 57°
OP-27GP (dB) -61.4 —60.9 -61.2 —-61.2 —58.9 —54.1 0.1% res.
G, =1 0° 0° 0° -5° —48° -74°
LM741C (dB) —62.6 -62.6 -63.5 -57.6 -38.6 -31.2 0.1% res.
G, =10 0° 0° 0° 60° 77° 64°
OP-27GP (dB) -63.3 -63.3 —63.3 -63.3 —58.6 ~53.2 0.1% res.
G, =10 0° 0° 0° 6° 40° 42°
LM741C (dB) < -100 < -100 —91.2 =717.4 ~57.0 -49.4 trimming
G,=1 180° 180° 180° 104° 92° 87°
OP-27GP (dB) < -100 < -100 ~95.0 -92.0 -83.0 —-76. trimming
Gy,=1 180° 180° 180° 167° 119° 89°
TABLE 11

COMMON MODE GAIN FOR THE CIRCUITS IN FIG. 2 FOR DIFFERENT INPUT STAGE OP AMPS AND GAINS (The
second stage was based on an OP-27GP with G, = 1, and we trimmed its CMRR at low frequency

. before connecting the first stage.)
f(Hz) 1 10 100 1 000 10 000 25 000 Condition
LM741C (dB) —53.4 -53.4 —-53.4 -53.2 -36.8 -32.7 noncoupled
= 0° 0° -2° -16° —53° —63° buffers
LM741C (dB) —86.0 —86.0 -83.2 —69.7 -49.0 -41.2 coupled
G=2 0° 0° —50° —85° —87° -90° buffers
LM1458 (dB) -91.2 -91.2 -91.0 -90.5 -71.1 -63.0 coupled
G=2 0° 0° —22° —49° —88° -95° buffers
LM1458 (dB) -90.0 -87.6 —85.8 -75.8 -54.9 —49.8 coupled
G =21 0° 0° —18° —81° —104° —-130° buffers

CMRR, is higher for the OP-27GP, its influence is lower
and allows us to obtain a higher CMRRy, up to high fre-
quencies. Notice, however, that at low frequencies resis-
tor mismatching reduces CMRR,, more than 20 dB below
CMRR,, in accordance with (8).

The use of a trimming potentiometer in the circuit in
Fig. 1 permits us to overcome that limitation. Table I
shows the results obtained when & = 1, using 1 k@, 5%
resistors for R;, R4, and Rs. Ry was the series combination
of a 820-Q 5% resistor and a 200-{ 15-turn potentiometer.
We adjusted the potentiometer until a minimal output was
obtained at frequencies below 100 Hz. As predicted by
(12), we overcame the limitation posed by CMRRg. Ac-
cording to (13), at low frequencies we obtained a CMRR),
even higher than CMRR,,, as deduced from the results
for the LM 741C, in which the typical CMRRo, is 90 dB.
The higher w, for the OP-27GP resulted in a better CMRR),
at the higher frequencies. The 90° phase shift at frequen-
cies above w, predicted by (13) was also observed.

We built the circuit in Fig. 2(b) using a trimming po-
tentiometer in the differential stage, based on the OP-
27GP, and R, = 10 kQ, R, = 10 kQ. This resulted in a
differential gain of 2. The potentiometer was trimmed at
low frequency before connecting the input stage. The re-
sults for G, are those in the last line in Table I. When
connecting the input op-amp pair, we obtained the results
in Table II for the overall common mode gain. We ob-
serve that noncoupled buffers resulted in a 46 dB increase

in low-frequency common mode gain (from —100 dB to
about —54 dB), as predicted by (22) and (25). By inter-
changing two resistors in the input stage, we obtained a
common mode gain of —38.1 dB at 1 Hz and —30.3 dB
at 25 kHz. This underlines the importance of input stage
matching, according to (25).

Next we built the circuit in Fig. 2(a) using the very
same components, i.e., by connecting together the ter-
minals of resistors R, instead of connecting them to
ground. The results in Table II show the large improve-
ment in common mode gain we obtained, as expected.
The results did not change when we changed the positions
of resistors R,. While for the one-op-amp circuit we had
never observed a significant phase-shift for G, at 100 Hz,
now we had —50°. Equation (34) gives a possible expla-
nation. The same result, however, can be explained by a
very different CMRR,, for the input op-amp pair.

The use of a coupled input buffer based on matched op
amps should improve the results. This is what we ob-
tained when using an LM1458 dual op amp. Table II
shows that the common mode gain remained low even at
1000 Hz, and was lower than when using two LM741C’s.
Note, however, that there is still a significant phase shift
in this gain at 100 Hz. This, together with the lower
CMRR when compared with CMRRp, is a clear indication
that dual units are not always very well matched. Some
quad units we tested performed far worse than the
L.M1458.

B
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A final set of experiments concerned the problem of the
effect of the differential gain G for the first stage in the
resulting CMRRy. We changed resistor R, to 1 kQ, thus
giving G = 21 (=26.8 dB) for the circuit in Fig. 2(a).
The input op-amp pair was an LM1458. At low frequen-
cies we obtained a common mode gain not very different
from its value when G = 1, and therefore a CMRR; 26
dB higher than in the previous case. At 25 kHz the im-
provement was only about 13 dB, but high enough to
achieve a CMRRy similar in magnitude to CMRR,,. The
phase shift, however, was far from 90°. This is the price

to be paid for the still significant imbalance in input op

amps.

IV. CoNcLusioNs

A one-op-amp DA based on precision resistors has a
common mode rejection ratio less than (k + 1) /4¢, where
k is the differential gain and ¢ the tolerance for the resis-
tors. Therefore, in order to obtain a high CMRR,, without
any trimming component it is advisable to work with high
differential gains. But, in any case, the limited CMRR,,
will result in a decreased CMRR), at frequencies higher
than about 1 kHz. This high gain also requires, of course,
that the op amp have a broad bandwidth.

The use of a trimming potentiometer allows us to in-

- crease CMRR, at frequencies lower than the corner fre-
quency for CMRRy,, usually about 1 kHz, and also to
obtain an output that is at 90° with respect to the input
common mode voltage. The improvement is higher at the
lower frequencies and does not depend on the op-amp
model. Further, CMRR,; does not depend on the differ-
ential gain for the circuit. No precision resistors are re-
quired, but the values of the resistors used must have a
constant ratio.

" An optimal CMRR,, resulting in an output that lags or

leads the common mode input by 90° has two advantages.

It allows us to easily verify whether or not we are obtain-

ing the best CMRR for the circuit while adjusting it. Also,
it permits a further reduction of the resulting output error
for amplitude-modulated signals by using synchronous
demodulation, provided we are interested only in the in-
phase component. To improve only the out-of-phase
(quadrature) component, a slight misadjustment of the po-

tentiometer will yield an output error signal either in phase
or at 180° with respect to the input common mode volt-
age.

For the three-op-amp IA, the CMRR; increases when
two coupled buffers are used as the first stage. This is due
to the different equations for the CMRR for the first stage
depending on whether the buffers are coupled (33) or not
(25), and also to the effective increase of the CMRR of
the second stage by the ratio between the differential and
common mode gains for the first stage. For a pair of non-
coupled buffers, this ratio is always 1; worse yet, passive
component matching is also important in this case. A so-
lution based on two simple buffers with gain added to an

* integrated DA can therefore ruin the CMRR performance

of the DA.

The best approach for obtaining a high-CMRR broad-
band instrumentation amplifier is to use two well-matched
op amps as coupled input buffers, and design this stage
with a high differential gain, as long as this gain is per-
mitted by the op-amps’ differential open-loop gain. No
matter how well matched the input op-amp pair is, at high
frequencies the CMRR will decrease because of the lim-
ited CMRR for the differential (second) stage. Values
higher than 80 dB for a differential gain of 1 at 25 kHz
are feasible although difficult to measure.
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