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An Improved Type of Differential Amplifier
By J. C. S. Richards†, B.Sc., Ph.D.

A lightly edited, redrawn and re-typeset version of an article that appeared in ELECTRONIC ENGINEERING in July, 1956.

C
ONSIDERABLE ATTENTION has been given to the
design of differential amplifiers—that is,

amplifiers having two ungrounded input terminals
and which give zero or negligible output when like
signals are applied between each of the input termi-
nals and earth.

The ability of a differential amplifier to discrimi-
nate between like [common-mode] and unlike [differ-
ential-mode] input signals is expressed in terms of its
[common-mode] rejection ratio, defined more pre-
cisely below. With most designs of differential ampli-
fier, it is necessary either to use specially selected
valves and components, or to have some form of bal-
ancing control to obtain high values of rejection ratio.

It is shown now that by means of a feedback cir-
cuit, it is possible to make a differential amplifier
having an inherently high rejection ratio without the
use of selected valves or a balance control. The addi-
tion of a single balance control makes it possible to
attain an effectively infinite rejection ratio. The high
rejection-ratio is maintained over a wide band of
frequencies. The output of the amplifier can be
taken push-pull or single-ended.

PERFORMANCE PARAMETERS
If a differential amplifier has a push-pull output,

its performance can be described in terms of the dif-
ferential gain Md, the in-phase [common-mode] gain
Mi, and the inversion gain Mv. 

1, 2 If the input signals
are e1 and e1′, and the output signals are e2 and e2′ (all
measured with respect to earth), these parameters
are defined as follows:

Md = (e2 – e2′) / (e1 – e1′) for e1′ = – e1

Mi = (e2 + e2′) / (e1 + e1′) for e1′ = e1

Mv = (e2 – e2′) / (e1 – e1′) for e1′ = e1

If a push-pull output is used, the rejection ratio
is Md / Mv and the value of Mi is comparatively unim-
portant. However, if the early stages of the amplifier

have a small value of Mi, the design of later stages is
greatly simplified. In addition, the simplest way to
obtain a single-ended output is to design a push-pull
amplifier for which the overall value of Mi is very
small, so that the differential properties of the
amplifier are retained if the output signal is taken
between one of the output terminals and earth.

STANDARD TECHNIQUES
The conventional type of differential amplifier

stage is shown in Fig. 1. For this stage we have:

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(1)

 . . . . . .(2)

 .(3)

These expressions are slightly simplified ver-
sions of the exact formula. R, ra and µ are the mean
values of R1 + R2, ra1 and ra2, and µ1 and µ2 respec-
tively. They have been used where the exact values
are not critical.

When R3 is made large, both Mv and Mi become

Mv =
ra

2
gm1R1( − gm2 R2 ) + µ1 – µ 2( )R R + 2R3( )

R + ra ) R + ra + 2 µ + 1( )R3[ ](

Mi =

1
2

µ1( − µ 2 ) R1( − R2 )R3 + µR R + ra )(
R + ra( ) R + ra + 2 µ + 1( )R3[ ]

Md =
uR

R + ra

A differential amplifier-stage capable of giving a high rejection ratio with unselected valves and
components and without a balance control is analyzed,and a particular amplifier is described in
some detail. The stage is particularly suitable for converting balanced to unbalanced signals.

Fig. 1. A simple differential amplifier-stage.
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†Department of Natural Philosophy, University of Aberdeen.
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small although neither tends to zero. Now, for the
whole amplifier, the value of Mi can be made very
small by cascading several stages. On the other hand,
Mv must be made small for each stage where the in-
phase input signal is appreciable (in practice gener-
ally the first stage only) since large value for Mv
means that an appreciable anti-phase signal is passed
on to later stages. The main problem, therefore, is to
make Md / Mv for the first stage sufficiently large.

Mv depends on the balance between the parame-
ters of V1 and V2 and between R1 and R2 but if R3 is
made very large Md / Mv becomes approximately (µ +
1) µ/(µ1 – µ2), which is large if µ is large, even when
(µ1 – µ2) is appreciable. In addition, µ is generally
the most constant of the valve parameters; while gm
changes appreciably with heater voltage variations
and as the valve ages. To obtain a large value of µ, V1
and V2 must be pentodes with the screen-to-cathode
potential fixed, and arranged so that the screen cur-
rents do not flow through R3. Fig. 2 shows a com-
monly used circuit. in which the anode slope resis-
tance ra3 of V3 provides a large common cathode
resistance. If ra3 is assumed to be infinite, then:

where u1′ and u2′ are the inner [control grid to
screen grid] amplification factors of the valves.

u′ has been written as before for the average
value of u1′ and u2′ This equation is derived on the
assumption that the anode voltage does not affect
either the screen or anode current of the valve and
that the ratio of the anode to the screen current is

Md

Mv

≅
µ ' + 1( )µ '

µ1
' – µ 2

'

constant. It predicts a slightly larger value of Md / Mv
than the exact equation. Since the inner amplifica-
tion factor of a pentode is relatively low, the value of
Md / Mv is small unless u1′ and u2′ are nearly equal.

The screen to cathode potential of a pentode valve
can be held constant by connecting a large capacitor
between screen and cathode as shown in the circuit of
Fig. 2. However, the effective resistance in the cath-
ode circuit now becomes ra3 in parallel with R4 which
is comparatively small, so that Mv no longer depends
mainly on the difference between u1 and u2 and Mi
becomes relatively large.

Andrew3 has overcome these difficulties by using
the circuit of Fig. 3 for which the rejection ratio is
commonly greater than 1:10,000 (–80dB). The circuit
of Fig. 3 has two practical disadvantages; a floating
battery is required and, unless elaborate precautions
are taken, the high anode impedance of V3 is shunted
by various leakage resistances and stray capacitances.
Since the heater-to-cathode impedance of most valves
is relatively small, the heater supply to V1 and V2 must
have a low resistance and, what is more difficult to
achieve in practice, a low capacitance to earth.

THE FEEDBACK CIRCUIT
Fig. 4 shows a circuit which has none of the dis-

advantages of that shown in Fig. 3, and in several
respects gives a better performance. Its operation
can be briefly explained as follows:

The essential function of a large value of cath-
ode load [resistance] is to maintain constant the
total cathode current, and hence the mean anode
potential of V1 and V2. In the circuit of Fig. 4, this
action of the common cathode resistance is

Fig. 2. A conventional differential amplifier-
stage using pentodes.

Fig. 4. A differential amplifier-stage with
additional feedback.

Fig. 3. Andrew’s differential amplifier-
stage.
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assisted by feeding to the control grid of V3 a
potential equal to the mean anode potential of V1
and V2. This negative feedback loop tends to stabi-
lize the mean anode-potential of V1 and V2.
Although this type of feedback is not new 4, its pos-
sibilities do not appear to have been fully explored.

At frequencies where capacitive impedances can
be neglected, and if R7 = R8, it can be shown that the
parameters of the circuit Md, Mi and Mv are given by
Eqns.s 1, 2 and 3, except that R3 is now replaced by
R′ (1 + 1⁄2 gm3R), where R′ is the impedance of R4 and
ra3 in parallel. Since gm3R can readily be made 50 or
100, the effective cathode load is now very high and
at least as large as ra3 alone. It can also be shown
that if R7 differs by only a small amount (say 20%)
from R8, the operation of the circuit is not apprecia-
bly affected. Not only is the floating battery elimi-
nated, but any stray impedance between the cathode
or screen of Vl and V2 and earth need be greater than
R′ only. In particular, an earthed heater supply can
be used for Vl and V2.

If we make the reasonable assumptions that (µ +
1) ≈ µ, gm3R>> 2 and µ1gm3RR′>> (R +ra), then we
can write:

Typically, we can take gmR gm3R′ as about 10,000
and µ as about 2,500 so that if R1 = R2 we find:

where ∆ gm = gm1 – gm2 and ∆µ = µ1 – µ2. Hence it
would be expected that the rejection ratio of this cir-
cuit would be at least 2,500 (68dB), and that the
effect of valve ageing etc. would be small.

PRACTICAL CIRCUIT
Fig. 5 shows a practical circuit embodying the

above principles The feedback voltage for the first
stage is conveniently taken from the cathodes of V4,
and V5,. The in-phase gain of the first stage is appro-
ximately 1⁄60, and of the second stage 1⁄3, so that the out-
put signal can be taken either between the anodes of
V4 and V5 or between one anode and earth, without
appreciably affecting the rejection ratio. The anti-
phase gain is over 3,000 (70dB) for frequencies
between 5Hz and 10kHz To check the effect of valve
parameters on the discrimination ratio, a random
sample of eight EF37As was taken, including both
new and aged valves. The inversion gain was mea-
sured for an input of 1Vrms at 500Hz. The correspond-
ing rejection ratios are given in line 1 of Table 1. Most
of the low values of rejection-ratio arise from the
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10000
to
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1

1
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3
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FIg. 5a. Optional balance control.
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R15
100KΩ
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R13 100KΩ
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0.25µF

V1,2: EF37
V3,4,5: EF86
V6: EF86 –
Triode connected

Output

Common

B+ 150V

B– 150V

+

Fig. 5. A practical differential amplifier-stage.
V6: EF86 triode-connected; R1 and R2 are high stability carbon resistors

Table 1
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presence in the sample population of one valve with
anomalous characteristics. If that valve is removed
from consideration, the rejection ratios become
those shown in line 2. Almost half  the valve-pairs
then give rejection-ratios of more than 5,000 (74dB),
more than a third give give ratios over 10,000 (80dB)
and almost a quarter gives ratios over 20,000 (86dB).

BALANCE CONTROL
Although rejection ratios adequate for most pur-

poses can be obtained with only moderate care in
selecting valves, it is sometimes desirable to have a
means for increasing the rejection ratio.  Only at rel-
atively low rejection ratios (nominally <5,000) is it
likely to be true that the first term on the right-hand
side of Eqn. 3 is unimportant. If either R1 /R2 or
gm1 / gm2 is made variable, effectively infinite rejec-
tion-ratios can be obtained.

It is found experimentally that if the ratio R1/R2
is adjusted by means of a suitably connected poten-
tiometer so as to give a very high rejection ratio, then
this high ratio is not maintained when the heater volt-
age supplied to the amplifier is varied appreciably.

The ratio gm1 / gm2 can be varied by means of a
potentiometer connected so as to vary the relative
heater voltages of Vl and V2. By this technique, due
to Aitchison5, the characteristics of the valves can be
almost exactly matched, and the balance is main-
tained over a wide range of supply voltages and
input signals. With the control shown in Fig. 5a, the
rejection ratio can be made greater than 50,000
(94dB) for most valve pairs, and this ratio does not
fall below 10,000 for heater voltage changes of ±10%.
At rejection ratios greater than 50,000, the output is
almost wholly second harmonic.

FREQUENCY RESPONSE
The particular amplifier shown was designed for

use with a high impedance bridge network operating
over the frequency range 20Hz to 10kHz and the per-
formance figures quoted at 500Hz maintain over this
range. The antiphase gain and rejection ratio fall by
3dB at about 25kHz The high frequency range could
easily be extended by a factor of at least five by using
valves of higher gm (e.g Mullard EF91, EF95) and
lower values of anode and screen resistors. The anti-
phase gain falls 3dB at about .5Hz but this figure
could easily be lowered to .1Hz by simply by increas-
ing the time-constants of the coupling networks.

The rejection ratio increases by a factor of
between 2 or 3 at 10Hz but does not deteriorate by a
factor of more than 10 for frequencies as low as 1Hz
The exact performance depends on the balance of the
valves and their associated circuits For many applica-
tions, the amplifier is required to discriminate against
mains interference and a fall in rejection ratio for fre-

quencies lower than 50Hz is unimportant. Although
some improvement can be attained by increasing the
various capacitors in the circuit, operation at very
low frequencies is better achieved through the use of
directly-coupled–amplifier techniques.

MISCELLANEOUS DETAILS OF
PERFORMANCE
The rejection ratio measured at an in-phase

input signal level of 1Vrms is fairly well maintained
for input signals up to about 5Vrms, but decreases
markedly for signals greater than 10Vrms. The exact
figures depend to some extent on the working range
over which the valves remain balanced.

The circuit is relatively insensitive to supply
voltage changes, and to the impedance of and ripple
on the h.t. lines, provided the impedance between
the negative h.t. [B –] line and earth is not too large
(<1KΩ). The performance given was obtained by
using simple, gas-tube–stabilized power supplies.

The particular circuit described was intended
for use with a high impedance bridge network. It
was intended to eliminate the need for a screened
and balanced transformer and to yield a single-
ended output to feed a tuned amplifier and detector.
For most applications there is no reason why minia-
ture valves should not be used throughout. In the
present instance EF37As were used because the top-
cap grid connections were convenient in the layout
adopted, and because octal-based valves were less
liable to damage when repeatedly inserted and
removed while the effect of valve matching was
being observed.

With slight modification (e.g. increasing C3R11
and C4R12 to about 3sec. each) the amplifier should
prove suitable for many biophysical applications.

The ability of the feedback circuit to give low
in-phase gain in a single stage makes it useful in
applications where a push-pull to single-ended
stage is required. Such a stage, with the anti-phase
gain stabilized at unity, has been designed to
enable commercially made measuring instruments
with a single-ended input to be used with a push-
pull input. It is hoped to describe this device in a
separate article.
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