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DIFFERENTIAL-AMPLIFIER DESIGN 
By A. M. Andrew, B.Sc. 

(Departments 0/ Physiology and Psychological M edicine, University 0/ GlasgOftl) 

SUMMARY.-The theoretical possibility exists of a differential amplifier which will give good 
rejection of in-phase input voltages without requiring a balancing adjustment or the use of selected 
valves or other components. The practical design of such an amplifier is difficult. The result can be 
achieved by employing in-phase negative feedback, but may not be achieved if the feedback volta.ges 
affect the amplifier in a way which is not exactly equivalent to summation with the input voltages. 
When in-phase negative feedback is introduced by including a resistance or a pentode va.lve in series 
with the cathodes of a push-pull stage, the feedback voltage affects the amplifier in a way which is not 
equivalent to summation with the input voltages, and good in-phase rejection without a balancing 
adjustment is not possible by this means. Two types of amplifier 'stage are described which make 
possible good in-phase rejection without a balancing adjustment. Because of practical disadvantages 
these are unlikely to come into general use, but they illustrate important general principles. 

D

IFFERENTIAL amplifiers are frequently 
required for biological and other purposes. 
A true differential amplifier will give zero 

output when its two input terminals undergo 
identical voltage variations; that is to say, when 
it receives an in-phase input. Practical amplifiers 
�ill generally give some output under these 
conditions, and it is convenient to speak of the 
'rejection ratio' or 'discrimination factor' of the 
amplifier, which may be defined as the ratio 
between the in-phase input voltage and the 
anti-phase input voltage required to give the 
same output. [See opening section of reference 
(2)J. It is assumed that the output is a single 
variable;as it is when the amplifier gives a single 
output voltage , or when it drives a pen recorder or 
an oscillograph . The general push-pull amplifier, 
giving a double output, is considered later. 

In some applications, one of the most important 
of which is electro-encephalography, the amplifier 
is required to respond to a small anti-phase 
signal which may occur together with a much 
larger in-phase interfering voltage. It is then 
important to have a high rejection ratio, and in 
electro-encephalography a value of at least 10,000 
should be aimed at. 

Need for Balancin� Control 
Amplifiers which are required to have a high 

rejection ratio generally incorporate some form 
of balancing control which can theoretically be 
adjusted to make the in-phase rejection perfect . 

An exception is the amplifier described by John
sonl, but Parnum2 has shown that Johnson's 
amplifier cannot be relied upon to give good 
in-phase rejection when built with valves and 
components of commercial tolerance. 

From Parnum's results it might be supposed 
that it is physically impossible to build an amplifier 
which can be relied upon to have a high rejection 
ratio without using selected components and 
without a balancing adjustment. On the other 
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hand, Offner3 has shown that, in theory at least, 
an amplifier can be constructed, using com
ponents of commercial tolerance, to have a high 
rejection ratio without the need for a balancing 
control. 

An amplifier with an intrinsically high rejection 
ratio , not depending on critical selection or 
adjustment of components, would be very useful, 
for it would not require readjustment when 
valves Were replaced,. nor would it require 
periodical adjustment to allow for aging of valves 
and other components. However, although such 
an amplifier is theoretically possible, it is not 
easy to devise a satisfactory practical circuit. ' 

OUTPUT �--t 

INPUT 

Fig. 1. Push-pull 
amplifier stage with 
common cathode 

resistor. 

• t--- OUTPUT I 

IN'ri 

..!. 

Parnum 'considers amplifiers whose stages are 
of the form shown in Fig . 1, in which Rc may be 
either a resistor as shown, or a pentode valve 
having extremely high differential resistance. He 
shows that even when, effectively, Rc =00, a 
balancing control is needed if high rejection ratio 
is to be ensured with components of commercial 
tolerance . Offner, however, indicates that his 
results can be applied to the circuit of Fig. 1, and, 
if his results are applied as he suggests , a conclusion 
is reached which is at variance with Parnum's 
conclusions, for it appears that when Rc =00, 
the circuit should give perfect in-phase rejection 
even though Rl=/;.R 2 and the valves are dissimilar. 

The discrepatlcy between the findings of 
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Parnum and those of Offner will be removed by 
showing that Offner's general conclusions cannot 
strictly be applied to the circuit of Fig. 1. Con
sideration of the reason for the apparent dis
crepancy has suggested two ways in which the 
circuit of Fig. 1 can be modified to make-Offner's 
results approximately applicable, and these will 
be described. For either of the modified circuits 
the in-phase rejection is very much less dependent 
on valve characteristics and component values 
than for the circuit of Fig. 1. 

INPUT -0 

e(--4--o 
L....-___ ...J 

OUTPUT 0 -

Fig. 2. Gene;ral pttSh-pull amplifier. 

General Push-Pull Amplifier 
Offner defines two sets of four gain factors for a 

push-pull amplifier or amplifier stage. The 
specification of values for either set gives, if 
linearity is assumed, a complete description of the 
behaviour of the amplifier. In general, the gain 
factors will be complex numbers. 

Let el and el' be the input voltages, and ez and 
e2' the output volt ages of a push-pull amplifier 
(Fig. 2). Then the first set of gain factors consists 
of m, m', y and y', defined as follows :-

m = e2!el· for e/ = 0 
m' = eZ'/el' for el = 0 " f ' 0  y = -ez lel or el = 
y' = -eZ!el' for el = 0 

Of the other set, only three are required for the 
present purpose. These are the anti-phase, in
phase and inversion gains, defined as follows:
Differential or anti-phase gain (for el' = -el) 

= (ez - e2')/(el - el') 
= Go (Offner's notation) 
= �7)1 (Parnum's notation) 

I�-phase gain for (el' = el) 
= (ez + eZ')/(el + el') 
= Gc (Offner's notation) 

= Jl (Parnum's notation) 
Inversion gain for (el' = el) 

= (e2 - ez')/l(el + el') 
= 

anti-phase output (for zero anti-\ 
in-phase input phase input ) 

= Gi (Offner's notation) 
= K (Parnum's notation) 

Modern biological amplifiers are generally 
push-pull throughout, and the indicating device 
genera.lly responds only to the anti-phase com
ponent of the output voltage. In that case the 
rejection ratio of the amplifier is equal to its 
transmission factor H. 

Amplifiers which do not include feedback loops 
in volving more than one stage will first be 
considered. In such amplifiers, when fitted with 
balancing controls, high overall transmission 
factor is often achieved by intentionally un
balancing the input stage to compensate for lack 
of balance in later stages. If this is done, high 
overall transmission factor may be achieved 
although the individual stages have low trans
mission factors. 

In an amplifier which does not include a 
balancing control, however, it is not possible to 
compensate for imperfect balance in one stage by 
unbalancing another. To ensure high overall 
transmission factor the first stage must be 
designed to have a high transmission factor and, 
unless the first stage has negligible in-phase gain, 
the second and perhaps later stages must have high 
transmission factors also. An amplifier without a 
balancing control and which can be relied upon to 
have a high overall transmission factor (without 
feedback loops involving more than one stage)' can 
be built if, and only if, an amplifier stage having 
high transmission factor can be built without a 
balancing control. 

INPUT 
-

Fig. 3. 

I 
I 

L 

I 
I 

" I 
I 

rt I 
J 

-
-

� 

OUTPUT 
0-

General push-pull amplifier wit" in-phase 
negative feedback. 

Sta�e with Common Cathode Resistor 
For the push-pull stage of Fig. 1, Parnum 

obtains the following expressions for the anti
phase and in version gains:-

NI = Go = ILRI(ra + R) (1) 

and for the inversion gain 

K = G� = I!:.I RI raz - 1L2 Rz ral + (P.I - 1L2) {RI Rz + (RI + Rz) Rc} 
. (ra + R) {ra + R + 2Rc (p. + I)} (2) 

• ••• _0 __ •••••••••••• • •• •  __ •••••• • •• •••• _--.... _--.:- ••••••• • •• __ •• __ • ••••••• _____ • _____ • ___ •• 

Parnum defines 'transmission factor' H as 
follows:-

H = M/K = GolGi 
74 

where ILl and ra1 are the amplification factor and 
anode resistance of v\; p'z and ra2 are constants 
of V 2' The expressions have been simplified by 
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replacing RI and R2 by their mean value R, P,l 
and P,2 by their mean value p" and fal and fa2 by 
their mean value fain places where the values are 
not critical. 

Hence the transmission factor is given by 

The explanation of the discrepancy is that 
Offner's results are not applicable to the circuit 
of Fig. 1. The variations in cathode potential 
due to the inclusion of Rc produce a change in the 
grid-to-cathode voltage of each valve and also a 

H = 
p,R { fa + R + 2Rc (p, + 1 )} 

_ 

P,l RI fa2 ---:- P,2 R2 fal + (P,l - P,2) {RI R2 + (RI + R2) Rc} (3) 

and if Rc = 00, change in the anode-to-cathode voltage. When 
H = p,(p, + l)/Llp, � p,2jLlp, 

where Llp, = P,l - P,2 
(4) Rc is regarded as introducing in-phase negative 

feedback, only its effect on the grid-to-cathode 
voltage is being taken into consideration. The 
application of Offner's theory therefore produces 

�-------------.�--------� 

OUTPUT 

INPUT INPUl 

OUTPUT 
• 
I 

.l. 

Fig. 4. Push-pull amplifier stage, as in Fig. 1, but without 
common cathode resistor. 

If a pentode valve is substituted for Rc, its 
differential resistance is very high, and the value 
of H is approximately p,'l.JLlp,. However, as 
pointed out by Pamum, this value will often not 
be as high as is required and a balancing control 
must be included to compensate for the difference 
between P,l and P,2' 

Offner has shown that if negative feedback is 
applied to an amplifier as shown in Fig. 3, the 
expression for the inversion gain with feedback is 

Gi' = Gi/[l + �(m - y') + �'(m' - y)] (5) 
where Gi, m, m', y and y' are for the amplifier 
without feedback. 

The common cathode resistor Rc in Fig. 1 
introduces in-phase negative feedback. 'VVithout 
Rc the circuit becomes that of Fig. 4, which 
consists of two unconnected single-sided amplifier 
stages. The gain factors m and m' are the 
respective gains of these stages and y = y' 

= O. 
If now the resistor Rc is inserted, as in Fig. 1, 

the feedback fractions are given by 
f3 = Rc/RI 

f3' = Rc/R2 
Substituting for f3, W, y nd y' in equation (5) 

gives for the inversion gan. 
G/ = Gi/[1 + mRc/Rl + m'Rc/R2J . . (6) 

According to equation (6), when Rc =00, 
Gi' = 0 and hence the transmission factor 
H = 00, even though P,l =1= P,2' This result differs 
from that of Parnum [equation (4)]. 

. 
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an incorrect result. 

First Modified Circuit 
Consideration of this' explanation of the 

discrepancy suggests the circuit of Fig. 5 as a 
circuit to which Offner's results are applicable in 
the ideal case where the cathode follower V 3 has 
unity gain (1\.[ = 1) and the output voltages are 
taken relative to point A instead of relative to 
earth. I t can be verified by straightforward 

Fig. 5. The first 
modification of Fig. 
1, incorporating the 
cathode follower v3. 

OUTPUT --... 

INPUT 

• 
I 
I 

+ 

.r-0 
A 

INPUT 

circuit analysis that the inversion gain is zero 
when M = 1 and Rc =00. If an in-phase voltage 
e is applied to the grids, the resulting change. in 
the anode current of V 1> for l'v! = 1, is given by 

(7) 

= 0 when Rc =00. 
By symmetry, ia2 = 0 when Rc = 00. 
Hence if the output voltages are measured 

relative to point A, there is no output for an 
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in-phase input. Hence when 1.\1 = 1 and Rc = 00 
the transmission factor is infinite. 

The values of anti-phase gain, inversion gain 
and transmission factor are unaffected if the 

+ 

OUTPUT OUTPUT 

IN PUT INPUT 

Rc 

+0 

( a.) 

transmission factor can be obtained when IL is 
very large even when iJIL/IL is also appreciable. 
By using pentodes with fixed screen-grid voltage, 
an extremely high value ?f IL is obtained. 

+ 

OUTPUT OUTPUT 

INPUT INPUT 

...r-0 
Rc .... 

( b) 
Fig. 6. (a) The second modification oj Fig. 1, incorporati.ng pentode valves with a battery between the cathodes and the screen
grids .. (b) Another stage incorporating pentode valves, which generally gives a lower transmission jactor than circuit .(a). 

output voltages are taken relative to earth 
instead of relative to the point A, for a change in 
reference point does not affect the anti-phase 
component of output voltage. 

In the general case where the gain of the cathode 
follower V 3 is M, the transmission factor is given by 

, 
The circuit of Fig. 6(b) does not in general give 

a transmission factor as high as that of the circuit 
of Fig. 6(a). Offner's results cannot be applied 
to the circuit of Fig. 6(b) because the variations 
in cathode potential affect the screen-to-cathode 
voltage and hence the anode currents. 

H = ILR {ra + R + 2Rc (11- + 1 - 1�1)} . 
ILl RI ra2 - 1-'-2 R2 ral + (ILl - IL?) [RI R'}. + Rc (1 - lvI)(RI + R2)] 

(8) 

� p.2/Jp.(1 - M) when Rc = 00 . 

By comparison with equation (4) it is seen that 
the effect of the cathode follower is to multiply 
the transmission factor by 1/(1 - M) in the case 
where Rc =00. In practice M may be very close 
to unity, especially when Rc is effectively infinite, 
for then the cathode load of V 3 includes a constant
current device. Hence a considerable improve
ment in transmission factor is possible by the 
use of the circuit of Fig. 5. 

Second Modified Circuit 
Another circuit to which Offner's results are 

approximately applicable is shown in Fig. 6(a). 
In this circuit the variations in cathode potential 
due to Rc affect the anode-to-cathode voltages, 
but have little effect on the anode currents 
because of the high anode resistance of the pentode 
valves. When Rc is replac�d by a pentode valve, 
a high transmission factor is obtained without 
the need for a balancing adjustment, with valves 
and components of commercial tolerance. 

The high transmission factor of this circuit 
could also have been predicted from Parnum's 
results, for equation (4) shows that a high 
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Experimen tal Results 

·Tests were made with the three amplifier stages 
shown in Fig. 7, in which (a), (b) and (c) are 
practical versions of Figs. 1, 6(b) and 6(a) 
respectively. The stages were connected as 
shown in Fig . 8. The two-stage amplifier and 
oscilloscope by themselves had a measured 
rejection ratio of 30. For measurement of 
rejection ratios , the height of the oscilloscope 
trace was used as a measure of the output of the 

TABLE 1 
Values of rejection ratio obtained with the amplilier 

stages of Figs. 7(a), (b) and (c) in the arrangement shown 
in Fig. 8. 

Valve pair ) 1 -=J 3 I 4 , 5 --- I ,---
Ratio for , i 

Fig.7(a) , 
630 630 : 220 1,500 320 ---

Ratio for 
450 ! Fig.7(b) 1,500 320 45,000 1,050 --

Ratio for 
Fig. 7(c) 14,000 40,000 30,000 40,000 30,000 
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amplifier, while known in-phase and anti-phase 
inputs were applied in turn. The rejection ratio 
is the ratio of in:.phase to anti-phase inputs 
giving the same output. Throughout the tests 
the same EF37 A valve was used as V 3' Five 
random pairs of EF37 A valves were inserted in 
turn as VIand V 2' The measured rejection ratios 
were as shown in Table 1. The superiority of the 
circuit of Fig. 7(c), which is a practical version of 
that of Fig. 6(a), is evident. 

The values of rejection ratio shown in Table 1 
were only obtained when an isolated, well
insulated heater supply was provided for VIand 

+150V 

OUTPUT 

VI 

INPUT INPUT 

�--..... --O 

-IOOV 

(a) 

+ISOV 

OUTPUT ... -...... ..... -.... OUTPUT 

INPUT -+-. INPUT 

.... --..... -- 0 

-IOOV 

(c) 
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V 2' If this is not done, the effective value of Rc 
is reduced owing to the heater-cathode leakage 
in these valves. The need for an isolated heater 
supply is a serious prac�ical difficulty in the 
obtaining of high rejection ratios without a 
balancing control, by methods which depend on 
an extrem�ly high value for Rc. 

Amplifiers having In-Phase Feedback over 
more than One Stage 

In-phase feedback can be applied over a 
number of stages in either of two ways. The 
feedback voltage may be applied either to a grid 

+150V 

IOOkil. 
l5()k.n. 

OUTPUT 
V, 

INPUT INPUT 

�--...... --o 

'--------- -IOOV 

( b) 
Fig. 7. Experimental amplifier stages. In each case the 
heaters of VI and V I were supplied from an isolated, 
well-insulated battery. Resistors were of 10% tolerance. 
In all cases the outputs were taken off via the usual coupling 
capacitors and grid leaks, but these components are not 

shown in the ci,·cuits . 

z- STAGE 
PUSH-PULL 
AMPLIFIER 

• 
C.R.O. 

Fig. 8. Experimental arrangement for tests on the amplifier 
stages of Fig. 7. 

circuit or to a cathode circuit. Offner gives 
examples of each type. In his example in which 
the feedback voltage is introduced to the grids 
(his Fig . 7), it is necessary that either the source of 
signals or the power supply to the amplifier 
should 'float'. Neither of these requirements 
is likely to be met in practice, especially in 
multichannel equipment where it is desirable to 
operate several ch�hnels from the same power 
supplies in the interests of economy and simplicity. 
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Where the feedback voltage is applied to 
cathodes, Offner's theoretical treatment is not 
applicable , for the same reason as it was inapplic
able to the circuit of Fig . 1, unless the stage to 
which the feedback is applied incorporates a 
cathode follower, as in Fig. 5, or uses pentodes 
and a battery as in Fig. 6(a). \Vhen either of 
these precautions is taken , Offner's theory becomes 
applicable, and a high rejection ratio can be 
obtained without a balancing adj ustment. The 
cathode circuit need not be so highly insulated 
from earth as when the feedback depends on 
Rc only, so an isolated heater supply is not 
essential . 

Discussion 
It should not be inferred from Parnum's results 

that a differential amplifier which will give good 
in-phase rejection without a balancing adj ustment 
when built with components of commercial 
tolerance is a physical impossibility. Offner's 
results show that such an amplifier can be built 
by utilizing in-phase negative feedback. However, 
the design of a practical amplifier having in-phase 
rej ection good enough for use in electro-encephalo
graphy, without a balancing control, requires care. 

OIlTP\1T .... -.... t--P' OUTPUT 

INPUT INPUT 

such modification . This circuit, however , has 
the disadvantage that with it the value of M 
achieved will not be so close to unity as with the 
circuit of Fig. 5. 

A further possibility, which eliminates the 
noise due to the pentodes in the second modified 

OUTPUT 

INPUT __ • 

+ 

+ 

'---�OUTPUT 

INPUT 

Fig. 9 (left). Stage similar to 
that of Fig. 5, without a floating 
battet'y; The cathode-follower 
gain is likely to be lower than 

in Fig. 5. 

Fig. 10 (above). Stage similar 
to that of Fig. 6(a), using pairs 
of triodes in cascode instead 

of pentode valves. 

Fig. 11 (below). Stage similar 
to that of Fig. 6(a). using a 
capacitor instead of the floating 
battery. This type of stage is 

used by Offner. 

+ 
The two types of amplifier stage described in this 
note provide means of achieving the result, but 
they are subject to practical disadvantages , since 
both require 'floating' batteries and, except when OUTPUT �-.... 
in-phase feedback from a later stage is applied to 
the cathodes, they require isolated heater 

+--- OUTPUT 

supplies if full advantage is to be taken of their INPUT .......... 
properties . In addition , the second modified 
circuit [Fig. 6(a}] has the disadvantage that it 
uses pentodes , and will therefore be more noisy 
than. a stage using triodes. 

. 

It is possible to devise further modifications 
of the first modified circuit (Fig . 5) which do not 
require the floating battery. Fig. 9 shows one 
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.-........ - INPUT 
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circuit [Fig. 6(a)] is to replace the pentodes with 
pairs of triodes connected so as to form a cas code 
amplifier, as in Fig. 10. A floating battery is still 
required, but now no current is drawn from it. 
The cascode pair resembles a pentode in having 
very high anode impedance. 

Offner4 has pointed out that instead of using a 
battery as in Fig. 6(a), the screen-grids and 
cathodes can be connected by a capacitor as 
shown in Fig. 11, and the advantages of Fig. 
6(a) will be obtained at frequencies which are 
high enough for the capacitor to have negligible 
impedance. The effective value of Rc, for the 
purposes of the theoretical treatment, consists 
of the cathode resistor and the screen:..grid 
resistor in parallel. In this way, good in-phase 
rejection is obtained, except at very low fre
quencies, without using floating batteries. The 

rejection may be further improved by applying 
in-phase negative feedback from a later stage, to 
the cathodes. 

Because of their practical disadvantages it 
seems unlikely that the modified circuits will 
come into general use in the forms in which they 
ha ve been described. Differential amplifiers will 
probably continue to be built either with balancing 
controls, or in the manner due to Offner, described 
in the preceding paragraph. The modified circuits 
are thought to be worth describing because 
of the general principles which they illustrate. 
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Differential-Amp lifier Design 
SlR,-In his article in the :Y1arch 1955 issue, Mr. A. M. 

Andrew comes to the conclusion that there are practical 
disadvantages which make it difficult to build a differential 
amplifier that maintains good in-phase rejection without 
a balancing control. The difficulties appear to be 
multiplied if operation to z.f. is required. 

Possibly it was not known to Mr. Andrew that there 
already exists a reference in the British literature to a 
method which avoids many of these difficulties1• The 
basic idea of this work is to feed an in-phase error signal 
derived from the differential outputs back to the grid of 
the valve in series with the cathodes of the differential 
amplifier valves. This inverse feedback of the active

error type2 tends to reduce the output error proportionate 
to the gain of the feedback loop. By making this gain 
sufficiently large, rejection ratios of the order of 10-1 
may be obtained over a wide frequency range. Such 
ratios are almost independent of valve variations, so no 
balancing control is required. An amplifier making 
use of two improved versions of this circuit in series has 
been described3. It achieves a composite rejection ratio 
of the order of 108 over a band from 1 cls to over 100 kc/s 
a.nd could readily be modified for z.f. operation as well. 

Texas Instruments Inc., 
6000 Lemmon Avenue, 

Dallas 9, Texas, U.S.A. 
4th May 1955. 

J. Ross MACDONALD 
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