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Summary—Some confusion exists regarding the effect of nega-
tive voltage feedback on the signal-to-hum ratio in the output of an
audio-frequency amplifier. This appears to be due to lack of care in
interpretation of the negative-feedback equations and to the applica-
tion of these equations to circuit arrangements which do not conform
to the conditions implied in their formulation. Various cases are dis-
cussed to illustrate the proper interpretation and application of the
equations. The conclusions to be derived from these discussions may
be summarized briefly as follows:

(1) Where the negative voltage feedback circuits satisfy the rele-
vant conditions implied in the formulation of equations for simple
negative feedback, the signal-to-hum ratio, for constant signal out-
put, is improved by the gain-reduction factor (1 —gM).

(2) This improvement must be interpreted in relation to the com-
plex value of the factor (1 —gM) and its variation with frequency, in
relation to the frequencies of the signal and hum voltages.

(3) Failure to achieve the improvement in signal-to-hum ratio
thus predicted may be due to the feedback voltage including voltage
other than the fraction 8 of the output voltage required for simple
negative feedback. A further specific analysis is then necessary to
determine the effect of the feedback on the signal-to-hum ratio.

(4) In general, hum balancing within the amplifier is independent
of the feedback only when the conditions for simple negative feed-
back are satisfied.

(5) Although, without feedback, it is legitimate to calculate the
hum output voltage due to the high-tension hum voltage e by consid-
ering simple potential division of this voltage between the load im-
pedance and the valve anode resistance R,, this procedure is not
generally valid when applied to an amplifier with feedback if the
effective value of the anode impedance Z,’ of the valve is taken to
be R,/(1 —uB). This arises because Z,’ is the effective value of the
valve impedance as viewed from the amplifier output terminals and
is not necessarily significant when potential division of the voltage e
is considered. It has, however, been shown in Section III(c) that,
when the feedback voltage is proportional to (e +eo), the effect of the
feedback on the hum output due to e is identical with that obtained on
the basis of simple potential division, using the effective value Z,".

I. INTRODUCTION

EGATIVE voltage feedback is commonly ap-
plied to audio-frequency amplifiers in radio re-

ccivers and similar equipment for reduction of
nonlincar distortion and frequency discrimination in the
amplifier itself or in its load circuit. The theory of nega-
tive feedback suggests that hum and other noise voltages
introduced by the amplifier and its associated circuits
should also be reduced. There is, however, some confu-
sion as to what improvement in signal-to-hum ratio
may, in fact, be expected from the application of nega-
tive fecdback. This appears to arise from two main
causes; lack of care in interpretation of the significance
of the negative-feedback equations, and application of
these equations to circuit arrangements which do not
conform to the conditions implied.
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It is the object of the following discussion to clarify
these points. The second of them arises from the fact
that there is in common use!~® a number of negative-
feedback circuits that do not conform to the conditions
implied in the negative-feedback equations formulated
by Black.? The term “simple negative feedback” will be
used to distinguish circuit arrangements conforming to
Black’s implied condition that the feedback wvoltage
should be a definite fraction of the output voltage and
should not include any other voltages. For simplicity,
attention is restricted to the use of negative voltage
feedback, and the discussion is illustrated by circuit ar-
rangements typical of its application; but it is obvious
that similar considerations might arise in the application
of other types of feedback.

The symbols and abbreviations used in the text are
summarized below for convenient reference:

M =voltage gain of an amplifier or valve (vacuum
tube), measured between the input and output
terminals.

M,=voltage gain from the screen grid to anode of a
pentode valve.

¢ =amplification factor of the amplifier or valve be-
tween input and output terminals.

ws =amplification factor of a pentode valve, from screen
grid to anode.

B =that fraction of the output voltage fed back to the
input circuit of the amplifier.

R, =alternating-current anode resistance of the output
valve of an amplifier.

Z. =output impedance of the amplifier.

Z =load impedance into which the amplifier works.

e =hum voltage across the output of the high-tension
rectifier filter supplying the amplifier.

e; =an equivalent hum voltage referred to the input
terminals of the amplifier and arising from sources
within the amplifier from which the hum 1is inde-
pendent of the signal level.

eo =output hum voltage developed across the amplifier
output circuit.

" =corresponding output hum voltage when simple
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negative voltage feedback is applied to the ampli-
fier.

eo’’ = corresponding output hum voltage when feedback,
other than simple negative feedback, is applied to
the amplifier.

In cach case, the suffixes ¢ and p are used for amplifiers
having the output valve connected as a triode or pen-
tode, respectively.

The amplification factor u is defined by

(de./de,) for i, constant

wherce e, is the anode voltage of the output valve, e, the
potential of the input control grid, and 7, the anode cur-
rent of the output valve. For a single valve u is real and
negative, in agreement with the actual physical value
of the amplification factor. In any case, the sign of u is
consistent with that of A7, and in the casc of a single
valve, corresponds to the change of phase of 180 degreces
(for resistive load) between input and output voltages.

11. SiMPLE NEGATIVE VOLTAGE FREEDBACK

The general theory and equations of simple negative
voltage feedback are well known; but, for clarity, those
equations relevant to the discussion will be sct out
briefly in convenient form. In deriving these equations
it is implied that the feedback voltage is derived from,
and is directly proportional to, the voltage developed
across the amplifier output terminals.

If the voltage gain of an amplifier without feedback
is M, and if a fraction B of the voltage across the output
ctreust is fed back to the amplifier input in series with
the signal voltage, the gain becomes

M = M/(1 — 8M) 1)

and the quantity (1 —B3{) is conveniently referred to as
the gain-reduction factor. The gain Af is related to the
amplification factor u of the amplifier, the load Z, and
the anode resistance R, of the output valve, by

M = uZ/Z + RJ). (2)

The effect of the feedback on the output impedance of
the amplifier is to reduce it, from the anode resistance
R, of the output valve, to a value Z,” (which will in
general have a complex value) given by

Zu/ = Ra/(l - Bl‘) (3)

It is to be noted that u is always greater than A/, and
riay be much greater when a pentode valve is used, so
that the output impedance is reduced by a factor corre-
spondingly greater than the gain-reduction factor.

It can be shown readily that distortion, hum, and
noise voltages generated in the amplifier and its associ-
ated circuits and developed across the output circuit are
also reduced by the gain-reduction factor (1—BAM).
When, as is usually the case, the signal input voltage is
increased by the factor (1 —8217) to maintain the signal
output at the same level as without feedback, one might
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expect an improvement in the signal-to-hum and signal-
to-distortion ratios across the output circuit by the
factor (1 —BM), insofar as the hum or distortion origi-
nates within the amplifier.

These equations are valid for all real and complex
values of the parameters u, 3, 8, and Z, and the value
of the gain reduction factor (1 —8Af) is generally com-
plex and dependent on frequency even for a single-valve
amplifier; some of the advantages of negative feedback
are in fact due to this.

It is obvious that great care is required to ascertain
the exact significance of “an improvement in signal-to-
hum ratio by the gain-reduction factor (1 —82A).” An
analysis can readily be made for any specific case, and it
1s clear that the reduction of signal-to-hum ratio must
depend on the relative frequencies of the signal and hum
voltages; only when the frequencies are identical will the
gain-reduction factor be the same for both. It is not
unusual to refer to an amplifier having negative feed-
back giving a gain reduction stated in decibels; the
reference is usually to the numerical value of the gain-
reduction factor at the center of the transmitted band
and the gain-reduction factor at the hum frequency may
be very much less, and may even in some cases be less
than unity.

Proper application of the theory thus permits a cor-
rect assessment of the improvement to be expected in
signal-to-hum ratio from the use of negative voltage
feedback. Failure to achieve this in practice may be due
to the use of feedback circuits that fail to satisfy the
conditions implied. One departure from these conditions
occurs when the voltage fed back includes voltages other
than the fraction 8 of the amplifier output voltage. In
practice, this probably occurs most often if the output
valve of the amplifier is transformer-coupled to the load
and is series fed, and if the feedback voltage is taken
from between anode and cathode of the output valve;
the voltage fed back then includes some fraction of any
hum voltage in the high-tension supply to the output
valve.) =5

111. AMPLIFIER WITHI TRANSFORMER COUPLING
TO THE LoAD

Transformer coupling is sometimes used for voltage
amplification but is chiefly of interest in radio-receiver
design for coupling the amplifier power output to a load.
For illustration, an amplifier using a series-fed output
valve transformer-coupled to the load, and operated un-
der class A conditions, will be considered.

Such an amplifier may use either a pentode or triode
output valve. For immediate comparison of the two
types it is convenient to consider the same pentode (or
beam-power) amplifier valve connected as a triode or
pentode. Denoting its anode resistance as a pentode by
R., and as a triode by R, we have the approximate
relation

]eap = /»‘s'Rat (4)
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where p, is the amplification factor from screen grid to
anode. Typical series-fed power-amplifier circuits are
shown in Fig. 1. In Fig. 1(a) the output valve is triode-
connected and works into a load Z, presented to it by
the output transformer, while in Fig. 1(b), the output
valve is pentode-connected and works into a load Z,.
In cach case, the anode is fed from a high-tension
source with output filter L, C; the impedance of C to
hum and signal voltages will be neglected in comparison
with the load impedance. Bias arrangements are not
shown but are also assumed to have negligible imped-
ance at signal and hum frequencies. Although a single-
valve amplifier is depicted in Fig. 1 for purposes of illus-
tration, the ensuing discussion must be taken to be
equally applicable to a multistage amplifier.
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Fig. 1—Series-fed transformer-coupled amplifier (a) triode
connection (b) pentode connection.

The hum voltage across the filter capacitor C is de-
noted by e. Hum arising from other sources within the
amplifier is represented by an equivalent hum voltage e;
applied to the input terminals in series with the signal
input voltage, and it is assumed that e; is independent
of the signal voltage. It is clear that, should the signal
voltage itself include hum voltages, the signal-to-hum
ratio in the amplifier output, insofar as it is due to hum
from the signal source, will not be affected by the ap-
plication of negative feedback to the amplifier except
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insofar as the gain-reduction factor is frequency-depend-
ent and the signal and hum frequencies are different;
that is to say, insofar as the frequency-response charac-
teristic of the amplifier is affected by the feedback.

(a) IHum Output Without Feedback

The hum voltage developed across the output circuit
is rcadily calculated. For the triode we have

€ot = — Zt'e/(Zt + Rul) + M:-e (5)

where M, is the voltage gain from grid to anode, and is

given by
Mt = Zt',ut/(Zt + Ru.l)-

The first term of (5) corresponds to simple potential di-
vision of the hum voltage e between the load and anode
impedances, while the second represents the amplifica-
tion of the equivalent hum voltage e; referred to the
amplifier input circuit.

For the pentode, account must also be taken of the
hum voltage e applied to the screen grid, and the output
ripple voltage is given by

€op = —Z,,-e/(Z,,—{-Ra,,)+M3'e—+—M,.-ee (6)

where M, is the voltage gain from grid to anode and Af,
that from screen grid to anode, and

Mp :Z2)'#p/(Zp+Rap) M, =Zp':“8/(Zp+Rap)-

Comparison of (5) and (6), taking into account (4),
indicates that the hum output voltage for a pentode,
arising from the hum voltage e applied to its anode and
screen circuits, will usually exceed the corresponding
output hum voltage for the triode owing to the magni-
tude of the term Af,e. For example, the beam-power
valve type 6V6G has the typical operating conditions.

R,:=2500 ohms Rap=350,000 ohms
Z; =4000 ohms 7, =35000 ohms

s =—20 M, =-—1.8
and (5) and (6) give the respective hum output voltages
eor = — 0.6¢ e, = —1.7e.

Such a comparison will, of course, apply only when series
fecd is used and the screen supply includes the hum volt-
age e. If the screen supply is further filtered to such an
extent that the hum voltage applied to the screen is neg-
ligible, the output hum voltage due to e is determined
by the first term of (6) and will be considerably less than
in the case of the triode, owing to the large value of the
anode resistance R,, in comparison with the load im-
pedance.

(0) The Effect of Simple Negative Feedback on the Ium
Ouiput Voltage

The application of simple negative voltage feedback
to the amplifier, as defined in Section II, requires
that the voltage fed back be a fraction of the volt-
age developed across the output load circuit; i.e.,
across Z, or Z,. This condition is most readily satisfied
by taking the feedback voltage across an appropriate
winding 4 B on the output transformer as indicated in
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Fig. 1. When this is done, the hum output voltage is
reduced by the factor (1—-8.M). We then have, for the
triode and pentode connections, respectively,

eo/(1 — BM)
80,,/(1 — ﬁfﬂp).

I
€0t

(7)
(8)

These expressions cannot be formulated in terms of the
reduction in effective output impedance Z,” of the am-
plifier because the voltage e is not included in the feed-
back and the effective output impedance Z,” is not
applicable to such a calculation; i.e., it is not the effec-
tive impedance as viewed from the terminals of the volt-
age e.

It is obvious that, in this case, the reduction in the
hum output voltages occurs cqually for hum from the
various sources and any hum balancing within the am-
plificr will not be affected by the feedback. However, if
the output transformer feeds a moving-coil loudspeaker
of which the field coil is used for smoothing the rectified
high-tension supply to the amplifier, the speaker may
have a hum-balancing coil wound over the field coil and
connected in series with the voice coil. In general, a hum
voltage will then be produced across the transformer
sccondary and reduction of this voltage by the feedback
may require compensation by adjustment of the hum-
balancing coil.

’
eOp

(¢) The Effect of Other Feedback Circuits on the [lum
Output Voltage

It is a common, and undoubtedly convenient, prac-
tice to utilize a feedback voltage other than that re-
quired for simple negative feedback as specified in
Section IT above. Among the most common of such mod-
ificd circuits is that in which the feedback voltage is
obtained by potential division from the anode-cathode
voltage of the output amplifier; i.c., the voltage between
points P and £ in Figs. 1(a) and 1(b). This arrangement
departs from the simple feedback circuit in that the
feedback voltage is a fraction, not of the output load
voltage, but of the output voltage plus the hum voltage
e across the capacitor C. It is not, therefore, to be ex-
pected that the modification of the hum output voltage
indicated by the theory of simple feedback will occur.

If the output valve is triode-connected, the effect of
this feedback circuit will be to change the output hum
voltage from its value e, without feedback (equation
(5)), to a value eq,”’ given by

- Z['C/(Zt +Zut,) + Mtl‘ei

1
€ot

(9)

where

Zal/ = Rul/(l - B,U't)-
ﬂr{tl = A[[/(l - BM[)

and for large amounts of feedback this approximates to

— & Mive (10)

€ot

indicating that, owing to the reduction in the effective

-
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output impedance of the amplifier by the feedback,
practically the whole of the hum voltage e is developed
across the load; but that hum voltages represented by ey
arc reduced by the gain-reduction factor. It happens in
this casc, because the feedback voltage is proportional
to (e+ep), that the effect of the feedback on the hum due
to e can be expressed in terms of the change in effective
output impedance of the amplifier.

If the output valve is pentode connected, the eftect
of this feedback arrangement will be to change the hum
voltage output from its value ey, without fecdback, as
given in (6), to a value eg,’’ given by

eOpH = = Zp'e/<Zp +Zapl) + Al/[s/'e + ‘1{[},.61'

where

(11)

Za],/ = Rap/(l - 6#1’)
]Ws/ = ‘1/[,/(1 - ﬁj”n>
11/[1;1 = 11/{1)/(1 - 6*“’[1))

Without feedback, the first term of (11) is small but
increases to the limiting value—efor large values of feed-
back, as in the case of the triode. The hum arising in the
screen and input circuits is decreased by the gain-reduc-
tion factor.

(d) IHum Balancing

For either connection of the output valve, the net
result of the feedback on the total output hum de-
pends on the relative phases and amplitudes of the
various hum voltages. Equations (3), (6), (9), and
(11) state the conditions necessary for reduction of the
output hum voltage to zero by any process of hum-bal-
ancing within the amplifier such as those described?® in
the literature. It is to be noted that any such balance
generally depends on the degree and nature of the feed-
back, but that when the conditions for simple negative
feedback are satisfied, the balance is tndependent of the
feedback, as indicated by the form of (7) and (8).

IV. OTHER AMPLIFIERS

In amplifiers having an output circuit other than the
series-fed transformer arrangement discussed in relation
to Fig. 1, the output voltage is usually identical with the
anode-to-cathode voltage of the output valve, and the
relevant conditions for simple ncgative feedback are
satisfied by almost any convenient circuit arrangement.
This applies, for example, to a parallel-fed transformer-
coupled output circuit, or to a resistance- or choke-
coupled voltage amplifier. Simplified circuits corre-
sponding to these cases are shown in Figs. 2(a) and 2(b)
and can be used to represent a wide range of practical
cascs.

In Fig. 2 the high-tension supply is fed to the ampli-
fier anode through an impedance Z; which may be a

7 Wen-Yuan Pan, “Circuit for neutralizing low-frequency regen-
cration and power-supply hum,” Proc. [.R.E., vol. 30, pp. 411-412;
September, 1942,

8 K. B. Gouser, “A mcthod of neutralizing hum and feedback

caused by variations in the plate supply,” Proc. I.R.E,, vol. 26, pp.
442-449; April, 1938.
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resistance (e.g., resistance-capacitance-coupled voltage
amplifier) or a choke (e.g., parallel-fed transformer-
coupled amplifier). The anode of the valve is coupled
through a blocking capacitor to a load Z; which may be
the grid leak of a succceding stage, or may be presented

(b)

Fig. 2—DParallel-fed amplifier (a) triode connection
(b) pentode connection.

by the primary of an output transformer. In Fig. 2(a)
the output valve is triode-connected, and in Fig. 2(b),
pentode-connected. In each case the hum and signal
voltages applied are the same as in the foregoing dis-
cussion.

Without feedback, the hum output voltage may read-
ily be shown to be, for the triode and pentode connec-
tions respectively,

—RuZyn

€0t = e+ M, e
C Ru-ZutReZu+ZiZy ‘

(12a)
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B —RapZap
-Rup'Zzp+R11p'le+Z1p'Z2p

e+ M, e+ M, e; (12b)

€op

where
Z = ZI'Z‘.’/(ZI + Z‘z)
M. =27 u/Z + Ry

and the subscripts f and p refer to the triode and pentode
connection respectively. Z, M, and M, have the same
significance as in the cases discussed previously. In (12a)
and (12b) the first term represents simple potential di-
vision of the hum voltage e between the feed impedance
Z, and the load Z; in parallel with the anode resistance
R, of the valve. It is clear that the hum output voltage
will, in general, in the case of parallel feed be less for.a
triode, but greater for a pentode, than in the case of
series feed.

Negative voltage feedback may be provided by simple
potential division of the anode-cathode voltage of the
valve or from a winding on an output transformer. In
any straightforward method, the feedback voltage will
be proportional to the amplifier output voltage, because
this is identical with the anode-cathode voltage and the
conditions for simple negative feedback arc satisfied. The
cffect of the negative voltage fecdback is, therefore, to
reduce the hum output voltage from all sources by the
gain-reduction factor. As in the case discussed in Scc-
tion I11(b) above, the effect of the feedback on the hum
output voltage due to e, as given by the first term of
(12), cannot be formulated in terms of the change in
effective output impedance Z.' of the amplifier with
feedback, because the impedance Z,’ is the effective out-
put impedance viewed from the output terminals and
is not significant for the purpose of considering potential
division of the hum voltage e.

Because the feedback satisfies our definition of simple
negative feedback, hum-balancing arrangements within
the amplifier are unaffected by the feedback. Hum
across the load due to a loudspeaker hum-balancing coil
can be treated as part of the hum output voltage Me;
and is reduced by the gain-reduction factor; some read-
justment of the hum-balancing arrangement in the
loudspeaker will be necessary.
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