U.S. Patent 2,102,671 Harold S. Black

Wave Translation System

Application filed in 1932 Patent issued to Bell Labs in 1937

Any electrical engineer who has ever designed an amplifier or active filter around an op-
amp has made use of the fundamental principle of negative (“degenerative”) feedback. Harold
Black taught this principle in exhaustive detail in his 1937 patent, taking 35 drawing sheets and

52 pages to tell the story. The patent discusses complex effects of feedback on impedance, gain,
stability, and “wave shaping” (filtering).

Fortunately for the analog engineers among us, this fundamental patent and its 126 claims
expired in 1954. Now we are free to take advantage of Black’s discoveries that “distortion can
be reduced in any amplifying system by use of negative feedback,” and “the stability of
operation of an amplifier can be greatly improved by the use of negative feedback.”

The following is the text of claim 20, one of the 113 independent claims of this patent:

A wave amplifying system having input and output and a feedback path
from said output to said input whereby a closed wave propagation path is
provided including an amplifier, the wave propagation constant for said closed

path having a modulus substantially greater than unity for the frequencies of
waves to be amplified by the system.
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Thls application is in part a continuation of
application Serial No. 298,155, filed August 8,
1928, for Wave translation systems and in part
a continuation of application Serial No. 439,205,
filed March 26, 1930, for Wave translation sys-

‘tems.

The present mvention relates to wave trans-
mission apparatus or systems, and more particu-~
larly to such apparatus or systems employing an
amplifying element provided with a feedback
path. The principal field of application of the
invention is in apparatus or systems employing
negative feedback. ‘

For purposes of simplified introductory dis-
cussion and leaving exact definition for a later
point, the elements of a System with feedback
an amplifying element having an input and.
an output; and a coupling or path for returning
some of the output wave to the input of the am-
plifying element.

The invention is applicable to any kind of wave
transmission such as electrical, mechanical or
acoustical, and thus far in the description the
terms used have been generic to all such systems.
The invention will be disclosed herein, however,

as specifically applied to electrical systems, it |

being understood that the principles involved are
equally applicable to other types of wave trans-
mission and that the generic claims are intended
to. include electrical and other than electrical
wave systems and apparatus.

Reverting now to the elemental feedback. sys-
tem above described, and taking a typical elec-
trical case, for illustration, the amplifying ele-
ment may be a grid-controlled discharge tube of
ordinary type. The input circuit leads up to the
input side from a suitable source of input waves
to be amplified, for example, signal waves. The
feedback is connected from the output circuit
to the input circuit. It will be noted that the
waves actually applied to the grid come from two
circuit branches, identified as the incoming cir-
cuit (from the signal or cther wave source) and
the feedback circuit. Of course, each of these two
waves, the incoming or signal wave and the fed-
back wave, could be thought of as being separate-
ly applied to the grid, but it will be simpler to

. think of a summation wave as the voltage actual-

ly effective on the grid. Thus; there are three
waves to be considered in relation to the input
side of the amplifier, (1) the incoming or orig-
inal wave to be amplified, (2) the fed-back wave,

and (3) the voltage wave-effective on the grid, |
this latter being the resultant produced by the.

algebraic addition of the other two.

(CL. 178—44)

The prior art has recognized as generic types,
positive feedback and negative feedback. Posi-
tive feedbacks have been classifled into the so- -
called regenerative amplifier and the oscillation
generator which, from a practical standpoint, are 5
sharply distinguished from each other.

If we picture the fed-back wave and the incom-
ing wave as separately adjustable, we ' may
imagine an increasing amount of fed-back waves
in a direction to augment the effect of the in- 10

coming wave with a corresponding decrease of
the incoming wave. The adjustments may con-
tinue until the input wavehas been entirely re-
placed by the fed-back wave. ‘That is, the in-
coming wave has been reduced to zero and. the 15
incoming circuit can be disconnected from the
amplifier. The waves in the circuit then become
self-sustained and we have the familiar case of
the wave generator developing and maintaining
continuous oscillations, in a closed loop consist~
ing of the input circuit, the amplifier, the output
circuit and the feedback clrcmt back to the input
circuit.

If a smaller amount of positive feedback is
employed than is required to produce sustained
oscillations, we have the case of the regenerative
amplifier. Some of the incoming signal wave
after amplification is again put back on the input
circuit in such manner as to augment the orig-
inal incoming signal so that reamplification oc-
curs in the same tube, causing the signal to build
up to relatively higher value than could be done
by traversing the amplifying element but once.
The useful limit of amplification by such a cir-
cuit is reached when a further increase in the
degree of feedback would result in producing
self-oscillation or when the circuit, is sufficiently
close to the oscillating condition to cause an in-
tolerable amount of signal distortion.

A broad practical distinction between the oscil-
lator and the regenerative amplifier is that in
the latter the output current remains under the
control of the incoming signal and must follow
its variations of starting, stopping, growing
stronger or weaker and exhibiting the character~
istic quality of the signal, whereas in the oscil-
lator the wave circulating around the regenera-~
tive loop is self-determined and is beyond the
‘control of any signal or other input wave.

Turning, now, from positive feedback to nega-
tive feedback we find that the principal field of
use of negative feedback has been in radio fre-
quency amplifiers.

A radio frequency ampliﬁed is a familiar in-
stance of a circuit in which there may exist an
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inherent tendency toward self-oscillation because
of a positive feedback produced by inductive or

capacitive coupling between elements of the out--

put and input circuits even where great care in
design is exercised to reduce such coupling.
These effects-hecome more pronoynced as the fre-
quencies become higher and higher. The tend-
ency toward self-oscillation in such circuits places
a limit on the amount of amplification that can
be used.

Negative feedback has commonly been applied
in the prior art in radio frequency amplifiers to
oppose the inherent positive feedback. The
negative feedback in all such cases has had as
its purpose the reduction of the positive feed-
back. If we imagine that the negative feedback
is increased from an infinitesimal amount in any
given case, it reaches its optimum- value in op-

_ posing positive feedback when it just equals the

20

positive feedback. At that point, the net or re-

* sultant total feedback is zero and the effect is
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that of rendering the amplifier a strictly uni-
lateral circuit or one having no feedback, either
positive or negative. '

In contrast to the negative feedback of the prior
art in which, as-discussed above, the resultant
total feedback is substantially zero, the invention
uses negative feedback for an entirely different
purpose and in very much larger amounts to
achieve improved results in wave translation,
e. g., amplification, not envisaged in the prior
art.

Applicant has discovered how to use larger
amounts of negative feedback than were contem-
plated by prior art workers with a new and im-

portant kind of improvement in tube operation. -

One improvement is in lowered distortion arising
in the amplifier. Another improvement is
greater constancy of operation, in particular a
more nearly constant gain despite variable fac-
tors such as ordinarily would influence the gain.
Various other operating characteristics of the
circuit are likewise rendered more nearly. con-
stant. Applicant has discovered that these im-
provements are attained in proportion to the
sacrifice that is made in amplifier gain, and that
by constructing a circuit with excess gain and re-
ducing the gain by negative feedback, any de-
sired degree of linearity between output and
input and any desired degree of .constancy or
stability of operating characteristics can be real-
ized, the limiting factor being in the amount of

‘'gain that can be attained rather than any limi-

tation in the method of improvement provided
by the invention.

It should be obvious from what has been said
that the essential elements of the invention can
be embodied in a circuit of quite simple conflgu-
ration. While, in some elementary forms, the
diagram of a circuit incorporating the invention
may appear similar to prior art circuit diagrams,
this resemblance is superficial since the mode of
operation and character of results attained are
markedly different from the prior art. The pro-
portioning of the circuit elements must be such
as to permit the necessary amounts of amplifica-
tion and feedback ratios with proper phase rela-
tions.

Also, from what has been said, it is apparent
that applicant uses negative feedback for a pur-
pose quite different from that of the prior art
which was to prevent self-oscillation or “sing-
ing”. To make this clearer, applicant’s inven-
tion is not concerned, except in a very secondary
way (to be explained later on) with the singing

2,102,671 . o

tendency of a circult Its primary purpose has
no relation to the phenomenon of self-oscillation.
If amplifiers could be built exactly like present
day amplifiers in.all respects except that they
were . absolutely free of any tendency of self-
oscillation regardless of how high their gains
might be pushed, it is generally true that there
would still be as great need for the present in-
vention. The “perfect” amplifier is one in which

" the output wave is in all respects an exact replica

of the input wave multiplied by some linear fac-
tor. The singing tendency is only one of several
difficulties encountered in an amplifier. Actu-

ally, amplifiers produce distortion ‘components

- along with the output fundamental components.

These modulation or distortion components are
mingled with the fundamental wave and detract
from its purity. In multiplex carrier systems the

10

distorting effect gives rise to cross-talk and, in -

any high quality system, it constitutes a limiting
factor of design.

Applicant has. discovered that distortion can
be reduced in any amplifying system by use of
negative feedback in accordance with the inven-
tion. -

Another difficulty in amplifier operation is in-
stability, not used here as meaning the singing
tendency but rather signifying constancy of oper-
ation as an amplifier with changes in battery
voltages, temperature, apparatus changes includ-
ing changes in tubes, aging and kindred causes.
Such instability is a limiting factor where, for
example, a large number of repeaters are oper-
ated in tandem in a line. A simultaneous tend-
ency toward increased gain by several or all of
the repeaters might be disastrous. Without a

- means of preventing such changes, they become a

limiting factor of design.

Applicant has discovered that the stability of
operation of an amplifier can be greatly improved
by the use of negative feedback.

These two kinds of improvement realizable by
use of negative feedback are given by way of ex-
ample. Other advantages will appear from the
fuller description to follow.

The general object of the invention is to employ
feedback to improve the cperation of a circuit as
by decreasing distortion or increasing stability.

_The invention, in one aspect, comprises use of
enough negative feedback to increase the linear-
ity of an amplifier.

The invention, in one aspect, comprises use ot

enough negative feedback to improve stability of

an amplifier against changes in operating char-
acteristic with changes in constants of compo-
nent parts of the amplifier circuit or apparatus.

Reverting again to the elemental feedback cir-
cuit discussed above, it was pointed out that the
prior art used negative feedback to cancel posi-
tive feedback giving a resulting circuit with zero
feedback. In such cases, the total fed-back wave
was made up of some positively fed-back wave and
enough negatively fed-back wave to bring the
total fed-back wave to zero. Thus, the voltage
wave effective on the grid was exactly equal to
the incoming wave, nothing being either added to
or subtracted from the incoming wave in such
case. It was realized that with an increased
amount of negative feedback, the voltage wave
effective on the grid could be made slightly less
than the incoming wave, with consequently low-
ered gain. Except as this small net negative feed-
back afforded a margin of safety against self-
oscillation it was considered a detriment since it
lowered the gain, and there was no realization
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that, apart from opposing self-oscillation, there

was any advantage from the standpoint of ampli-

fler operation in reducing the gain.

Moreover, while various circuits were known
involving connections between input and output
for suppressing or eliminating some undesired
wave component in the system there was no'prior
realization, as far as applicant is aware, that
negative feedback could be used to reduce modu-
lation, improve linearity and increase stability of
the circuit for the transmitted waves. .Some
writers of recognized standing in the field of posi-
tive feedback circuits even went so far as to
point out that the customary analysis of such cir-
cuits led to the conclusion that no greater degree
of negative feedback was possible than a degree
exactly equal to the positive feedback which cor-
responded to the singing condition. Such a view
precluded any expectation that large amounts of
negative feedback could be used in an amplifier
for any purpose. Acco¥ding to that view, a limit
to the amount of negative feedback would be
reached at the point where the voltage effective
on the grid is just equal and opposite to the fed-
back Vvoltage, for any increase in the fed- back
voltage beyond that point would upset the stabil-
ity of the circuit as an amplifier and make it a
generator of oscillations.

Contrary to the teachings of the prior art, ap-
plicant utilizes such a large value of negative
feedback that it not only may equal but greatly
exceed the amplitude of the wave that is effective
on the grid. That is, the voltage wave that is
effective on the grid is not only smaller than the
incoming voltage wave but is smaller than the

fed-back voltage wave. In effect, this means that "

a small wave effective on the grid is controlling a
cycle of operations involving waves of much
greater magnitude, namely, a larger incoming
wave and a larger fed-back wave. Far from re-
sulting: in a liability of self-oscillation, applicant

" has discovered that the greater the negative feed-

50

p 3
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0

back ratio, the more exact is the correspondence
in all respects between the output wave and the
incoming wave, so that it may be said that the
more complete is the control of the output wave
by the incoming wave.
linearity of amplification and greater constancy
of operating characteristics as regards the in-
fluence of circuit variables.

In an attempt to gain some physical concept of

the action which takes place inthe circuit resuit-

ing in these improvements, the following ele-
mentary picture may be helpful.

It was stated above that the amplified signal
wave in the output of an amplifier is accompa-
nied by distortion produced in the tube. An as-
sumption, justified by experience, will now be
made that the ratio which this distortion bears
to the signal is a function of the amplitude of the
output signal, other things being equal. That is,
with a given tube and circuit, as the signal out-
put is increased, the percentage of distortion in-
creases. It is further to be noted that a distortion
component appearing in the output of an ampli-
fier can be reduced by application to the input
circuit of some of the distortion component in re-
versed phase.

Referring to the simplé system with feedback
already considered, let it be imagined that a si-
multaneous control can be made in the ampli-
tudes of the incoming signal and of the fed-back
wave such as always to keep the wave effective on
the grid at a constant amplitude. Starting out
with no fed-back wave, the voltage effective on

The result -is greater

. dependent of input amplitude.
‘freedom from -harmonic production and other

3

the grid is that of the incoming signal unmodi-
fled by feedback. There is, then, a given amount
of output signal and distortion. If, now, negative
feedback is gradually introduced in increasing
amount and at the same time the lncoming signal
is increased by an exactly correspondlng amount,
it is clear that the voltage effective on the grid
due to the signal alone remains unchanged, and
that, therefore, the signal output remains un-
changed in amplitude. By virtue of the negative
feedback, however, some of the distortion is being
fed back to the grid in such sense as to reduce
the distortion appearing in the output. The re-
sult is less distortion with no diminution in signal

* output, a net improvement in lmearlty of the

circuit.
The apparatus for increasing the negatively
fed-back wave (e. g., from an infinitesimal or

15

small value) might be visualized as an amplifier

of variable gain in the feedback path. Likewise,
the apparatus for producing corresponding in-
crease in the signal in the incoming circuit may
be thought of as an amplifier of variable gain.
Since the coordinated changes assumed to take
place in these two amplifiers is a simultaneous in-
crease in their gains by an exactly correspond-
ing amount, the next step in developing the pic-
ture is to visualize these two as one and the same
amplifier through which both the ‘incoming sig-
nal and the fed-back wave are transmitted. This
amplifier may be pictured as introduced just
ahead of the existing amplifier, that is, between

the input to that amplifier and the  junction be-

tween the incoming circuit and the feedback cir-
cuit.
Summarizing the foregoing, it is recalled that

‘an amplifier was first assumed in which there

was at the start no feedback, and in which there
was a given output of signal and distortion. It
was shown that the distortion was reduced rela~
tive to the signal by a circuit which is found to
differ from the circuit first assumed by the ad-
dition of a negative feedback and by an increase
in the total gain of the amplifier, still keeping the
amplitude of the signal effective on the grid the
same as before and consequently the signal out-
put the same. In other words, the gain in the
amplifying path was increased but the increase
was nullified by a negative feedback.

The foregoing may serve as illustrating in a
non-technical and approximate way what is
meant by securing greater linearity in an am-

-plifier by providing it with excess gain over that

eventually needed and using a negatlve feedback
to cancel the excess gain. .

The degree of stability and linearity obtainable
is controlled by the feedback, and the feedback
can, for example, improve the stability a thou-
sandfold and reduce harmonic currents in the
output to one-thousandth and their energy to
one-millionth of the values without feedback.
(These values are merely illustrative, and not
limiting.) Thus the feedback can be highly use-
ful for example, in causing the magnified output
to be a faithful reproduction of a signal input.
Linearity is essential to such fidelity of reproduc-
tion and requires constancy of amplification in-
This implies

unwanted modulation effects. Stability of trans-
mission is an additional desirable attribute and
in certain applications necessary. For example,
the stability and linearity afforded by the inven-
tion enable large numbers of high gain carrier
telephone repeaters (fifty or one hundred, or
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4

several hundred, for -instance) to be.operated in

-tandem, and thus render multiplex carrier te-

lephony feasible over long circuits of high atten-
uation, as for example, nonloaded cable circuits

.one or several thousand miles long.

It is desired to point out that according to the

- invention and in contrast to prior art methods,

the improvement realized in performance, for ex-
ample in linearity, is not dependent upon a cir-
cuit balance of any sort nor upon constancy of
balance or of some other relatively critical ad-
justment or condition, but depends upon the

amount of gain reduction.

As shown hereinafter, feedback can be utilized
according to this invention to improve the per-
formance of the amplifier or the transducer in
other respects also, as for example, with re-
(For
a discussion of phase distortion, reference may be
had to the following publications: “Phase distor-
tion in telephone apparatus’-—C. E. Lane, Bell
System Technical Journal, July 1930, pages 493—
521; “Phase distortion and phase ‘distortion cor-
rection” by S. P. Mead in the Bell System Techni-
cal Journal, vol. 7, No. 2 for April 1928 at page
195; “Building of sinusoidal currents in long
periodically loaded lines” by J. R. Carson, in the
Bell System Technical Journal, vol. 3, No. 4, ai
page 558.)

The feedback path may, in accordance with a
feature of the invention, include wave shaping,
adjusting or control devices for appropriately af-
fecting the amplifier characteristic or perform-
ance. Thus, in addition to its primary function
of feeding back a portion of the ocutput waves in
gain-reducing phase, it may feed back variable
amounts of the output or components of different
frequency in different degree or may change the
phase or otherwise aftfect the properties or char-
acteristics of the fed-back waves. As one ex-
ample, the feedback path of a line repeater may
contain a network of equivalent -attenuation-
versus-frequency characteristic to that of the line,
to shape the repeater characteristic so as to
compensate line distortion. This and other types

of apparatus in the feedback path are disclosed. -

The method of controlling the transmission
characteristic of the amplifier by the transmis-
sion control networks in the feedback circuit is
highly advantageous with respect to noise reduc-
tion. When the amplifier gain is reduced at any
frequency by the feedback circuit, noise originat-
ing in either the forwardly transmitting path or
the feedback path of the amplifier has its am-
plitude at the point of origin also reduced, at that
frequency. Thus, for example, tube noises orig-
inating in any of the tubes of the amplifier (for
instance, noises from Schottky effect or from
microphonic action), noises from fluctuations of
the voltages for energizing the tubes of the am-
plifiers, and resistance noise (thermal agitation)
originating in the transmission control networks
of the feedback path or in any other portion of
the amplifier are reduced. Consequently, even
at low gains, the signal-to-noise ratio in the load
circuit is not in any way reduced. }

The ability of the invention to improve the

" linearity and stability of an amplifier by use of

70
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negative feedback is of great economic as well
as technical importance. The attainment of high
power and high quality together in an ampliﬁer\‘k
has always been an object of especial desire since’
the power stage or stages in an amplifier are thq#' '
most expensive to construct and operate. To

8,102,671

make tubes in such stages larger so that a given
output would represent a smaller load in compari-
son to their load capacity has been a costly ex-
pedient from both standpoints. The invention
improves the characteristic of the power stage
by adding gain at & lower power part of the am-
plifier, for example at the input, which can be
done relatively cheaply, and by adding a nega-
tive feedback as already explained. Thus the

- same power stage can be operated with greatly

improved characteristic or & much smaller power
stage can be operated with -equivalent quality
of output.

Other objects and aspects of the invention will
be apparent from the following description and
claims. "

In the drawings, Figs. 1, 5, 6, 7 and 8 are
schematic diagrams of vacuum .tube amplifier
circults used in explaining the invention;

Figs. 2, 3 and 4 are curves or plots for facilitat-
ing explanation of the invention, Fig. 3 being in

the nature of an extension of Fig. 2, and Fig. 4.

being a polar plot of functions plotted with rec-
tilinear coordinates in Figs. 2 and 3;

Figs. 9, 10 and 11 are curves, and Figs. 12 and 13
vector diagrams, for facilitating explanation of
the invention;

Figs. 14, 15 and 16 are symbolic representations
of a simple feedback system for facilitating ex-
planation of the invention; Fig. 17 shows an
equivalent circuit of a simple feedback amplifier,
illustrating application of principles explained by
reference to Figs. 14 to 16; and Figs. 18, 19 and 20
illustrate application of methods of analysis ex-
plained by reference to Figs. 14 to 17;

Figs. 21, 22 and 24 are schematic circuit dia-
grams used in explaining the invention, especially
with reference to control of modulation or distor-
tion; and Fig. 23 is a vector diagram facilitating
explanation of the invention, especially with re-
lation to such control;

Figs. 25, 26, 27, 28, 29, and also Figs. 30, 31, 314,
32, 324, 33, 33A, and 34 are schematic circuit
diagrams or equivalent circuits of vacuum tube
amplifiers, used in explaining the invention, espe-
cially with reference to control of impedance in
feedback systems;
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Figs. 35A to 35E and 36A to 36H are schematic

representations of various methods of feedback
or configurations of feedback systems;

Fig. 37 is a diagrammatic showing of an am-
plifier circuit illustrative of multiple feedback
in accordance with the invention;

Fig. 38 is a diagrammatic showing of an ampli-
fier circuit illustrative of repetitions of the feed-~
back process, in accordance with the invention;

Fig. 39 is g diagrammatic showing of a feed-
back amplifier circuit employing parallel trans-
mission control networks in a feedback path;

Fig. 40 is a diagrammatic showing of a circuit
illustrative of stabilization of a transmission loss
by feedback, in accordance with the invention;

Figs. 41 and 42 are circuit diagrams for facili-
tating explanation of certain aspects of the in-
vention; Fig. 43 shows a feedback amplifier em-
bodying one form of the invention; Figs. 43A,
43B and 43C are diagrams, and Fig. 43D a set of
curves for facilitating explanation of the opera-
tion of the amplifier of Fig. 43; and Fig. 43E shows
a modification of the amplifier of Fig. 43;

Fig. 44 is a schematic diagram of a negative
feedback amplifier embodying a form of the in-
vention; Figs. 45 to 55 show curves facilitating
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