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This 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 invention 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
are: 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 io 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 other 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 & 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 classified into the so-
called regenerative amplifier and the oscillation
generator which, from a practical standpoint, are
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-
coming wave with a corresponding decrease of
the incoming wave. The adjustments may con-
tinue until the input wave has been entirely re-
placed by the fed-back wave. That is, the in-
coming wave has been reduced to zero and the
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 consisi-
ing of the input circuit, the amplifier, the output
circuit and the feedback circuit 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 suificiently
close to the oscillating condition to cause an in-
tolerable amount of signal distortion. )

A broad practical distinetion 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 arcund the regenera-
tive loop is self-determined and is keyond 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 smplified 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 become more pronounced 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

5 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
positive feedback. At that point, the net or re-
sultant total feedback is zero and the effect is
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 :0of 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 configu-
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 perrit 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 p

tendency of a circuit. 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
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 40

by the use of negative feedback.

These two kinds of immprovement 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 operation of a circuit as
by decreasing distortion or increasing stability.

[

10

20

30

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 of
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 zerc. 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. Tt 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-
fier 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. According 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 voltage, for any increase in the fed-back
voltage beyond that point would upset the stabil-
ity of the circuit as an amplifier and msake 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-
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. The result is greater
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 in the circuit result-
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 o 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 simple system w1th 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

3
the grid is that of the incoming signal unmodi-
fied 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 incoming signal
is increased by an exactly corresponding 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 linearity of the
circuit.

The apparatus for increasing the negatively
fed-back wave (e. g., from an infinitesimal or
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 negative 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-
dependent  of input amplitude. This implies
freedom from harmonic production and other
unwanted modulation effects. Stability of trans-
mission is an additional desirable attribute and
in certain applications necessary. ¥or 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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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-
spect to phase shift and phase distortion. (For
a discussion of phase distortion, reference may be
had to the following publications: “Phase distor-
tion in telephone apparatus”—C. HE. 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, at
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 output 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 affect 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 contiol 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 ifts 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 ratioin 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
negative feedback is of great economic as well
as technical impotrtance. The attainment of high
power and high quality together in an amplifier
has always been an object of especial desire since
the power stage or stages in an amplifier-are the
most - expensive to construct and operate. To
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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 a 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 a 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
circuits 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 Pigs, 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;

Tigs. 25, 26, 27, 28, 29, and also Figs. 30, 31, 31A,
32, 32A, 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; :

Figs. 35A to 35E and 36A to 36H are schematic
representations of various methods of feedback
or configurations of feedback systems;

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

Pig. 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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explanation of the amplifier of Fig. 44; and Fig.
56 is a circuit diagram of the system shown
schematically in Fig. 44; ]

Pig. b7 is a circuit diagram of a negative feed-
back amplifier suitable, for example, for am-
plifying waves of a frequency range extending
from 4 kilocycles to 40 kilocycles in a non-loaded
cable used for multiplex carrier telephony; and
Figs. 58 to 64 show characteristics of the ampli-
fier of Fig. 57;

Fig. 65 shows a circuit diagram of a negative
feedback amplifier suitable, for example, for cov-
ering a frequency range from 8 kilocycles to 100
kilocycles, in multiplex carrier telephony  over
long non-loaded cables; and Fig. 65A shows a
modification of the system of Fig. 65;

Fig. 66 is a circuit diagram of a negative feed-
back amplifier suitable, for example, for cover-
ing a frequency range from 3 kilocycles to 40
kilocycles, in multiplex carrier te]ephony over
open-wire lines;

Fig, 67 shows gain- frequency characteristics of
a high quality voice frequency amplifier employ-
ing negative feedback in accordance with the
invention;

Fig. 68 shows curves plotted from measure-
ments of second and third harmonics for an am-
plifier similar to that of Fig. 66;

Fig. 69 is a schematic circuit diagram of a sin-
gle stage amplifier embodying a form of the in-
vention with feedback through the output and
input transformers; and Fig. 70 shows gain-
frequency characterlstlcs of the amplifier of
Fig. 69;

Fig. 71 shows gain-frequency characteristics of
the amplifier Fig. 65;

Fig. 72 is a circuit diagram of a two-stage am-
plifier embodying a form of the invention, with
feedback through the output transformer;

Pig. 73 is a schematic circuit diagram of an
amplifier with negative feedback reducing dis-
tortion and stabilizing gain and with a second
feedback action giving transmission equahzatlon,
and

Figs. 74 and 75 show amphﬁers embodying
forms of the invention. employing positive feed-
back; and Fig. 75A shows a modification of the
system of Fig. 75.

I. AMPLIFTCATION, GENERAL CONSIDERATIONS

I. a. Amplification with and without feedback

To derive general formulae in what is thought
to be the simplest possible manner, two assump-
tions will be made; first, that the application of
feedback does not give rise to instability or elec-
trical oscillations; and second, that the princi-
ple of superposition is applicable. (The princi-
ple of superposition is the principle which states
that the instantaneous current which flows at
any point in a network, under the simultaneous
action of a number of electromotive forces im-
pressed anywhere in the circuit containing the
network, is the algebraic sum of the instantane-
ous currents which would flow at the same point
if the various electromotive forces acted inde-
pendently.) This procedure compels determin-
ing separately the conditions for oscillation and
non-oscillation and naturally requires justifying
the second assumption. Mr. H. Nyquist has
shown that neither assumption is necessary to
a general investigation of the operation of the
circuit. (“Regeneration Theory”--H, Nyquist,
The Bell System Technical Journal, Vol, XI; Jan-
vary 1932, pages 126-147.)

5

Referring to Fig. 1, which shows the equiva-
lent circuit of a simple feedback amplifier;, as-
sume that the amplifier 1s excited by a sinusoidal
signal voltage, E, in series with an impedance C.
All symbols are vectors or complex quantities
unless otherwise stated and approximate steady
state conditions only are evaluated. The per-
formance will be considered without regard to
harmonics, the subject of modulation and har-
monic production being presented separately, If
the foregoing assumption regarding the absence
of self-oscillations or instability has been satis-
fied, then evidently there will be a voltage, V,

10

across the grid of signal frequency and under the -

control of E; the first step is to evaluate V.

The application of a voltage, V, to the grid
of the first tube results in power being released
in the plate circuit of that tube and all succeeding
tubes. The plate or internal resistance of the last
tube is designated Ro. Referring to Fig. 1, pV
is a fictitious voltage in series with Ro. This
defines u: u is a complex quantity such that when
multiplied by V it makes the product xV when in-
terpreted as a fictitious voltage acting in series
with Ro give rise to a current in the output
identical in phase and amplitude with the actual
current in the output due to the actual alternat-
ing voltage, V, on the grid. This is the justi-
fication for the equivalent circuit in Fig. 1. The
extent to which it may or may not be equivalent
will be taken up in connection with the study of
modulation. If it is equivalent, then evidently
the principle of superposition may be applied
and, furthermore, its application is not essential
but merely convenient,

For convenience a table is given at this point
showing symbols and derived equations for ampli-
fication with and without feedback.

Table—(All symbols are complex quantities or
vectors)

‘E=input signal
Go==grid impedance
V=final voltage effective on the grid
Vi=applied voltage from the mput
Ve=feedback voltage
By principle of superposition
V1 is due to E with «V shorted
Vz is due to xV with B shorted
V=V1+V2
"~ Va=ugV, defining g
V=V1+ugV ]
y= Vi _ voltage without feedback
1—m3 1—pB
W= —plate circuit driving voltage with
1— p.ﬁ feedback
uVl plate circuit driving voltage without feedback

Vy=——=V=

B
—— feedback voltage
If )

1
wB>>1, pV= —EV‘ ,

showing that in this case the amplification ap-

which is independent of u. :
If x is the amplification without feedback,

_&
1—uB
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6

is the amplification with feedback and

1
1—uB

is the change in amplification due to feedback.

Applying the principle of superposition, V- is
equated to (Vi1+4Va) and is to be thought of as the
sum of two voltages; first, Vi, the applied grid
voltage due to the generator voltage, E; and
second, Ve, the feedback voltage across the grid
due to uV or in other words to the fact that the
output is connected to the input.

RL
Ry+L

RyL
Ry+L

RyL
Go(f+R -I-L

G°+f+R +L

Equation (a) follows directly from the config-
uration of the equivalent cireuit in Fig. 1 and
is special to that particular configuration; it
has been written to illustrate the meaning of Vi.
This expression is obtained by observing- that
voltage E works into impedance C in series with
a composite impedance of the form given in the
numerator of Equation (¢). This in turn is ob-
tained by taking the individual impedances in
proper relation, referring to the circuit configu-
ration of Fig. 1, in accordance with well-known
circuit theory.

V2=upV defines B: g is the complex quantity by
which uV, the driving voltage in series with Ro,
must ke multiplied to obtain the voltage, Vs, that
is—rthe driving voltage alone—will produce across
the- grid, Go.

GO(H-

Got+£+4
V=

(a)

cC-

_CGy.
C+Gy

P=RL e (RH-L) (®)

R+LTIT TG

This expression is obtained similarly to Equa-
tion (@) by considering in Fig. 1 that E is absent
and writing as an expression of impedances the
fraction of the voltage of the fictitious generator
in the space path of the tube, that will be im-
pressed back on the grid.

Equation (b) also applies only to the circuit
in Fig. 1 and has been written to illustrate the
meaning of 8.

The foregoing definitions of x and g should
be kept in mind because it will appear later that
the u and g-circuits have utterly different prop-
erties. It is for this reason that the quantity by
which a voltage is multiplied in traversing the
closed path once has bsen designated ug, the
product of two complex quantities, rather than
by a single symbol.

Referring again to Fig. 1, the current in the
load impedance L is proportional to the driving
voltage in series with Ro. Therefore, a comparison
of the driving voltages with and without feedback
will be a comparison of the amplifications with
and without feedback. With feedback, this volt-
age is

B
1—up uﬁ

Without feedback, this voltage is to be taken as
#V1 by definition. The reason for this definition,
which may appear arbitrary, will become appar-
ent as additional equations are derived because
of the simplifications that it leads to; in the case
of other arrangements, as for example in Fig. 5

2,102,671

where ‘the feedback circuit is conjugate to both
the input and output circuits, the definition is in
accord with experience if the “without feedback”
condition is obtained by opening the feedback
connection, f, or by shorting f to the cathode.
With this convention in mmd, u is the amplifica-
tion without feedback;

B
1—ug
the amplification with feedback; and

1
1—pg
the change in amplification due to feedback.
Referring to Fig. 1, if ug is large compared to
unity (1—ug) = —pg and the amplification with
feedback approaches
—1

B8

or is largely independent of the amplification or
variations in amplification of the tubes. In this
case a db loss in the g-circuit raises the gain of
the amplifier by a corresponding amount and
vice-versa. Since
I’
1—uB

is the amplification; 6, the argument of the com-
plex number symbolized by this quotient repre-
sents the phase shift from the grid of the first
tube to the plate of the last tube or more specifi-
cally, the phase shift of xV relative to Vi. If
#B>>1 so that the amplification approaches

1

8

and if at the same time the phase shift in the
g-circuit is zero, meaning that g is a scalar quan-
tity; then o, the phase shift of the amplifier,
approaches 180° irrespective of the phase shift
in the w~circuit: or the number of tubes. This
differs from the usual type of amplifier without
feedback where the phase shift is changed 180°
by the addition-of each tube.

I. b. Feedback

In considering the operation of feedback ar-
rangements of which the circuit in Fig. 1 is a
particular example, the following three terms
evidently relate to feedback:

L uB 1
Biip a1 p
The quantity u8 is a complex quantity represent-
ing the ratio by which the amplifier and feedback
circuit (or more generally, the x and 8 modify
a voltage in a single journey around the closed
path.
up
1—pp
is the quantity by which a voltage without feed-
back is multiplied to get the feedback voltage.
To illustrate this, in Fig. 1 the grid voltage, for
example, is V1 without feedback whereas

(V‘ *1 ﬁia"‘)

is the grid voltage with feedback and accordingly
it is convenient to refer to

B
1—ug
as the feedback voltage itself at this place in the
circuit (the grid) inasmuch as without feedback
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this voltage is not present ahd with feedback it
is. Lastly,
1.

1—uB
is a complex quantity representing the ratio of
the voltage with feedback to the voltage without
feedback or the voltage with feedback is the
voltage without feedback divided by (1—u8).
These three relationships are dependent and if
one of them is known the other two can be deter-
mined.

Herein

1

1—uB
is used as a quantitative measure of the amount
of feedback and the feedback is described as posi-
tive feedback or negative feedback according as
the absolute value of

1
—uB

is greater or less than unity. For the purpose of
this specification the term “feedback” is not im-

5 ited to merely those cases where the value of

1—uB
is other than unity. -

1. e. Criterion for stability and instability against
oscillating or “singing”

Fig. 2 shows curves giving the phase shift
around the feedback path plotted as a function
of the absolute value of ¢8. This figure includes
a family of curves in which the db change in gain
due to feedback is the parameter. It also in-
cludes 2 set of boundary curves A, B, C, D, E, P,
G, H and I which gives either limiting or signifi-
cant values of & and absolute values of xg with
regard fo gain and gain stability.

This chart shows the effect of feedback upon
the gain of the ampyglifier and illustrates that the
result depends upon the absolute value as well as
the argument of p8. One striking feature about
the chart is that it implies that even though the
phase shift is 36C° and the absolute value of u8
exceeds unity, oscillations will not result. This
may or may not be true. On first thought it
might appear that owing to practical non-linear-
ity, oscillations would result whenever the gain
around the closed circuit was equal to or greater
than the loss and simultaneously the phase shift
was zero or in other words

pB=|up|+70=1

With this in mind applicant constructed a three
tube amplifier where at 36 ke.,

uB=100[330°

This amplifier was stable and its gain was reduced
40 db due to feedback. At the same time a one
tube circuit was available where at 10 kc.,

uB=29]270°

‘a,nd this circuit was always self-oscillating at

about 10 ke. although

up=|up|+70=1

at 2 higher frequency. The article “Regeneration
theory” by H. Nyquist, referred to above, pub-
lished in Bell System Technical Journal for Jan-
uary 1932 pages 126 to 147 discusses this question
of oscillation ‘or non-oscillation and glves a
criterion for stability.

" or fourth quadrants, that is, —80°<e<-}-90°,

7

A practical way of using this criterion is to plot
uB in polar coordinates (the amplitude and angle
of w8 vary with frequency) for all values of fre-
quency from —« {0 4. If the resulting loop or
loops enclose the point (1,0) the system is un-
stable; if the point (1,0) is not enclcsed the sys-
tem is stable. (Reference may be made to the
Nyquist paper cited for a discussion of what is
meant by enclosing the point (1,0).)

The values of ug as a function of frequency for
the amplifier circuit shown in Fig. 57 (described
hereinafter) have been measured experimentally
and are plotted in the form of such a polar dia-
gram in Fig. 58. It will be noticed that the point
(1,0) is not included by the resuliing lcop and
hence it is to be inferred in accordance with the
foregoing rule that such an amplifier would be
stable. This was found to be the case and the
measurements submitted in Figs. 59, 60, 61 and
62 were all made on this particular amplifier.
Fig. 58 may be viewed as a graph of

=|ug| |2

where up=F(uB,+f) and f is the frequency.
The branch p=F(u8,—f) required according to
the rule although not shown in Fig. 58 could be
taken as the conjugate of uB=F(us,-+7). In
many instances, only positive values of frequency
need to he considered.

I. d. Relationship between feedback and amplz—
fication

Referring again to Fig. 2, it- will be noticed
that one of the parametric contour lines, line A, is
the locus of zero change in gain. Along this
contour, for varying values of up ranging from
0-2, the gain does not change provided the phase
shift around the x and pg-circuit equals

_ileBi
cos™! o)
This in turn requires that & be in either the first
All
conditions above the contour line
P
P=cos! )
are those of positive feedback or an increase in
gain and in general result in a degradation of
transmission, at least as regards linearity; con.
ditions below the boundary correspond to nega-
tive feedback or a reduction in gain and are ac-
companied by an improvement both with respect
to linearity and stability of amplification.

Considering values above the houndary contour
A, if @ is restricted to values between —90° to
+90° (#=cos~1up| excepted) then for each posi-
tive and negative value of @ there are two differ-
ent magnitudes of |up| that will produce the same
increase in gain, for example, 1 -dh. For the
special case of ®==cos~!{upg], there is, for each posi-
tive and negative value of ®, only one value of
4| that will produce a particular increase in
gain with positive feedback, and this increase is
the maximum possible for that particular value of
$, This suggests a method for measuring .
Considering values below the boundary A, as &
varies from 0-380°, there is, for each positive and
negative value of &, only one value of |u8| that
will produce a particular decrease in gain, e. g.
1 db.

Studying Fig. 2 further, in the case of positive
feedback, the maximum phase shift around the
x and g-circuit for a particular increase in gain
is given by ®max. ——COS“ll,u,ﬂ] The contour lines
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in this case fall on either side of the locus of
cos-1uBl. Thus, it is clear from Fig. 2 that for
very large increases in gain, pf=1. As already
has been indicated, with substantial amounts
of negative feedback, the over-all amplification
in db. approaches the g-circuit loss in db. and the
phase shift offered by the feedback circuit to the
transmitted wave is that of the g-circuit reversed
in sign and rotated 180° and this happens whether
the number of tubss is even or cdd.

With amplifiers having positive feedback, in ac-
cordance with the invention, that feedback can
be made to improve the stability while increasing
the gain. The gain stability of an amplifier hav-
ing positive feedback may be improved, degraded,
or not changed as compared to the stability with-
out feedback depending upon, first, the amount of
feedback and, second, the phase shift encountered
in a single journey around the amplifier and feed-
back circuits. In general, the distortion due to
modulation in an amplifier is not reduced by posi~
tive feedback.

Fig. 3 is an extension of Fig. 2 plotted on a
logarithmic scale to include larger values of |ug].
Thus, as in Fig. 2, there is a set of boundary
curves indicated as A, B,C, D, E, F, G, Hand I
which gives either limiting or significant values
of |ug| and & with regard to gain and gain sta-
bility, and there is also a family of curves in
which db change in gain due to feedback is the
parameter.

Fig. 4 is a polar diagram of the functions plotted
in Figs. 2 and 3 including also a set of boundary
curves A, B, C, efc.,, corresponding to those of
PFigs. 2 and 3, and a family of db-change curves
corresponding to those of Figs. 2 and 3. It is
interesting to note that the locus of the contour
lines of constant db change in gain are a family
of concentric circles. This may be shown as fol-
lows:—

Let
1
F=1"4
be the change in amplification due to feedback,
and Ger, the db change in grain due to feedback

1=l
1 1
Ger=20 logy +/1—2 [uB] cos D+ [uBP
Ger=—10 logi (1—2 |uf| cos ®+|uBf)
Ger

Ger=:20 logyg

10 10 =1—2 |u8| cos &+ |uBf
which is a family of concentric circles of radius
_Gor
10 10

about the point 1,0.

1. e. Applications of balanced bridges to make
feedback path conjugate to input and output
connecting circuits

In Fig. 5 is shown an arrangement convenient
for some purposes where, by using balanced
Wheatstone bridge networks in both input and
output circuits, the feedback is conjugate to hoth.
For example, assuming the output bridge is bal-
anced, the voltage fed back will be independent
of the value of L. Inasmuch as the input bridge
is similarly arranged and balanced, the propor-
tion of the voltage fed back and applied to the

2,102,671

input bridge that appears across the grid will be

_Go

G+ Gy
and this proportion will be independent of C.
In this figure all symbols are complex quantities
or vectors, The circuit of this figure may com-
prise any number of stages, and this is indicated
on the drawings by showing the grid of the first
tube and the plate of the last tube, both of which
tubes may, of course, be one and the same. This
is likewise true of other figures such as Figs. 1,
6.7 and 8 which have a grid and a plate similarly
labeled.

By the use of balanced bridge networks as
shown in Pig. 5, feedback, in addition to being
made independent of the impedances of the con-
necting circuits, can be more easily modified and
controlled. Moreover, the input and output im-
pedances of the feedback amplifier which are
joined to the connecting circuits are unaffected
by the amount of feedback. Similarly, if net-
works are inserted in the p-circuit, the imped-
ances which these networks face are independent
of the impedances of the input and output con-
necting circuits, C and L. In Fig. 5, it follows
from Kirchoff’s laws, that

GG
v =—G_+_GL6_G_
C+U+KNET g,
In Pig. 5, if the g-circuit network shown is omit-
ted, it follows from Kirchoff’s laws, that

()

Go
_ GG
PTIIR (ITE\RIR, (&)
29 X )G¥G

Equations (¢) and (d) apply to the circuit in
Fig. 5 and are written to illustrate further the
meaning of Vi and 8.

A fuller treatment of the subject of input and
output bridges is given at a later point under
section V. e.

II. STABILITY

II. a. Stability of amplification with respect to
variations in u and B

In considering stability, it will be helpful to
distinguish between amplification, amplification
ratio, and gain. As used in this specification,
these terms have the following significance:

Amplification of an amplifier without feedback
is defined as the gquantity by which the voltage
across the grid of the first tube must be multi-
plied to obtain the phase and magnitude of an
equivalent generator in series with the plate re-
sistance (Ro) of the last tube. The measure of
amplification is noted as yu, a complex quantity.

Amplification ratio of an amplifier without
feedback is the modulus of the complex quantity
noted as ux. It may be obtained by taking the

square-root of the sum of the squares of the real

and imaginary components of the complex quan-
tity. The notation used is |u].

It is to be noted that u is a complex quantity,
the complexed measure of a voltage coefficient,
which gives the magnitude of the ratio of the
voltage and the shift in phase between these two
points.

As indicated hereinbefore, the gain is twenty
times the logarithm of the amplification ratio.
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In Fig. 1 it was shown tha,t the amplification
with feedback is

K

1—pug
In thinking of the effect of feedback upon sta-
bility it will be convenient at first to view sta-
bility of amplification as a change, 2Ar, in
Ar (where Ar is the amplification with feedback)
due to a change in either x or g and these effects
may be derived by assuming that the variations
are small and then replacing u or g by (u--9u) or
(8428). :

This derivation could be made on the basis of
the Fig. 1 circuit. It is not limited to any par-
ticular type of circuit, however, but is perfectly
general. While no attempt is made, therefore, to
illustrate all types of feedback circuits, it may be
of interest in following the derivation to have in
mind concrete examples, some of which are given
in Figs. 6, 7, and 8. In Fig. 6 the feedback is
from a. point on an output bridge to the grid
through the secondary of an input transformer.
In Fig. 7 the feedback is from an output bridge
through a transformer to an input bridge. In
Pig. 8 the feedback is from the output to an in-
put bridge.

In any of these circuits, or in general, the der-
ivations are as follows, considering first sta-
bility of amplification with respect to small
changes in x and §:

Ap= =amplification with feedback

I
1—uB
(Showing as in Fig. 1 that the amplification is
increased or decreased according as the feedback
is positive or negative.) Taking the logarithms
and then the partial differentials gives at once
the ratio of 9Ar to Ar, or (multiplied by 100) the
percentage change in Ar due to a percentage
change in pu.

log Ap=log p—log (1— )

- ou

%v] _On_—Bop . m

Ay # 1—pB 1—up

which demonstrates that for small variations,
the stability is worse or better according as the

feedback is positive or negative.

Similarly
S -]
s 1—pp
n
DA
o [2] =2,
and
9&]=_in
Ar g 8

From the above it is seen that the ratio of
2AF to Ar due to a change in p equals the ratio
of 9y to x divided by (1—ug); on the other hand,
the ratio of 2Ar to Ar due to a change in g

equals
( u
1—uB

multiplied by the ratio of 38 to 8. From these
relationships, it is also deduced that if (ug>>1);
x or the p-circuit is stabilized by an amount at
least corresponding to the reduction in amplifi-
cation and, hence, the effect of introducing a
gain or loss in the p-circuit is to produce no
material change in the over-all amplification of

cases where the changes in g

9

the system;.the stability of amplification as af-
fected by g or thé g-circuit is neither appreciably
improved or degraded and the introduction of
9, loss in the p-circuit raises the gain of the

amplifier by an amount almost corresponding -

to the loss introduced and vice-versa.

If » and g are both varied and the variations
are sufficiently small, the net effect is the same
as if each were changed separately and the two
results then combined.  This is indicated by dif-
ferential Equation ¢e). =

on
QApt s 08
Aplup 1—pB8 ' 1—pB B ()

~In:other practical instances where the effect
of positive feedback is to increase the amplifica-
tion by a sufficiently large amount or in other
and B are not
sufficiently small,. theh the above formulae for
amplification stability do not apply. To derive
expressions for these larger variations, let

+

—k
Ar 1—uB
be the amplification before making the change
and
wtAp
-+-Ap) (B-+AB)

AF+AAF=1_~(”

represent the amplification after making the v

change and assume no restrictions as to the way
or amount of variation in x or g, denoted Ax and
Ap respectively.

¥ !
I—MB-MAB,'BA#—inAﬁ '

"
Adp= 1—(ut Ap)(BFAB)
I .
1—up ‘
Ap.
W 3
1—pB 1—(u-+Ar)(B+AB)
AAp=
uB (AB
—~uﬁ(1+ =G TamGTa\ s
Ap
e
_Aﬂ} T=(uT2u)(B+28)
AI" 1B

uf (4B
u /1 (,u-l-An)(ﬁ-i-AB)\ 8

"Equation (/) is the ratio of the change in

+(1+ *)

-amplification, AAr to the original amplification

Aw, when p and g are replaced by (u+Ap) and

(B+4B). To get the effect of varying u alone,
replace )

ag

8

in- (/) by zero; if g changes and px does not,
replace

Au

o

in (f) by zero. This leads to Equations (¢) and
(h), respectively.
Ap
AAp

Ay @

R
w  1—(ut-Ap)B
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AAF} _wB Aﬁ) (B) and
Ar (s 1—p(B+4B) uw=lu| |®
Replacing u
Ap b Ou TW1=2 [uf] cos ‘1’+iu{3l2!
o u , Sin 0+ |uB] sin (2—6)
tan! T=0)
AB 28 cos O— [ug| cos (
=£ by =
8 7B Arl= |
and A= 3= TufT cos &+ lubl
AAF DAF
by Ay Taking the logarithm to the base ¢ of both sides
or and differentiating partially, it may be shown
dAF that:—
Ap Oluf
o AT _ Tl ;
), (g and (k) lead to (D), () and (k) as pre- 1Az] lulﬁll—uﬁlﬂi —|uBl cos @) (n
viously derived.
dn (That
OAy|l _ _ & uB_ OB , OlAs|
‘A‘;} wo T—pB T I—pf B ® refif
du is also indicative of the corresponding db change
DAF} o o in gain, 9Gr) |u|, follows from the relationship
OAr[ —_ K j
AF “ 1“#.3 Gpv: 20 logm lAF‘
yj} 1B o8 (&) whence
Arls 1—uB 8 Gr=8.686 In|A|
and

In applying these results it should be kept in
mind that the functions involved are funections
of complex variables and terms of the form

o
[

for example, are symbols for operations that
have not been performed. As an illustration,
consider
= F_
Ar=1.8

(=5)

Assuming |u8|=10, the approach of

(%)

—B

will be about 10 times as precise if the argument
of ug is 90° as when it is 0° or 180°. In this re-
spect, 20 db negative feedback when the argu-
ment of ug is 90° is approximately equivalent in
its effect on A to a negative feedback of 40 db
with an argument of ug8 of 0° or 180°. This
illustration is of practical significance where
equalizers are inserted in the g-circuit and it is
desired to control the equalization very accu-
rately with respect to variations in gu.

which approaches

if pg>>1.
Ar to

II. b. Stability of gain with respect to varigtions
inu, gand @

In many practical applications of amplifiers
it is the change in gain or the change in ammeter
or voltmeter reading at the output that is a
measure of the stability rather than the stability
of amplification (yector ratio) as treated in the
preceding section. The conditions surrounding
the gain stability may be examined by consider-
ing the absolute value of the amplification. This

may be shown as follows: Since
Ap=—E
P 1—uB
where
:uﬁ=h"ﬁl [:__P:

OGr)|| =8-686[a}22}]lul

where Gr is used to indicate gain with feedback.)

It can be seen from (I) that it is possible to
choose x8 so that the stability is perfect, assum-
ing that the variations are sufficiently small.
Te make the absolufe value or magnitude of
the amplification independent of small varia-
tions in u, [1—|ug| cos ®1=0 or &=cos—1jup|-1.

Referring again to Figs. 2, 3 and 4, the bound-
ary Cis the locus of ®==cos~1[y8[~! and hence in-
cludes all the perfect amplifiers from the stand-
point of gain stability with respect to small varia-
tions in |u|. It will be observed in this regard
that with respect to gain, it is possible to stabilize
an amplifier where the feedback is such as to
lead to positive regeneration. In other words,
regeneration may be utilized to raise the gain of
the amplifier and yet at the same time the gain
stability of the amplifier with feedback need not
be degraded but on the contrary may be im-
proved. If a similar procedure is followed for
the case of an amplifier having negative feed-
back, then the stabilization in gain obtained is
theoretically perfect and independent of the re-
duction in gain due to feedback.

To accomplish this end, |u8] and & should be
so related that ®=cos~ug[-l. In this connec-
tion, it should be noted that, inasmuch as the
cosine of an angle can not exceed unity, |ug>1
and hence |ug| lies to the right of boundary D
in Fig. 2 and, accordingly, in view of the equa-
tion for boundary C, both positive and negative
feedback amplifiers are able to possess this extra
stabilizing property.

t should also be observed that inasmuch as
the absolute value of a complex quantity is never
negative, —90°<e<+90° for all amplifiers de-
signed in accordance with the rule =cos—1|ug|-1.
For large values of negative feedback (u8>>1)
this would require that & approach but never
equal +=90°. In Figs. 2 and 4, C approaches E
asymptotically.

As may be deduced from (), if #=2-90°, the
gain stability, instead of being perfect, is im-
proved by an amount corresponding to twice the
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db reduction in gain due to feedback. For ex-
ample, if

18=1000] +90°

the variation in amplification
2dr)
. AF #

would be improved a thousandfold and

[NAF\]
14¢] I
which is a measure of the gain stability, would
be improved a millionfold. On the other hand,
if

#f=1000] £ 89° — 56’ — 56

the gain stability would theoretically be perfect
instead of being improved a millionfold

(2==90°)

whereas the 1mprovement in stability of am-

plification,
éé_ﬂ] ,
Ap

would not be appreciably affected, its improve-
ment being a thousandfold as before.

Referring again to Fig. 2, the boundary, B,
which is the locus of #=cos—!{u8| defines, for all
feedback amplifiers, the relationship between
lug]- and @ in order that the change in gain due
to feedback bhe independent of small variations
in |u] assuming g and & constant. An amplifier
fulfilling this condition would be one whose gain
stability with feedback was the same as without
feedback. That ®=cos—1ug| gives this result
may be proven by substituting [u8| for cos & in
(1) or may be shown as follows:

Let F=change in amplification due to feed-
back

1
Fe=r—
1—pB
1

F1= 1218l cos &+ IuBP

Taking the logarithm to the base ¢ of both sides
and differentiating partially:—

e B
O|F )
[ 7] ]m e ym[°°s ¥

where pg=|ug| [®

luBll  (m)

Substituting #=cos~1 |ug| in (m) gives
AFD
[FDI

or that the variation in the change of gain due
to feedback is independent of small variations
in |u|. Consequently the gain with feedback var-
ies, due to small variations in |u] exactly as it
does without feedback as may be shown by con-
sidering that

1
|Ag|=

el 1F where [F| = AT 5 o5 & ual

and noting that

lta))
TTFDI T
Referring to Fig. 2 and recapitulating, with

respect to the gain stability of the feedback am-
plifier as affected by small variations in [u|, the

ol 2lF|
TR

11

situation is indicated by Equation (1) and may be
described as follows:—

II. ¢. Gain stability of feedback amplifiers with
respect to small variations in |p|

General equation.,

lul
o145 Tul .
[ ]m’l—zmm cos S Tappll — wB| cos 91 (Za)

Boundary G —Stability is improved by an amount
corresponding to the reduction in gain due to
feedback

oal _ I -
Ap “
|5 ]ll = uﬁ]2[1 6] cos #l =y 5

obtained by putting $=+4180°. The feedback
must be negative; it can not be positive and meet
this condition.

[uBlZZ0

Boundary E.—Stability improved by an amount
corresponding to twice the reduction in gain
due o feedbaclc

I:OIAFI:]
Az dld ™~
obtained by p-utumg $==+90°, The feedback

must be negative; it can not be positive and
meet this condition, .

luBlZ0

Ol
_u
1+ [uBP

Wll lug] cos @1=

Boundary B.—Siability unaffected by feedback

0l4 )
[|—£41’i|[:|[u]= % obtained by putting cos ®=|u8|

V1—2[ug[ cos @+ [uBl=~1—[upP

The feedhack must be positive;
negative and meet this condition.

0<|ugl<1

it can nof he

Boundary D—Stability with feedback twice as
good us stability without feedback

[DIAFI

| ]l = ] al obtained by putting |u8|=1
o

]1——;46]=1/§‘\/1—cos D
The feedback may be either positive or negative
and meet this condition.

Boundary C.—Perfect amplifier stability

aIArﬂ!] - ; ; _ 1
[ 1A L) 0 obtained by putting cos fb——t,um

The feedback may be either positive or negative
and still meet this condition.

[upl=1

Boundary I—Stability improved by an amount
corresponding to twice the reduction in gain
due to feedback and reversed in sign

[DIAFI:I blu!
[ d™

2
obtained by putting cos @:m .

_ Olul
e
[uBlE—3

Hﬁlgll Bl cos P]=1r—p—5
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The feedback must be negative; it can not be
positive and meet this condition.

|ug>2

Boundary H.—Stability with feedback equal to
stability without feedback but opposite in

sign
[~

obtained by putting

oo 2t uBl
<08 F =3l
If
o2 (B2 _lesl—1
cosb= 3l B] 1 Mﬁlz_ 3

The feedback must be positive; it can not be

negative and meet this condition.
I<upl<2

Boundary F—Stability is either improved or de-
graded according as the feedback is negative
or positive by an amount corresponding to the
decrease or increase respectively in gain due to
feedback. Compared to the gain wvariation
without feedback, the variation with feedback
is of the same sign or opposite in sign accord-
ing as the feedback is positive or negative

alp,l al#]

T bl I#I
[|AF| ][n] 1= Hﬂlzll 128} cos @] =

—|rB
obtained by putting ®=0°. The feedback may

bz either positive or negative and meet this con-

dition,
|8]>0

2,102,871

As a further aid in analyzing the gain stability
of feedback amplifiers, trace a path along one
of the parametric contour lines of Fig. 2 and
view the change in stability as & and us vary.
For example, consider the 6 db negative feed-
back contour line; this means that the amplifier
gain with feedback is 6 db less than without feed-
back. The amplification factor corresponding to
6 dbis 2. If u is increased to p-+olu| and & re-
mains constant,

0lul
1007,

is the percentage increase in output current with-
out feedback. Starting at ®==+180° i, e. G, the
per cent increase in output current with feed-

back is
l(looalul

Moving along the —6 db contour toward E the
stability is still further improved until at B the
per cent increase in output current is

l(moa""[

5 Continuing along the —6 db line, the stability

continues to improve until the contour line inter-
sects C where the stability is perfect. As we con-
tinue further, the stability becomes poorer and
the sign is reversed, (an increase in output with-
out feedback corresponding to a decrease in out-
put with feedback) until at ¥ the change in out-
put current becomes

(100?"?1

.

_ As another example, assume that the above
procedure is repeated except that the +6 db con-
tour line is used instead of the —6 db line. Un-
der these conditions the gain of the amplifier
is 6 db more with feedback than without feed-
back., Without feedback, the percentage in-
crease in current is

Olul

|l

as before. Starting with &=0° and |ug|=0.5, i. e.
at B, the percentage increase in current is

2(100?"‘]]

or the stability is twice as poor with feedback as
without feedback. Then as we move along the
+6 db contour line in Fig. 2, the stability with
feedback improves until as the contour line in-
tersects B, the percentage increase has become

1oob|(“l|

100

or is the same with feedback as without feedback.
Then as we continue further, the stability be-
comes still better (is even better with feedback
than without feedback although the feedback is
positive) until the 4-6 contour line intersects C.
Under these circumstances the stability is per-
fect. Beyond this point the stability changes
sign (an increase in output without feedback
corresponding to a decrease in output with feed-
back) until at H, the output current change in

per cent is
100<0|ul

namely, the same as without feedback but oppo-
site in sign. As we proceed further the stability
continues to get worse (and remains reversed in
sign) until at F the per cent change in output is

Ol
—2<100 Tu]

or the stability is twice as poor with feedback as
without.

The first of the preceding examples illustrates
the statement that with negative feedback, the
gain stability is always improved and by an
amount at least as great as would correspond to
the gain sacrificed and generally more. This
will be borne out in the section showing exam-
ples and results of experiments where it is prac-
tically always to be observed that the gain sta-
bility as measured is better than would be ac-
counted for if the improvement corresponded only
to the reduction in gain due to feedback.

Similarly, in the case of positive feedback, the
gain stability is never degraded by more than
what would correspond to the increase in gain
due to feedback and under appropriate condi-
tions, assuming the variations are not too great,
is as good or much better than the gain stability
without feedback.

Pigs. 9, 10, and 11 have been prepared to still
further indicate how the stability of amplifica-
tion ratio and the gain stability are affected by
the amount of feedback and the phase shift in
once traversing the pg-path. Assuming small
variations, Fig. 9 shows the effect of varying [«
assuming g and & fixed for various values of
feedback and different values of ®; the ordinates
represent the number by which the stability of
amplification ratio without feedback is multi-
plied to get the stability of amplification ratio
with feedback.
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Figs. 10 and 11 refer to finite variations in
|#] assuming |g| and & fixed and that before
| is varied
1
cos &

|uBl=

The figures are the loci of db-change in gain with
feedback as a function of db-change in gain
without fecdback where the parameter is db-
change in gain due to feedback before |u| is var-

- ied. Fig. il is an eniargement of Fig. 10 in the
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neighborhood of the origin in order to indicate
the gain stability of a feedback amplifier under
favorable conditions when the effect of feedback
is to give rise to considerable increase in gain.

Pig. 12 is a vector diagram of stability of am-
plification with and without feedback and illus-
trates the distinction between stability of ampli-
fication and amplification ratio or gain. It
should be noted that to take advantage in this
manner of improved stability over a band of
frequencies may have a tendency to introduce a
certain type of phase distortion although for
many vractical applications this could be tol-
erated. In the case of positive feedback the ef-
fect is further accentuated as may be judged by
referring to Fig, 13 which is a vector diagram
illustrating that, if with considerable positive
feedback, the gain stability of the amplifier is
materially improved; the improvement in stabil-
ity will be accompanied by a substantial phase
rotation or change in phase shift as viewed at
the output of the amplifier.

Fortunately for the practical success and con-
venience of g-circuit equalization, for values of
uB>> cos &, variations in the absolute magnitude
of amplification ratio due to variations in g
tend to become substantially independent of &.
This is evident from Equation (n) which may be
obtained in g manner similar to that used in de-

riving (0.
(2] ~| [t 2g
[Arl dlsl” 11—pBIL [1—p8] 118
This equation demonstrates that if cos &=|ug|

the magnitude of the output will not vary with
small changes in |g]. This is boundary “B”, Figs.
2, 3 and 4.

In like manner, the change in absolute value
of amplification ratio expressed as

Ol4r))
l4r])

due to a small variation in & from & to (&-19%)

where 9® is in radians is given by Equation (o)
DIAF[} y uB- | sin @ >
= Jis
[Ar] fo = |T— uBli—7fl ()

This indicates that if zg>>1, the change in abso~-
lute value of amplification due to varying & is
small irrespective of & Furthermore, the change
in amplitude of amplification due to a variation
in @ from & to (24-2®) will be the same irrespec-
tive of whether 3% is added to » or 8.

Equation (0) demonstrates that if & is equal to
0 or 180° then the magnitude of the output will
not vary with small changes in . This is bound-
ary “P” and “G” Figs. 2, 8 and 4.

The stability of amplifier gain with feedback
as affectéd by sufficiently small variations in |u|,
|8] and & occurring simultaneously is given by
the sum of the variations due to each acting in-
dependently and alone and is given by differen-
tial Equation (p). -

i3
m1/\1—\;43\ cos @]
gl
1—2{uB| cos o+ |ugl?

b_léﬂ} —{4._IuBlcos 2—1uB]) élﬁl|
[AF|[1] lel® 1—2[uB] cos @+ [uB| |8l
INB! sin & 0d (p)

T 1—2[uf[ cos @ [up]?

In considering the effect of variations upon the
absolute value of amplification ratio, if the vari-
ations are large it should be noted that as Ar is
altered from Ar to Ar--AAF, it is

|Ar+A4p]|—1Ap|
[Ak|
that corresponds to
Ol4r|
[Ar|
and not
AAgp
Ap
Expressions will now be developed giving sta-
bility of gain with respect to finite variations in
lu and |].

G=20 log qu=gain without feedback.

G'=20 (log ||+ log |Ag|)=gain without
feedback after |u| has changed by a
factor |Apl.

Gr=10 [log s/~ log (1—2 [uf] cos &+

) Iu_ﬁlz)]=gain with feedback.
G#'=20-{log |u|+log |An| =3 log (1—2 [u-6]
cos @-Ap—l—lmp)]:gain with

feedback after |u| has changed by a
factor |Apl.

Gr— Gp' =change in gain in db due to change in
|u| with feedback.

Gr— Gg' =20 [—log Ay -—-—;— log (1—2 |uB| cos 4

ITBI’H-% log (1—2 {uB| cos & |Aul+-
|uBl2-1au))]
Let A=2[u8]| cos @
B=|ug]? _
C=(—A+B)=(1—2 |uf]| cos &+ |ugl?)

P 1—A4|Au|+ BJAg]
Gr—GfF' =10 . log [ C-[Auf? :|

y=10 log y'
=LA 42

Figs. 10 and 11 are the plots of this equation
expressed in decibel changes.

IIT. CircUrr DESIGN ANALYSIS OF g8 Loop

As an aid to those skilled in the art, in design-
ing ecircuits for practising the invention, the fol-
lowing discussion is given of criteria for deter-
mining whether an element is in the p-circuit
or in the g-circuit.

The reader who is interested in the general
aspects of the invention rather than in actual
circuit design may pass over this present section
to section IV, and may disregard Figs. 14 to 20,
inclusive, of the drawings.

III. a. Discussion of u and B, u-system and B-sys-
tem, p~circuil and g-circuit

It is to be noted that these terms result to some
extent from the method of circuit analysis being
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used rather than from the generic configuration
of the circuit.

The different properties already investigated
of simple feedback systems have resulted always
either in functions of two complex variables,
and g, or in expressions which could be so inter-
preted. In what follows, u-system and g-system
will be used corresponding with x and g8 as a
convenient designation for the entire group of
elements affecting p or g respectively.

A test for determining to which complex vari-
able an element of the system belongs is to as-
sume that the element in question is varied and
then to consider whether such a variation will
alter p or g (it can not affect both) : the quantity
affected signifies the complex variable to which
the element varied belongs.

It is evident from what has gone before, that
the functions ¢ and g are each associated with
a different path or transmission system, -called
for convenience the u-system and the g-system,
respectively. It has also been disclosed that the
two functions,  and g, have very different prop-
erties.

Therefore, it becomes important from the
standpoint of practical design to know whether
a particular element is in the p-system or in the
B-system. This involves first the question of
what portions of any given system are fo be con-
sidered as concerned with either the u-system or
the p-system. Consider, by way of illustration, a
five-stage amplifier with a feedback connection
from the output of stage four to the input of stage
two. It is obvious that in such a case the u-sys-
tem involved in the only feedback system that is
present is not the whole five-stage amplifier but
it includes only that portion lying between the
noints to which the feedback connection is made,
that is, stages two, three and four. The u-path
or p-system and the g-path or g-system together
make up a closed loop. In the illustration, con-
sidering the feedback system, the input circuit
is not the circuit attached to the input of stage
one, but includes also stage one. Likewise, the
output circuit of the feedback system includes
stage five.

In stating that the x and g-systems together
make up a closed loop, there is no intention of
limiting these to conductive paths nor to a closed
loop in any narrow or restricted sense. In fact,
any path of propagation is sufficient. If may in-
clude a radio link, or involve translation of energy
from one form to another, as electrical to me-
chanical or radiant energy.

With this broad conception of the ‘“closed loop”
in mind, it is convenient (and not at all incon-
sistent) to represent, for purposes of discussion,
the closed loop as a circular conductive circuit cut
at two points, an input junction and an output
junction. One portion of this loop transmitting
in the direction from input to output junctions
is the p-system. The remaining portion whereby
wave components are capable of returning from
the output junction to the input junction is the
B-system.

An element is in the u-system or in the g-sys-
tem according as it affects u or g but not both.

Cbviously, at the input and output junction
points, three circuit branches are interconnected,
u~system, g-system and either the input or the
output circuit as the case may be. It is at these
junction points in particular that it may become
difficult to determine in which system or path an
individual element belongs.

2,102,671

It is convenient also to distinguish a p-circuit
and a g-circuit, analogous to p-system and B-sys-
tem. An element is in the p-circuit or the g-cir-
cuit according as it, when varied, affects the out-
put in the same way as g or g affects the amplifi-
cation.

It will be explained in detail hereinafter by
reference to specific diagrams just how to deter-
mine in a typical case whether an element belongs
in the p-circuit or the g-circuit.

Thinking of a feedback system as a closed
loop or transmission arrangement closed back
upon itself, the propagation of a voltage in a
single journey around such a closed path
may be regarded as being represented by a
single symbol, T'=uB. A knowledge of T alone and
lack of knowledge of n and g would be adequate
for testing the criterion for instability as given by
Nyquist’s rule, and the joining of the input and
output circuits to the closed loop would be perti-
nent only insofar as T would be affected.

Viewing s simple feedback system as consisting
of a single loop with input and output, as in Fig.
14 it is the connecting of the input and output
circuits to the loop that in some manner has to
do with dividing the transmission path into two
parts, u and 8. With regard to this division of
the transmission path, an input implies a source
of excitation for the system and an output im-
plies a voltage resulting from such excitation. In
cther words, x and g have to do with a considera-
tion of two voltages, one resulting from the cause
or excitation and the other being the result or
response of the system. Evidently T in

T=up—psfo

is independent of the excitation whereas the
quantities ux and gx vary, although their product
is constant, depending upon what two voltages
are viewed; the first voltage, however, always
relating to the excitation and the second, to the
response. Thus, it is the fact of a source of ex-
citation of the system, the problem of where the
excitation takes place, and the question as to
where the result of this excitation is viewed as
taking place that requires a consideration of the
symbol T as being divided into two parts, u
and g.

If the plate circuit driving voltage in the equiv-
alent circuit (for a linear system, the amplifica-
tion

A M

Ar=108
could be interpreted as a measure of the proper-
ties of this voltage), were indicative of the per-
formance of parts of the system and of the sys-
tem as a whole from all points of view; then
w~circuit and g-circuit would be synonymous with
x and B or p-system and g-system, and an ele-
ment affecting » would be in the p-circuit and
an element affecting B, in the g-circuit. 'This,
however, is not always true. For example, in
Fig. 1 and for a fixed input, the voltage across
the output, L, might be regarded as a pertinent
criterion of the performance of that amplifier.
Assume, in Fig. 1, that Ro is increased to

(Ro+AR0)

and x is not altered. Ro affects glEquation ()]
and, hence
—F

1—pB

is increased. It happens, as will be demonstrated

Ar
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subsequently, that the voltage across L, is not
materially changed as Ro is increased (provided
the increase is not too great and z8>>1) it being

(et 255)

where Eu is this voltage before the change in Ro
was made and X is the amount by which this
voltage across L. would change due to the addi-
tion of ARo if the stabilizing effect of feedback
were absent. Thus, although Re affects g; with
respect to the voltage across L, it has the prop-
erties, as regards its effect on this voltage, that
heretofore have been associated with » in con-
nection with its effect on Ar.

On the other hand, as regards certain higher
order effects, such as modulation due to varia~
tions in Ro with signal amplitude, Ro behaves in
part with respect to its effect on Er exactly as
8 in its effect on Ar. (It can be shown, assum-
ing ug>>1, that, as regards its effect on the
output of the amplifier, the circuit may be ar-
ranged so that non-linear response in g is prac-
tically unaltered but reversed in sign and non-
linear response in u divided by (1—g8).) There-
fore, with respect to the linear contribution to
the output current or voltage, Ro is in the u-cir-
cuit; with respect to modulation due to varia-
tions in Ro with amplitude, Ro in its effect on
Er partakes of the properties of both x and g.
In this case, however, it is to be noted that ac-
tually several output voltages are involved as a
result of considerations which require separately
viewing the non-linear response of the system
to a fixed input: with respect to one of these
voltages acting alone and for a specified direc-
tion of propagation around the pg-path, assum-
ing as in Fig. 14 that the two directions of prop-
agation will be considered separately, any ele-
ment belongs to one circuit or system but not
Yoth.

Thus, for a specified excitation, an element
is viewed as being in the p-circuit or g-circuit
with reference to its effect on a specified result-
ing voltage at some part of the system. Such
an element will then be classified as belonging
to the u-circuit or g-circuit according to whether
varying the element affects the voltage in ques-
tion in a manner corresponding to the way an
element of the p-system or g-system respectively
would affect a corresponding driving voltage in
the last plate circuit of the equivalent circuit. In
what follows, the terms p~circuit and g-circuit
will be described in connection with the output
of the amplifier and it will be shown how to
specify these circuits if it is known how to specify
u and B. .

As o first step, it will be shown how to specify
» and g in a more general manner than has al-
ready been done in connection with Figs. 1, 5, 6,
7 and 8. Consider first only a single feedback
path (systems involving multiple and repeated
feedback arrangements will be considered here-
inafter) : Because at least a portion of the system
or circuit comprises a transmission path which
in some manner has been closed back upon itself
in such a way that a voltage may be repeatedly
propagated around this path, such a feedback
system is represented, to begin with, as consist-
ing of a closed loop, “O”, with input and output
as in Fig. 14. The input and output are in some
manner to be joined to this closed path, “0O”, and
uB is to be regarded as the propagation encoun-
tered in making a single journey in a specified
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direction arcund thé closed transmission path
with input and output circuits joined.

The closed loop or path of one round trip jour-
ney is a single transmission circuit and it is the
points of entry of the input or the points of exit
of the output that divide it into two parts, p and 8
or g-system or g-system; and two circuits, p~cir-
cuit and g-circuit. Connecting the input and out-
put usually changes the propagation around the

closed loop, “O”; an exception to this is the 1

conjugate junctions of Fig. 5.

Considering # and g or p-system and g-system
and & particular direction of propagation around
the uB-path, the two points of entry of the input
establish one boundary (Fig. 15) and the two
points of exit of the output (Fig. 16), the other.

Furthermore, in accordance with the earlier
presentation, « and g could be determined if the
points could be found at which the two voltages

V=V14V2

and uV exist. The boundary of Fig. 15 or the two
points, X1, X2, are the points across which the
voltage is V=V1+4Va.

To obtain a symbolic representation and an
equivalent circuit, the output has been repre-
sented by a two terminal impedance, L, which
is a complex dquantity representing the imped-
ance of the load at any frequency. On this basis
there are plainly two wires which may be asso-
ciated with the output.

One method for associating two wires with the
input is to view the input connection in accord-
ance with what is usually referred to as Théve-
nin’s theorem whereby, as in Fig. 14, E is the
open-circuit voltage and C, the internal imped-
ance of the input. Irrespective of the method
of excitation, it usually will be evident how, for
the purpose of circuit.analysis, the excitation
may be simulated by a generator in an equivalent
circuit. .

Referring to Fig. 14, since the input is to con-
nect to the closed path, there must be two points,
designated x1 and z2, where this connection is
made. As already mentioned, it is across these
two points that the voltage is V=V1-|Va.

There still remains the problem of determining
the location of the internal generator, ¢V, of the
equivalent circuit. Again referring to Fig. 14,
inasmuch as it has been specified that the out-
put or load is to be joined to the closed path
“0”, the two points where this connection is made
have been designated y1 and ya.

In defining either of the pairs of points zi, T2
or ¥1, ¥2; it would have been more precise in each
case to have said at least two points, for although
it is plain that there would have to be two points
rather than one point in order that the system
be operative (if 21 connects to x2 or ¥1 to vs, either
the input or output respectively will be short-
circuited) there would be, for the case of either
input or cutput, no reason why any wire or both
wires could not have been connected to more
than a single point in the feedback path and in
this event, it will be shown (Figs. 156 and 16) how
to determine in each case which one of the sev-
eral points should be selected in preference to
all others and designated in the manner described
as a point of entry or exit. If either z: and ¥
or 22 and y2 should coincide, separately or simul-
taneously, the point in question receives both des-
ignations.

The direction of propagation around the ug-
path has been specified because both directions
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should be considered unless, becausé of a tube
or cther practically unilateral device, the loop
transmission is restricted to a single direction.
If up has a finite value in each direction, one
method for taking into account the two direc-
tions would be to consider one direction at a
time and then apply the principle of superposi-
tion. Fig. 15 indicates, depending upon the di-
rection, how tc locate x1 and x2 in case the input
does not connect to the loop path in the simplest
possible manner. It is to be noted that in Fig.
14, the p-system is bounded at a or b according
as the upper or lower portion of the loop path
is the p-circuit which will ke according as to
whether the transmission around the clesed loop
is clockwise or counter-clockwise; this is because
it is assumed that the transmission sought is
from input to output and the formaulae previ-
ously presented have been derived by assuming
that upon a single journey around the pg-path,
starting at (a1, x2), a voltage is modified first by
x and then g.

Referring to Fig. 15, to locate (x1, x2) when
an input wire joins the loop path at several
points, the rule is to move with the transmission
and the last point passed is the point in ques-
tion. Fig, 16 illustrates how to locate ¥1 and ¥2;
the rule is similar except to move against the
transmission.

It is to be noted that for a particular direction
of propagation around the ug-path; elements oi
the loop path, input and output (Fig. i4) are
never common to both 4 and g or u-system and
B-system: they may belong to one or the other
but not to both. On the other hand, elements of
the p-system may be common to the g-system and
to the path between input and loop path or loop
path and output. Acting in this manner (Figs.
15 and 16) such elements introduce insertion loss
or gain between the input equivalent driving volt-
age, B, and the voltage, V, across the points of
entry (x1, x2); or between the equivalent driving
voltage in the plate circuit of the last tube, uV,
at the points (71, ¥2) and the voltage across the
output, L. The transmission changes thus effect-
ed are not altered by the feedback properties of
the system.

It is to be noted further that the elements in-
volved in producing these insertion effects are
bounded by boundaries (x1i’, x2’) and (x1, x2) for
the input (Fig. 15), and (¥1, y2) and (¥t’, ¥2’) for
the ouiput.

The determination of the p-circuit and pg-cir-
cuit is somewhat involved but will be mentioned
because of its importance. In this connection,
reference will be made to Fig. 17, which shows
an equivalent circuit of a simple feedback ampli~
fier applying the principles of Figs. 14, 15 and 16.
The p-circuit consists of the elements in the p-
system plus the elements in the g-system that
affect the load voltage and the voltage fed back
in exactly the same way. The g-circuit consists
of elements in the g-system that are not removed
as part of the u-~circuit. It will be noted that
parts of the u-system are never a part of any
other transmission path and do not appear at all
in the equivalent circuit. With a fixed input or
excitation, the equivalent circuit is the pg-path,
which includes input and output of Fig. 14, broken

by the removal of the u-system. The addition of

a generator xV simulates the p-system and con-
sequently the effect of feedback. As a result,
the w~circuit is composed of the p-system nlus
certain elements of the g-system.

2,102,871

With regard to the output, the only elements
of the g-system that could possibly be eligible
for removal would be those included between
boundaries (y1, y2) and (1, ¥2’) of Fig. 16. Ex-
cept in special cases, it is necessary to examine
each eligible element. To be in the g-circuit,
the criterion to be satisfied is as follows: vary
the element under consideration and view the
effect of such a change upon 3 as (8+Apg) and
upon the fransmission from uxV to Er, the volt-
age across L, as EL-+AEr; if

AE,_as
EL. 8

the effect of the variation upon g and upon the
propagation from u»V to L will be identical, and
the element in question is in the wp-circuit.

If w’uV=EL, then

= P

1—up
is the voltage amplification from the grid of the
first tube to L. and when the element in gquestion
varies from 2Z to (Z4AZ) then

W +Ap)u
A T R

where

ABL_ AW 28

E, & B
if the rule is to be satisfied. If the changes are
small,

o’
ox\ _ 4
x z‘l—uﬁ

which is the same as if, instead of varying the
element in question, p had varied from x to
(p-+op) where op satisfies the relationship

op_ 0w
PR
as may be seen from Equation (5). If the
changes are large,
Ay
AxN . #
x )z_l_#(ﬁ+A3)
and now if
Ap
”/
is replaced by
Ap
N
we have
Ap
Ax T
x 1—(utAap)s
which is the same as Equation (¢g). Therefore,

properties of the wp-circuit are exactly the zame
as what have been termed properties of the
u-system.

In Fig. 17 Ro is in the g-system but satisfies
the above criterion and, hence, is also in the
u-circuit. The importance of this is that as a
resuit of being in the p-circuit, the effect of
variations in Ro upon amplification and non-
linear response may be stabilized for variations
in Ro as effectively as if Ro were in the g~system.

With regard to the input, the situation is simi-
lar to that for the output. The elements eligible
for consideration are those between boundaries
(r1, x2) and (x1’, x2’) of Fig. 15. The rule is
that a variation in one of these elements is liable
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to affect both g and Vi. If, the result of a
change in the element in question is to make
AV: _AB

Vi 8
then the element belongs to the u-circuit. Ac-
cordingly, as one of these elements belonging to
the p-circuit is varied, the effect of its variation
on the grid voltage is altered by feedback in the
manner that x is aliered by feedback, namely,
by dividing by (1—ug).

All elements of the p-system not in the u-cir-
cuit are eligible for consideration as to whether
or not they are in the g-circuit. The require-
ment to be satisfied is that if the system be ex-
cited (input applied) and the element in ques-
tion varied, the effect of its variation upon the
voltage being viewed shall be nil without feed-
back. The voltage viewed without feedback is
to be interpreted as the limit the voltage at the
same place and with feedback would approach if
B=0 and simultaneously there would be no
change anywhere in fhe passive impedances of
the complete system. To satisfy this condition,
the element in question apparently would either
have to be conjugate to the voltage being viewed
(cutput) or have to be shielded from it by a
tube or other unilateral device. In all other
cases, the extent to which an element of the
B-system partakes of the properties of the g-cir-
cuit is a matter of degree.

For example, in Fig. 1, if

CGy

RyL
<<tTea,

Ry-+L
it approaches meeting the requirement for he-
ing in the p-circuit; on the other hand, if

CGy RyL
>>ere T RAL

it approaches meeting the requirement to be
satisfied for belonging to the g-circuit. It is to
be noted that even for a fixed configuration of
the p-system, the nature and value of all its
elements may have to do with the question as
to which circuit, p-circuit or g-circuit, if either,
an element belongs.

Figs. 18, 19 and 20 are presented to illustrate
further the application of these concepts re-
garding p, B, u-system, g-system, u-circuit, and
p-circuit to the drawing of equivalent circuits
not closed back upon themselves and yet simulat-
ing feedback properties. .

Fig. 18 applies these methods of analysis to an
amplifier that feeds back through bridges as in
Fig. 5 described above, by way of example; Pig.
19 applies these methods of analysis to a case
of a simple voltage-voltage feedback, as another
example; and Fig. 20 applies these methods of
analysis used in Figs. 14, 15, 16 and 17 to the
case of a simple common impedance feedback,
as a further example.

In the case of Fig. 19, all elements C, G, R, L,
and f affect g [see Equation (b)] and do not
change u.

Despite the fact that u is stabilized and g is not
(as shown above in discussion of Figs. 6 to 8):
for a fixed input, B, and x3>>1, variations in G,
Ro and L produce nc material change in the volt-
age across L. However, a percentage change in
f, assuming j is sufficiently large, produces a. sub-
stantially equal percentage change in the voltage
across L (if f is'increased the voltage is increased
and vice-versa). . ;

In the case of Fig. 20 the load impedance L
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does not change the voltage fed back in the same
ratio that it changes the voltage across the load.
Therefore, the load voltage is not stabilized by
feedback against variations in the load impedance
to the same extent that it is in Fig. 19. in Fig.
20, negative feedback stabilizes load current
against variations of load impedance; whereas,
in Fig, 19, negative feedback stabilizes load volt-
age against those variations.

It is to be noted that u is not restricted to values
greater than g as in the examples cited. In Fig.
b, if the amplifier is turned around and the ampli-
fier and network circuits interchanged, the over-
all transmission is a loss instead of a gain. In
this case u is a loss and g a gain and the entire
procedure suggests a way of building a stable
artificial line useful for special purposes.

Moreover, both x and g can be losses; and both
«and g can be gains.

IV. MODULATION OR DISTORTION

The complexities surrounding the evaluation of-

the flow of current when the response of the sys-~
tem is not linear are known and for the case of
an amplifier without feedback, the subject has
been treated elsewhere. (“Theory of Three-
Electrode Vacuum Tube” by John R. Carson,
I. R. E. Proc., vol. 7, April 1919 pp. 187-200;
“The Equivalent Circuit of the Vacuum Tube
Modulator” by John R. Carson, I. R. E. Proc., vol.
9, June 1921 pp. 243-249; “Notes on Theory of
Modulation” by John R. Carson, I. R. E. Proc.
vol. 10, February 1922 pp. 57-64; “Operation of
"Thermionic Vacuum ' Tube Circuits” by F. B.
Llewellyn, The Bell System Technical Journal,
vol. 5, No. 3, July 1926, pp. 433-462.) Herein, the
objective will be to discuss not the non-linear
response without feedback but how the non-
linear response without feedback is modified by
the feedback properties of the system.

Fig. 21 shows a closed loop in which the prop-
agation in one complete journey around the loop
changes a voltage by the factor

4B, i. e. |ugl @

For convenience, reference is now made to this
figure to demonstrate that to a first approxima-
tion, if D is the distortion (harmonics or modu-
lations) without feedback,

1—pB

is the distortion with feedback: Explanation is
given hereinafter of the necessary conditions sur-
reunding the arrangement of the circuit in order
that the operation approximate this result. This
demonstration is applicable not only to the system
of Fig. 21 but to feedback systems in general.

Assuming the above conditions are satisfied, an
undesired distortion voltage in the p~circuit will
be replaced by an equivalent generator in one of
the shunt impedances. Let this generator be
“D” when the feedback path (or loop) is opened
without disturbing the impedance relations. With
feedback (or when the loop is closed) it is pos-
sible to visualize two generators in series with
this impedance. One is “D” the other is that
portion of the sum of these two that traverses
the loop and is altered by the factor pg. Call
this second generator usD’ where

D'=D+ugD’

=n(25)
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which demonstrates that under the conditions
assumed any distortion voltage without feedback
will be changed by the factor

( 1
1—upB
with feedback.

Thus, under these circumstances it is to be
noted that if the system is operated with a con-
stant output of the fundamental then the mag-
nitude of the fundamental at any point in the
u~circuit is the same with or without feedback.
But the distortion introduced by this fundamental
is changed by the quantity

(l—lnﬁ

Continuing the preceding analysis, considera-
tion will now be given to ascertaining distortion
levels at various parts of a feedback system. In
this connection reference will be made to the
amplifier system of Fig. 22 as illustrative, and
harmonic or distortion levels at various parts of
the amplifier with and without feedback will be
found, assuming that the first two stages do not
contribute any distortion and that the funda-
mental output is constant.

In connection with this figure, the p’s as shown
have been used to have special meanings, and
different from the general definition and mean-
ing employed for u elsewhere in this specification.
These special meanings are defined as follows:—

(generator at 1) -ui=(generator at 2)
(generator at I)-pa=(generator at 3)
(generator at 1) -p =(generator at 4)

These relations follow from the usual assump-
tion that a fictitious generator in the plate cir-
cuit has a voltage equal to that of a fictitious
generator in the grid circuit multiplied by the
amplification factor involved.

For simplicity assume only one distortion in-
troduced, and that at point 4. Under this con-
dition to compare the distortion with feedback
at various parts replace the distortion at that
place by an equivalent generator and compare
these equivalent generators. This gives:

Distortion generator at point 4

Without feedback=D
Distortion generator at point 4

With feedback=D/1—up
Distortion generator at point I

Without feedback=0
Distortion generator at point |

With  feedback=B-D/1—uf
Distortion generator at point 2

Without feedback=0
Distortion generator at point 2 6D

With feedback:li“:;E

Distortion generator at point 3
Without feedback=0
Distortion generator at point 3 )
With  feedback== 11‘1 =

—uB
Distortion generator at point 4

With  feedback=22.+ p=pj1—u

That is, assuming as the only distortion a dis-
tortion D in the plate circuit of the final stage,
the distortion at each point indicated in the cir-
cuit is found as a certain provortion of D de-
pending on the values of the z and g involved in
the closed loop for the given point when there is
a feedback.

%,102,671

Regarding modification of non-linear response
by feedback, one of the more important examples
to be considered is arrangements of negative
feedback whereby the modulation is improved
(i, e. the effect of unwanted modulation is re-
duced) as the gain is reduced. In such cases
the output is assumed fixed and the analysis is
directed toward a comparison of the difference
in modulation with and without feedback.

To begin with, it will be suggestive, assuming
no non-linearity, to view the physical aspects of
feedback with regard to its effect upon the grid

voltage. Without feedback the grid voltage has
been designated Vi and with feedback
— 1B
V1+V2—V1+1_“BV1

For values of uB large in comparison with unity,
the feedback voltage, Vs, is practically equal and
opposite to V1 (the value without feedback) irre-
spective of the phase shift around the pg-path.
Negative feedback as obtained in this manner is
dependent upon w8 being sufficiently large rather
than upon the phase shift around the amplifier
and network circuits. However, as

wB=|uBl |2
is increased without limit,

_uB_

1—uB
approaches —1 although in absolute magnitude
it may be a little less or a little more or for two
values of ® equal to —1. The sum of these two
nearly equal and opposite voltages is

k8
(1 + 1—uf )Vl
and thus always equals

Vi
1—uB
In other words, the effect of considerable nega-
tive feedback is to reduce the gain by feeding
back a voltage almost equal to and out of phase
with the grid voltage without feedback. ‘This is
further illustrated by Fig. 23, which is a vector
diagram of the relations between the applied
voltage (unit vector), the voltage feedback

(2

and the resulting voltage

( 1
1—upB
for positive and negative feedback. In Fig. 23

it is to be observed that although for large values
of pB the argument of

_HB
1—ug
always approaches 180°,
1
1—uB
which is the resultant or final voltage on the

grid with feedback, may assume any angle from
0° to 360° depending upon & and [uf].

* Another point to be noted is that if
Vi
A A4
#(Vio e

meaning that the outputs are alike with or with-~
out feedback, the voltages everywhere within the
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u-system with feedback are the same as without
feedback.

Now, it will be assumed for the moment that
the non-linear response is due te x and that g is

19
Thus, -the above-mentioned evaluation of the

effect of adding a generator uD: in series with
Rois

linear. The method used will be one of succes- *1%
sive approximation. As the first approximation
# is assumed linear: the grid voltage without indicating that the approximate effect of feed-
feedback is (Vi)o and the plate voltage u(Vi)o. pack is to modify this generator uD1 in the same
With feedbac_k and a change in input from (Vi)o way that it modifies the gain. Accordingly, the
to V1, the grid and plate vo]tages are second approximation term with feedback which
Vip b8 ) is referred to above as to be added to the first
( LI ms approximation with feedback, is
and )
1231
”(V‘+1— ﬁV‘> 18
where
v, and this has been indicated in the following table
“(VI)O'“’ﬁ 1B of successive approximations. It is to be noted
As a second approximation account is taken of 2@t by a method of successive approximations
the non-linear response without feedback when e results with feedback may be determined if
the grid voltage is (Vi)o. This is represented it Is known how to compute the results without
in the analysis as xD: which acting in series with ~ feedback. It is to be noted that in practical ap-
Ro in the equivalent circuit is to produce the Plications the approximation converges with ex-
same distortion (amplitude and phase) in the treme rapidity.
TABLE
Showing how the modulation with feedback is related to the modulation
without feedback and may be evaluabed by a method of successive
approximations
Grid voltage Plate generator
Approximation
Without With Without With
1st. v v na N
2nd ary +"—5ﬂD, £ V+uDy V+—"—D;‘ﬂ
E) s N Vg ”B V4 - iﬁDz #V+nDz—i—f—B‘;-ﬁuD1 Vﬂ”_’f,g
7T 2Dy PLp | wrhn-n | wved
3 Y V+1_i 5 D2 V+1ﬁiﬁDn—1 nV+MDn—1—i%gnDn-2 #V‘*"Lf;ﬂl
load as is actually obtained from the operation This table is offered as an aid in presenting a
of the amplifier without feedback when the grid physical concept of the final result of the suc-
voltage is (Vi)o. As a second approximation cessive approximation and to show the physics
term with feedback which is to be added to the of why feedback improves the modulation. It is
first approximation with feedback, the effect of to be noted that feeding back fundamental is not
adding a generator uDi in series with Ro is evalu- essential to and plays no part in the process, it
ated. This can readily be done; for, as will now Dbeing the propagation of the distortion com-
be shown, feedback changes the effect of a gen- ponents around the wg-path that leads to a re-
erator voltage in the plate circuit of an amplifier duction in distortion in the output of the am-
in the same way that it changes the amplifica- plifier. By a series of repetitions of the feed-
tion of the system, namely, by dividing by (1—ug8). back process, it is possible to construct an am-
Considering, for example, the circuit of Fig. 24, plifier so that the effect of feedback is to change
which is a feedback amplifier circuit similar to the gain of fundamental but not affect the dis-
that of Fig. 5 with the g-circuit network omitted, tortion; or to change the distortion but not the
and which shows a fictitious plate generator uD1 fundamental; or to affect both fundamental and

representing the non-linear response to a first
approximation, X designates the resulting voltage
that feedback causes on the grid; and the
values of X and of the resultant plate voltage

o (uD1+pX) can be obtained as follows:

%

X=p(uD1+uX) =ppD1-+upX
_ uB
X(1—pp)=pfDy or X=7— ﬂB
ﬂD1
—uB

b+ px=uy (142 e

distortion either by like or unlike amounts; or to
use combinations of any or all the three possi-
bilities: for example, to increase the gain by a
large amount and not change the distortion and
then to reduce the distortion and not change the
gain.

Although the method of successive approxima-
tion yields the final result, it is advantageous to
point out why under certain conditions (for the
case of a single ug-path and ug>>1) the second
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and third harmonics, for example, may not be
improved by the same amount as the gain is
reduced. In the first place, new frequency volt-
ages are across all the grids with feedback that
without feedback might even be entirely absent
if, for example, the production of harmonics were
confined to the plate circuit of the last tube.
Secondly, if the modulation is not confined to
output of the last tube, these voltages may be
distributed differently across the various parts of
the u-system with feedback as compared to the
case without feedback. Thirdly, in general the
modulation at one frequency depends upon the
flow of current at another frequency. As an il-
lustration of this, the third harmonic might be
improved by the flow of second harmonic and
then if feedback practically suppresses the sec-
ond harmonic, the third harmonic is made worse
and while the effect of feedback may be to im-
prove the third harmonic, the third harmonic it
improves has already been made worse. Finally,
Ro is in the g-circuit and if the variations in its
value with amplitude are too excessive there is a
limit to the improvement due to negative feed-
back around a single p8-path because the modu-~
lation in the g-circuit is not improved.

It is pointed cut in passing, that in a feed-
back ampiifier circuit using an input bridge (as
in Figs, b or 24, for example), for large values
of negative feedback, the ratio of distortion or
harmonics to signal when measured across the
feedback diagonal of the input bridge (i. e., across
the arms K'G and K’'Goe of Fig. 5 in series) is
approximately the same as the ratio of these
components measured in the output circuit with-
out feedback. This suggests a way of checking
the condition of the tubes (as regards their har-
monic production without feedback) without
opening the feedback path, which is undesirable,
or taking the amplifier out of service. This may
be done by connecting a suitable measuring set
across the feedback diagonal of the input bridge
and determining the ratio of harmonics to signal.

V. IMPEDANCE AS AFFECTED BY FEEDBACK

V. a. Generalized impedance relationship in a
feedback amplifier having a single pg path

In considering the impedance offered by any
two points in such a system, it will be assumed
that an applied voltage or generator in series
with an impedance is connected to the points in-
volved. The impedance across these points at
any frequency is herewith defined as the ratio
of the voltage across the points to the current en-
tering, the latter being the resultant current in
the applied generator impedance.

Representing the voltage and current at any
freguency by complex guantities, the complex
measure of these vector quantities, their ratio
will be a complex quantity which, in general, is a
function of frequency and leads to a value of im-
pedance that is the same as the impedance that
would be measured by an impedance bridge.
Therefore, the impedance as measured by an im-
pedance bridge will depend upon the impedance
of this bridge only if the impedance in question as
defined depends upon the generator impedance.
If it is assumed that the system is linear, it is to
be expected that there would be no cases in which
the measured impedance would depend upon the
impedance of the measuring circuit, provided the
system is stable when facing the measuring im-
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pedance, namely, the impedance of the genera-
tor. The impedance to he determined thus ap-
pears to be independent of the impedance of the
generator or measuring circuit with the single
restriction that the generator impedance does not
either so alter pg8 as to cause this altered value
of uB at any frequency to equal (1-}70), or, more
generally, that it does not lead to a new propaga-
tion characteristic that fails to comply with Ny-
quist’s rule for freedom from instability.

The impedance with feedback may differ from
the impedance without feedhack because the ef-
fect of feedback is to alter the voltage to current
ratio already defined as impedance unless the
feedback is conjugate to the impedance in gues-
tion. Referring to Fig. 5, examples of conjugate
arrangements would be the input and output im-
pedance with C and L respectively face.

In considering impedance, it has been assumed
that the effects of non-linearity may be neglected.
If the system is not sufficiently linear to justify
neglecting these effects, then the relationships
become more complicated and the impedance at
any one Ifrequency depends upon the impedance
of elements of the system at other frequencies
and, in addition, upon the ampiitude and char-
acter of the applied generator voltage as well as
the impedance-frequency characteristic of the
generator or measuring circuit.

Pigs. 25, 26, 27, 28 and 29 illustrate, in partic-
ular instances, the effect of feedback upon im-
pedance.

In these figures, what is meant by the im-
pedance without feedback is the value which the
impedance with feedback approaches as u is
caused to approach zero; or is the value of the
impedance in question if x could in some manner
be reduced to zero and, at the same time, the re-
maining properties of the p8-path not be altered.

Referring to Fig. 25, if the complex transmis-
sion ratio for a voltage transmitted once around
the loop is pB, then with the pg-path closed
through, the impedance seen across the inter-
stage between grid and cathodes (ground) is

=% _
1—uf

where Z is the impedance with feedback and Zo
is the impedance without feedback or when g==0.

The impedance will not change with different
values of bridge impedance and the value of ug
that must be used is with no bridge across the
circuit. The only restriction upon the value of
impedance looking back into the bridge used for
measuring is that it must not produce instability
in the amplifier and feedback circuits at any
frequency.

Referring to Fig. 26, if a feedback amplifier
circuit is cut in a series arm as shown and the
impedance measured with and without feedback,
we get the relation

Z=Zo(1—puB)

where Zo is the impedance without feedback, Z
the impedance with feedback, and zg8 the com-
plex transmission ratio once around the loop
before the cut was made.

The value of Z above will not depend upon the
impedance of the bridge used to measure it. If
the system is made up entirely of unbalanced =
type structures this relation will hold for a cut
in any series arm.

Referring to Fig. 27, if the shunt arm Zg is cut
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and the impedance measured with and without
feedback, we get the relation

Ry

= REA A
1—uf =5
and
Zo=Ro+Z1
and

Z=Z 7,8 R]
L

where Zo is the impedance without feedback, Z
is the impedance with feedback, and pg is the
complex transmission ratio around the loop be-
fore the shunt arm was cut.

It will be noticed that

Ro+Z1
1B ~Zz

is the value which the propagation around the
feedback path would have if Z. were open. Then
if the shunt arm is opened we see Ro modified
by the feedback in the ratio

1
Ry+2Z,
l_ﬂﬁ( Ry )
and with Zr in series with it. This impedance
is not affected by the 1mpedance of the bridge
used to measure it.

Referring to Fig. 28, if the impedance seen
across the series arm Zs is measured we get the
relations
(Ro+2Z1)Zs
Ro+2Z,+2Zg

1-— MB%
Z=I\ 1=

where Zo is the impedance without feedback, Z
the impedance with feedback and ug the propaga-
tion around the pg-path.

The value of Z is independent of the bridge
impedance and the above relation may be applied
to any part of a system made up of unbalanced
= type sections.

The value of Z is the same as would be obtained
if we viewed the value of (Ro+Zr) modified by
multiplying by (1—ug) as in Fig. 26 and as would
be the case if Zs were gero and then Zs considered
as being in parallel with that impedance,

Referring to Fig. 29, if the impedance is meas-
ured across a part of a shunt arm we get the rela-
tion

Zg=

B ZRy
Z‘Z°[1+(zl+zz>(1eo+zo\1 uB)]

where Zo is the impedance without feedback, Z is
the impedance with feedback, and pg is the propa-
gation around the ug-path.

It should be noted that the generalized defini-
tion of the impedance without feedback is con-
sidered to be the limit which the impedance with
feedback approaches as ¢=0 and nc other prop-
erty of the ug-path is altered, whereas the am-
plification without feedback is obtained by con-
sidering the limit which the amplification with
feedback approaches as =0 and no other prop-
erty of the pg-path is altered. (The fact that in
Fig. 26, for example, the impedance without
feedback may be obtained by making g=0 is to
be interpreted as merely another way of ap-
proaching the impedance limit mentioned which

is valid in this and the other examples but not
generally.)

The fact that for certain conveniently accessi-
ble parts of the system, the relationship between
the impedance with feedback and the impedance
without feedback is related to pg in a simple
manner and is independent of the impedance
measuring circuit, suggests a -practical way of
measuring ug, both modulus and angle, without
opening the pg-path and under any desired con-
dition of excitation. Such an impedance would
be measured with and without feedback and ug
thus determined.

A first conclusion can be drawn from a con-
sideration of examples such as those given in
IMgs. 25 to 29, namely, that if a conductor is cut
and a measuring circuit is connected to the two
terminals formed by the cut ends, the impedance
of the circuit across these two terminals ap-
proaches zero as pf approaches unity. This is
believed to be a general rule for all points which
are actually included in the ug path. This means
that for any finite voltage, the response would
be infinite which is the familiar case of instability.

A second conclusion can be drawn, namely, that
the impedance measured by bridging across two
points separated by a finite impedance becomes
infinite if the value pg becomes unity. It is
thought that this also is true for any two points
which are actually in the ug path. This conclu-
sion is consonant with the first conclusion, and
the two are analogous to the cases of series and
parallel resonance.

V. b. Equations for the input and output im-
pedances corresponding to the configurations of
Figs. 30 to 34

While the generalized relationships discussed
under the preceding heading may be used as an
aid in deriving specific equations, for the case
of the circuit configurations of Figs. 30 to 34,
specific equations have been derived without re-
course to the generalized relationships in order
to show the general method of derivation. The
configuration of Figs. 30 to 32 is termed voltage-
voltage feedback and will be designated configu-
ration A, and that of Figs. 33 and 34 is termed
current-current feedback and will be designated
configuration B. These expressions are preferred,
although the term “parallel-parallel” could be
used for configuration A and the term “series-
series” for configuration B. In either case, the
significance is thought obvious, namely, that the
feedback circuit is connected to derive a voltage
from across the output (or from a current flow in
the output) and to apply a voltage across the in-
put (or set up current fiow in the input). The
impedance properties of these particular circuits
are also discussed in detail and are used to em-~
phasize the difference between amplification with
and without feedback and impedance with and
without feedback.

Figs. 30 to 34 show vacuum tube amplifier cir-
cuits in which ¢ is the grid of the first tube and
» is the plate of the last tube. Pigs. 31A, 32A
and 33A show eguivalent or simplified forms of
the circuits (or of portions of the circuits) of
Figs. 31, 32 and 33, respectively. All symbols
used in these figures and in the derivations of
equations in connection therewith are complex
quantities presented as complex measures of cer-
tain vector quantities, impedances or generalized
voltage-coefficients. Zo is used to designate im-
pedance without feedback, and Z is used to desig~
nate impedance with feedback.
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Referring to Fig. 30,

G"(f + RI::LL L)

Go+ £+ Rf +LL

Zy=

——~input impedance without feedback

|4

_.#3
)
1—pg

=

E e Vi
CTZy, I—uscC™ L=

V=V+Va=V;

T=

Cc )Il

= 2 [ 1
w8 Zy, 1— uﬂLl_ uB Zy
—up C™1 1—uBC

Zy Zy
— input impedance with feedback
1— ﬁC'i‘ Z, 1 (u8):

I1——

Z__

The symbol (u8): is introduced here and will
be used with reference to impedance in the same
general way that the symbol xg is used with re-
spect to amplification. The value of the quantity
(uB)z will evidently depend upon the location of

5 the impedance: considered.

The amplifier circuit of Fig. 1 corresponds to
configuration A and, as shown above, the im-
pedance the connecting cable or circuit C faces
with feedback is related to the impedance faced
without feedback by the equation,

Z=
C Z
1-— uﬁ( + ? (@)
where
Go(f-}— Rol °L
Zy= ROL €9
Go+-f+5—— R+ L
and
Zo=the impedance without feedback.
Z =the impedance with feedback.
To show that (1) is independent of C,
CGy
_ CtGo
B_<R0+L/ RL . CG, (®)
Ry+L CH Gy
which may be rewritten,
{ L N\ Gy ( C )
ﬂ—<Ro+L/G +i+ Ryl \Zy+C ()
0 Ry--L

From (@) and (s), it is plain that Z is inde-
pendent of C.
It is also evident that Z doés not approach

Z,
1—uB

ct+a,
2

This situation is similar to the discussion above
in connection with Figs, 25, 26, 27, 28 and 29, in-
asmuch as the transmission around the feed-
back path is affected by the impedance of the
exciting generator. In this case, the impedance
of the generator has been noted C. However, Z
(the impedance with feedback) equals Zo (the
impedance without feedback) divided by a quan-
tity (1—up). The ug to be used in this case is
the ug8 of the system when the exciting generator
together with its impedance C is short-circuited.

except as
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Attaching the bridge or excitation does not
change the impedance measured by the bridge
or the impedance presented to the exciting gen-
erator.

It is to be observed that the pg involved in the
above expression

Zy
—up

is the pp of the system before the bridge is con-
nected, and it would be only in special instances
that this xg would coincide with the operating
up effective while the circuit is being measured.
To illustrate further, refer to the amplifier in
Fig. 5 with input and oufput bridges and con-
sider the impedance the high side of the input
coil faces. To get the value of pgB satisfying

— ZO N

1—up’
assume a small voltage acress (G4-K’'G) and con-
sider how this voltage will be modified in a sin-
gle journey around the amplifier and feedback
circuits. It will be amplified by the armplifier and
attenuated by the feedback path and applied
to the input bridge where, depending upon

G0+G

a portion of it will reach the grid and, if the
bridge is balanced, none of it will reach the
starting point which was the points (G4+K’G) to
which the input coil normally connects. Thus,
it is here evident that up=0 with respect to

Zy

= t
Z=1"up ®
whereas, without the g-circuit network,
Gy
G+ Gy
h= “1~LK (1+K’ RIR,
K G+ G

from (d) with respect to amplification with feed-
back.
Equation (¢) may be written as follows:—

Zy Zy

Z= (@)
_HB<C+ZO) 1= ).
ol rtaer] _
RyL 0
Go+f+fﬂ'+—L
Z=1 ( I Go (g
s RO-l-L/ RoL
Gotf+3 1T
Z,
Z=1_L’3 for C=o (g¥)
f+R
Z=7—lfor L=w (g¥)
fRy+FL+ RyL .
z="RE I Gi=e (@)

Hence, with respect to the input circuit:—

grid voltage with__grid Voltade w1thout feedback

feedback [ ( 7T C
Ry l’L/Go"r‘f +ry Zy-+-C
impedance __impedance thhout feedback

with feedback _ I:( ) ]
MA\RFL Go+f+to
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Showing that if (u8):=1000, for example, and
C=19¢, that although feedback would divide the
input impedance by practically 1000 it would not
materially alter the grid voltage or amplification.
On the other hand, the conjugate arrangement of
Fig. 5 does change the amplification but not the
impedance.
Referring to Figs. 31 and 31A,

_ R(f+8)

Zy= 7 output impedance without feedback

Ry+ft+d
o(58)-

E e
e—-IlL=EWhen1—-—-I—

L+Zo(‘1fu3)

; L-I—Zo><l nﬁ)

1
uB

o (2w |

Zy

Zor L

‘—L=Zo

Z~<2+L>(1 )=

Z=L

Z=

output 1mpedance with feedback

0
1—-(uB):

Referring to Figs. 31 and 31A and these equa-
tions derived in connection therewith, the out-
put impedance of the amplifier circuit of Fig. 1
iss—

_Rf+8)

A=Ro+f+d ()
oz Z

Z= Rz AT g

where

Zo=impedance without feedback and
Z =impedance with feedback.

Equation (9), it will be noted, is similar to ()
and evidently the statements about (r) are ap-
plicable to (v), except perhaps whether or not
(v) is independent of L.

To show that (v) is independent of L, consider
that

R -
(”B)Z—Mf+g+Rg
whereas if g as given by (b) is multiplied by

(245)
;

M+ R

and independent of L.
Equation (v) may be written:—

R(f+-8")

the result is

R HEA—D )

i = id
Z—l——;/, for g'= (vit)
Z=R, for f=w (vii?)
Z=f4g' for Ry=o (viv)

’ With respeet to the output circuit:—

voltage withont feedback

voltage with feedback = i
e (==

impedance __impedance without feedback
with feedback™

1T R, +f+R0

23

To recapitulate with respect to configuration
A, the input and output impedances with feed-
back are separately and respectively independent
of the impedances of the input and output con-
necting circuits. Thus, the input impedance is
independent of the input connecting circuit but
does depend upon the impedance of the output
connecting circuit; the output impedance is in-
dependent of the impedance of the output con-
necting circuit but does depend upon the im-
pedance of the input connecting circuit. The
impedance with feedback is equal to the imped-
ance without feedback divided by 1—(ug)z. For
the case of the input impedance, (u8)z is the
value which u8 approaches as the impedance of
the external input connecting circuit approaches
infinity. Similarly, to get the cutput impedance
with feedback, the output impedance without
feedback is divided by (one minus the value which
x8 approaches as the load impedance approaches
infinity).

Referring to Figs. 32 and 32A,

Zo=70-}0" Feedback impedance without feedback
Where:—
y—CGy _RiL
T CtG "TRAL
__ &
P =rte T+

- (1
_ro—l—g’—i-f(l—uﬁ)
=f+Z=(ro+ & +H)(1—pp)

e
i

Z=Crpk &Y — ) — Bt = (e &) — B(ro-+- & -£)

_ ro-8' 4 f
2= (1w )

Feedback impedance with feed-
back

oY

Z=(zy+g')—

wL
R L8

Figs. 32 and 32A and this derivation indicate a

.derivation of the equation for the feedback im-

pedance of the amplifier circuit of Pig. 1, desig-
nated Z with feedback and Zo without feedback.
This would also be a load impedance if the output
were connected at f instead of I.. This imped-
ance is given by:—

Z= ZO[l - (I”B)z]

This is-an example of a case in which the im-
pedance with feedback is equal to the impedance
without feedback multiplied by [1—(u8):]1 where
(uB)z is the value with ug avpproaches as the

where

(w)

- impedance of the connecting circuit, which in

this case is f, approaches zero. As previously,
the impedance with feedback is independent of 7
whereas the amplification with feedback depends
upen f.

Considering configuration B, cut the circuit of
Fig. 33 at @ and b as shown and apply Thévenin’s
theorem. This gives Fig. 33A as the equivalent
circuit for the input mesh.
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Referring to Fig. 32A,
Vi
T—u8”*
o2 CHGotr’
Gy

_HB_

1—uB

¢ 2R+ L)
r+Ry+L

V=

Gy
cT Go+r'>E
uBV

7

whence
= Got-r’

‘___E_<__1__
TTCH Gotbr\1—8
E=io(Gotr')—e

e (= ﬂB) T

‘C+ GUJ‘I'
F=Gytr' —up(C+ Got1')

Z= Zo[l—yBZOZ C]=zou—<ﬂa):1

Z=Gyt1' _”;TI%—H?.GD
which is independent of C.

Therefore, with simple current-current feed-
back, the input impedance is given by:—

2=z 125 |~ 21—~ G2
whence,

()

r i
Z= Ga-l-r'—anu (x%)
which is independent of C. In (z) Zo is given
by :—

Zo=Go+71’ @

It is to be observed that the impedance with-
out feedback is multipled by [1—(uB):1 where
(18) = is the value of ps for C=0.

If (Go+1') >>C, (uB)2=pp and Z approaches
Zp multipled by (1—pg) in which case the imped-
ance with feedback is more or less than the im-
pedance without feedback according as the feed-
back is negative or positive, which will be ac-
cording as [1—upg| is greater or less than unity.
The impedance with feedback is rotated relative
to the impedance without feedback by an amount
dg where

Z=|Z,||®; and (1—pB)=|1—ufl||®;

whence
Z=|Zy| |1—p8| |21+ %,

The only restriction on z8 is that it complies
with Nyquist’s rule for stability.

It is to be observed that if C>>Go for config-
uration A (in which case Z approaches

Zy
1—us

and C<<Go-r’ for configuration B (in which
case Z approaches
Zo[1—pB))

that a modification of the input impedance with
feedback as obtained with positive feedback with
one configuration would in general only be ob-
tained with negative feedback for the other
configuration, the exception being in those in-
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stances where the effect of feedback is not to
change the impedance or to change the angle
of the impedance but not its absolute value, either
of these conditions corresponding to

<I>=cos"1%
or boundary A in Figs. 2, 3 and 4.
Equation (X) may be written as:

Z_,  C+tGute
AL e

It is to be noted that (C+Go-+r’) may be ar-
ranged to approach zero and simultaneously ug8
may still comply with Nyquist’s rule; under these
circumstances the input impedance with feed-
back would be the same as without feedback ir-
respective of the values of either ug8 or (Go+4r’).
If
C+Gotr’ ,
B_G——IT 1+jo
and at least C'>%0 or in general the conditions
for instability be avoided, the impedance with
feedback would always be zero and it is to be
noted that this result may be obtained when
lug] is large compared to unity.
It

o<psSias

the magnitude of the impedance with feedback
may be more or less or the same as without feed-
back and in all instances the phase angle will
have been altered except for the special condi-
tions previously noted.

To recapitulate: the absolute value of the in-
put impedance of configuration B with feed-
back may be made zero or it may be greater than,
less than, or the same as the value without feed-
back; usually, but not always, its phase angle
will be altered.

The output impedance of confizsuration B, Fig.
34, is shown as follows:

<2

Zy=Ry +g§%—cli)r output impedance without feedback
Vi=—BE
___eB
W=~ 5
. E 1
o r(Gn-i-C)(l—ﬂB)
L+R0+t+ G0+C
- T(G0+C)
Z+L—[L+Ro+m (1—up)
_ r(Gy+C) 1(Gy1-C)
Z—Ro+m——ﬁtﬁ[L+Ro+m
I(G0+C)
B_‘ I+Go+c
- r(Go+C)
ErRt G T
B G+ ©)
Z—R0+(1 #)I‘]—G ¥c

L+2Z,

z=zo[1 —upE L ] Zif1—(u8).]

Thus, the output impedance of configuration
B, Fig. 34, with feedback is given by:

z=z[ 1-w(* 52 ) |=zi-wel @
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whenece - : ( )
Z—R0+(1 u)’I+Go+C (z )
a result which is independent of L.
_ (G +C)
Zy=Ro+ G TG (aa)

(2) is similar in form to (2) and the discussion
of the properties of (x) will be pertinent to (2).

V. c. Feedback methods or configurations

Several configurations of feedback -circuits
have been shown in figures discussed above. Figs.
35A to 35E and Figs. 36A to 36H show a number

of configurations together for comparison and .
contrast with each other, and indicate clearly’

that various configurations may be employed.

In these thirteen figures C and L are the input
and load circuits, respectively, as in preceding
figures; the fransducer shown may be of any
suitable type, as for example a vacuum tube am-
plifier or an electro-mechanical amplifier (i. e. a
so-called mechanical amplifier) ; and.the element
Z, shown in certain of these figures, may be a
two-terminal impedance and may, if desired,
have a value small compared to the impedance of
the input circuit C or the load circuit L with
which it is associated.

Figs. 35A to 35D show voltage-voltage config-
urations and - current-current
generally similar to configurations considered
under the preceding heading, and Fig. 35E shows

a bridge-bridge configuration such as that of
-Fig. 5 described above; and then various modifi-

cations or combinations of such configurations are
shown in Figs. 36A to 36H. '

Configuration A, (Figs. 35A and 35B), illus-
trates very simple feedback systems in which the
wave to be fed back is obtained as a voltage.

In this illustration it can be seen that for large

values of w8 (i. e. when pg>>1) the load im-~-.

pedance Zi will affect the feedback voltage in
exactly the same way that it affects the voltage
across the load or output. Any element affected
in this way is part of the p-circuit and hence its
variations are stabilized by feedback. This
means that when the voltage of the output load
determines the feedback voltage in this manner

the voltage across the load will always be inde- =
‘pendent of variations in the u-circuit.

There are cases in practice where the output
voltage should be held constant. In these cases
the feedback signal should be obtained as a volt-

.age across the load.

Configuration B, (Figs. 35C and 35D), illus-
trates very simple feedback systems in which the
wave to be fed back is obtained as a current.

For large values of u8 (i. e. when ug>>1) and

‘when the current through the load controls the

feedback signal then the current through the
load will always be a constant. This method
should be employed when a constant load cur-
rent is desired.

Configuration C, (Fig. 35E), shows how the
feedback path can be made independent of the
load impedance by the use of balanced. bridges.
Also, when desired the bridges can be unbalanced

to obtain a required dependence or to obtain a -

given approach toward independence.
Configurations D, E, F and G, (Figs. 36A to

36H), include several feedback systems in which

a wave to be fed back is obtained as a voltage

;and introduced into the system as a current, or

configurations-

25
in which the wave to be fed back is obtained as
a current and introduced into the system as a
voltage. Various meodifications of Figs. 35A to
36H can be used. By properly proportioning it
is possible to obtain generalized reiationship be~
tween the load voltage and load current. One
expedient by which this may be accomplished is
to unbalance the bridge. This generalized rela-
tionship may be made a function of frequency.

Regarding the difference between applying the
fedback signal as a voltage and as a curreaf, if
configuraticn A is used and a fedback voltage is
applied across the input, the input impedance
approaches zero as pg becomes larger and larger.
However, if the fedback wave is introduced as a
current the input impedance tends to become
very high under the same conditions.

The use to which the amplifier is to be put
should determine the method of obtaining the
feedback signal and the method of reintroduc-
ing it into the system.

V.d. Input and oulput impedances of amplifiers
using bridge type networks for feedback

The input impedance of amplifiers with a bal-
anced input bridge is independent of the amount
of feedback and of the impedance presented by
the g-circuit-network. If the value of Go devi-
ates from the value required for balancing the
bridge, the input impedance follows a somewhat

complicated law. Without feedback the input’

impedance is the same as that of the passive net-
work. As the feedback increases to very large
values the impedance approaches that of the bal-
anced bridge and is independent of the value of
the Go armm.. For small values of AGo the deriva-
tive of Z with respect to Go is inversely propor-
tional to 1—puB. 'The relation is

daz _ S {Kg-+g+KS)
dGy 1+S (Kg+6+EKES+E)(1—uB)

where G=S8Go and impedance looking from the
bridge into the g-circuit network=g¢Go.

Equations were also worked out for the im-
pedance of the input when each of the other
three arms of the bridge varied. All equations
approach limits as the feedback becomes infinite.
In each case the limit approached is the im-
pedance which would be seen if the bridge were
rebalanced by varying the Go arm. The deriva-
tives expressing the path by which these limiiing
values are approached are not simple and are
not given. The value of xg used in the equations
was that which existed before the arms were
varied. :

Similar expressions were derived for the im-~
pedance of the output bridge network. The out-
put impedanceis independent of the amount of
feedback and of the impedance of the g-circuit-
network in the balanced bridge case. When the
Ro arm departs from the value for a balanced

- bridge the output impedance approaches the

value obtained with a balanced bridge if the feed-
back is very large. TFor small values of ARo and
with a g-circuit-network impedance very high
compared to the bridge impedance the derivative
of Z with respect to Ro is inversely proportional
to (1—up). The relation is

52

1+82(1—pup)

dR,
where Ri==SRo.
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The derivative for the case of finite g-circuit-
network impedance is more complex. It is

az _ SUK+ KS+ g+ Kg)
dR, (1 +8P(— )1+ KK+ KST &)

here again it is inversely proportional to (1—u8).

‘The output impedance when the other three
arms vary was computed assuming the g-circuit-
network impedance to be very high. These equa~-
tions all approach limits as the feedback becomes
large. This limit is in each case the impedance
which the bridge would present if it were re-
balanced by varying Ro.

V. e. Theory and design of balanced bridges ar-
ranged to make the feedback path conjugate to
input and output connecting circuits

Part I. Theory of balanced bridges.—With an
output bridge consisting of four arms, Re, KRy,
R and KR, and the input bridge consists of the
corresponding arms Go, XK'Go, G and K'G, the
following relations hold:—

Ry, R
KR, KR
and
G __G_
K'G, KG
in which all symbols represent generalized im-
pedances. It should be understood that although

Ro and R are ordinarily resistances there is no
restriction on their phase angle. All of the quan-
tities Ro, R, K, Go, G and K’ may, in general,
be any realizable complex quantities and their
values may change with frequency.

By the application of Kirchoff’s laws, it can be
shown that the voltage fed back across Go as a
result of a voltage applied in series with Ro is
independent of the load impedance connected
across the output bridge and of the terminating
impedance across the input bridge so long as
HEquations (g) and (r) hold good. That is, so
long as the bridge bhalance is maintained the
feedback in an amplifier is independent. of the
impedance from which the amplifier works and
of the impedance into which it works. This is
the reason for using balanced bridges.

Part II. Design of resistance bridges.—Al-
though the balanced bridges may be made up of
complex impedances, for the sake of simplicity
attention will be given only to the theory of the
resistance bridge.

Selecting first the input bridge we find that the
factors of interest are:—

(1) Rg—the impedance with which the bridge
terminates the input coil.

(2) R’p—the impedance which the bridge pre-
sents to the p-circuit.

(3) I~-the db transmission loss which the
bridge presents to the signal voltage.

(4) Be—the db loss which the bridge presents
to the feedback voltage.

Taking these factors in turn

@ R,=11K)GG
@ Rp= G+ Go
3 I=20 logyp (1+K’)

expressed as loss in db.
(4) Bg is for convenience more used in the form

1
Bo

2,102,671

Since the g-circuit loss is, for large values of
feedback, equal to the gain of the amplifier, it
is more convenient to express the quantity as a
gain.

Expressed in db:—

G+ Gy
Go

From the above relations the input bridge de-
sign is a straightforward calculation. Practi-
cally, the design of the bridge involves a series
of compromises. Factors, such as the bulk ca-
pacitance of an input coil to ground, the input
capacitance of the tube, introduce phase shift
which must be kept at a minimum. If the am-
plifier is of high gain it is desirable to make it
come as near as practicable to the theoretical
minimum of noise and this sets a requirement
that the input bridge loss to the signal shall he
as low as is consistent with other factors. The
loss of the bridge to signal can be made smaller
for a given loss to the feedback by making Go
large and K small but :this soon makes Go too
large compared to the tube reactance and so can
not be carried far.

With the output bridge the controlling factors
are:

1
I 1
Bu =20 Og10

(1) pp—the db loss which the bridge presents to
feedback voltage.
(2) P—the db power loss which the bridge pre~

sents to the signal energy.
Taking these factors:

(1) pp is expressed in the form of a gain as
with Bg.

Expressed in db:
1—=20 logm [

D

1+K Ry+R
X R’

P= 10 logw ["3’7;]

w
W,

is the ratio of the power expended in the load
circuit before and after the insertion of the
bridge. It will be assumed that if the impedance
presented by the bridge is not equal to Ro the
output transformer will be made to match the
bridge impedance and not the Ro of the tube.

w,_ Ry
=1+ R)a+m

P=10 logy [<1+§9>(1+K)]

Since it is of paramount importance that for a
given value of g-circuit loss the output trans-
mission loss be a minimum, the following design
theory is based upon the fundamental require-
ment that the g-circuit loss be a minimum for a
given value of P. For convenience we will in-
troduce here two ratio terms:—

(2)
‘Where

and

W ~Re
2 a=—ga

Assuming that the quantities R’; and P are
fixed we take the expression:

1_1+K, R+R

="K T R,
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and the exptession for Pi—
P=(1+ERQ>(1+K)

~and introducing the ratio terms p and « obtain i

P=(1-|—K)(l%x>

1 =l—I—K 14«

B K P
By substituting for K and differentiating
1
By
to obtain a minimum we find:—
P—1
=17
a=_3_/___f_z/—£t1_’.
VP[p(P—1)
1_DVERl
Br P—1

In designing the bridges for an amplifier an
equation for the gain is first set up:—
60 : P
where:— .

20 logio %\/ %= gain of coils=gain of amplifier
0

with a tube having a p=1.

Le=Loss of the coils due to departure from the
ideal.

Other quantities as defined above.
The above equation assumes that there will
be feedback enough so that

I

, 1—ug

will be practically equal to
1

8
The things we know are the Ro of the output
tube, the input and output coil constents, and

the desired gain. The input bridge will be de-

signed as already cutlined. After this informa-
tion is added and transposed to the left-hand
side the equation becomes:—

1 1

. 1 /R, _1
Gain— 20 logy 2\/E—|—Lc ﬂ”—|-I—6p P

The most convenient way of designing the out-
put bridge is to plot a set of curves. One sheet

should be
1
G-?)

plotted against p with P as parameter. Then
there should be a sheet showing K as a func-

tion of p with P as parameter and a third show-

ing « as a function of p with P as parameter.
Having these curves at hand and knowing the

desired value of
1
(pr )

and the value of p we can find the value of P
and then from the second and third curves we
can find K and «. From K and « we get the
bridge counstants at once.

" VI. PLURAL FEEDBACK

VI. a. Multiple feedback includes those cases
in which a single ug-path includes other pg-paths
and thus is & collection of ug-paths having parts

in common and at the same time satisfies the .
_condition that when the over-all system.is viewed

analytically in the form of an equivalent circuit
it is not possible to obtain further reduction in
the number of up-paths surrounded by a single
ug-path éither (1) merely by combining passive
impedances or (2) viewing as combined, parts of
paths that are in parallel and either are composed
of passive impedances or are not to be viewed
as an additional ug-path.

VI. b. A repetition of the feed back process is
considered to occur whenever a complete feed-
back system (single or multiple feedback) may
be viewed and treated as a unit and, in addition,
is used to form a new ug-path which path in every
way is independent of the first feedback system
except insofar as it is dependent upon its original
over-all properties. Usually this requires con-
jugacies or their equivalent and the use of trans-
formers, assuming no new unilateral devices or
their equivalent to be added. Such g repetition
may be repeated successively any number of
times.

The limits cbtainable can be extended by repe-
titions and multiple applications of feedback and
in this respect the invention is believed to be
unique.

In Fig. 1, if the feedback impedance, f, were
composed of two impedances in parallel, the par-
allel combination would not be viewed herein as
multiple feedback but rather as a simple feed-
back system involving a single g-path. Fig. 39
is another illustration of a feedback system not
view as an example of multiple feedback. This
Pig. 39 is described hereinafter.

Pig. 37 is viewed- as an example of a vacuum
tube amplifier with multiple feedback. Each of
the three internal feed back loops or paths in-
cluding impedance Zi, Z2 and Z3 respectively, can
be used to raise the gain of the stage that the
path is associated with 10 db, for example, thus
giving a total increase in gain of 30 db. - The
modulation produced by the last tube is not made
more than 10 db worse, so that, with sufficient
negative feedback, for the amplifier as a whole,
to render the net amplifier gain unaltered, there
is a net improvement of 20 db, with respect to the
level of the fundamental as compared to the
level of this distortion.  Moreover, as the gain of
each stage is raised 10 db, if desired its stability
is improved instead of degraded applying the
principles explained in the discussion, above, of
stability of gain. Three additional paths in-
volving Zi’, Zg’, Z3’ are used, for example, to
alter the phase shift with a view to making the
main combination of three stages more readily
comply with Nyquist’s rule for freedom from os-
cillation.

The amplifier of this Fig. 37 connects in-
coming circuit i1, terminated in reflection re-
ducing resistance 2 and amplifier input ftrans-
former {3, with outgoing circuit {4 which in-
cludes amplifier output transformer {5 The
amplifier comprises tubes {8, {7 and 8. Tubes
16 and 77 are, for example, screen grid tubes with
indirectly heated cathodes, such for instance as
Western Electric Company type 259-A tubes.
Tube 18 is a coplanar grid tube, of the type de-
scribed hereinafter in discussion of Figs. 57, 65
and 66. This tube has a control grid 18 and a
space charge grid 20, and may be operated as a
power tube with a high negative biasing voltage
on the contrel grid and a high positive biasing
voltage on the space charge grid, as described
hereinafter for the coplanar grid tubes of the
three figures just mentioned.
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The output circuit of the amplifier of Fig. 37
includes a bridge circuit having as ratio arms the

impedances Ro, KRo, KR and R, and having the
outgoing circuit {4 as one diagonal and includ-

. ing in the conjugate diagonal, or feedback diag-

onal, conductors 2! and 22 and feedback resist-
ance or impedance r which is also included in the
input circuit of tube i6. Between tubes (6 and
1T is an interstage coupling impedance I1, and
between tubes {7 and 18 is an interstage coupling
impedance I. Impedances Zi1, Z2 and Z3 are re-
spectively connected between the cathodes of
tubes {8, {7 and 8 and the conductor 22. Im-
pedances Z1’ and Zz’ are respectively connected

- between the screen grids of tubes 16 and {7 and

the conductor 22; and the impedance Zs3’ is con-
nected between the space charge grid of tube (8
and the conductor 22.

There is feedback from the output circuit of

- the amplifier to its input circuit, through the

common impedance r. If desired, this feedback
can be negative feedback, with the |u8] for this
feedback much greater than unity and with con-
sequent gain stabilization and distortion reduc-

- tion as hereinbefore explained.

There is feedback from the plate circuit of
tube (6 to its confrol grid circuit, through com-
mon impedance Zi; from the plate circuit of
tube 17 to its control grid circuit, through the
common impedance Zz; and from the plate cir-
cuit of tube (8 {o its control grid circuit, through
the common impedance Z3. These are the three
feedbacks referred to above as involving im-
pedances Zi, Z2 and Zs3, respectively.

With the screen grids of tubes {6 and 17 and
the space charge grid of tube 18 acting as anodes
with respect to the tube cathodes, the control
grids of the tubes contrel the currents in the cir-
cuits of -these anodes, and there is (1) feedback
from the screen grid circuit of tube 16 (includ-
ing Zi’ to its control grid circuit, through the
common impedance Zi, (2) feedback from the
screen grid circuit of tube 17 (including Z2’)
to its contrel grid circuit, through the common
impedance Zz2, and (3) feedback from the space
charge grid circuit of tube {8 (including Z3’) to
its control grid circuit, through the common im-
pedance Zs. These are the three feedbacks re-
ferred to above as involving impedances Zi’, Z2’
and Zs’, respectively. If desired, still other feed-
back paths in the system of Fig. 37 can be em-
ployed for eperation in accordance with the prin-
ciples hereinbefore explained.

Fig. 38 illustrates a repetition of the feedback
process five times. In using feedback to improve
modulation (i. e. to reduce modulation products
relative to fundamental) the amount of improve-
ment that a single feedback process can yield
depends upon how well the specific amplifier or
system employed is adapted to this purpose. For
example, the amplifier corresponding to the plots
of Tig. 68 gave an improvement of 60 db, yet
another amplifier, with only one feedback path,
corresponding to path P: of Fig. 38, gave 20 db

‘improvement and then reducing the gain beyond

20 db did not result in an improvement in har-
monics corresponding to each db the gain was
further reduced. However, by stopping the first
step of gain reduction and distortion improvement
at 20 db, and employing a second ieedback path
P2, as shown in Fig. 38, to secure a second step
of gain reduction and distortion improvement,
this second step of improvement will now be ef-
fective starting with 20 db (the end of step 1)
and in this case will now carry on effectively over

2,102,671

a range of more than 20 db additional reduction
in gain. The reason for this may be seen from
the following considerations. The effectiveness
of the first step in improving the distortion of
the circuit is limited by the distortion present
in the output transformer 26. By including this
source of distortion in the pg path of the second
feedback P2, the second feedback process can not
only continue to reduce the distortion in the tube
but can also reduce that in the coil, giving a
greater proportionate improvement than could
result from merely increasing the feedback of Pi.
This supplemental action is conditioned upon an
effective conjugacy between the feedback paths
P1 and P2. The feedback P; aids in enabling this
conjugacy to be realized, for it gives an improved
impedance on the secondary side of transformer
26, looking back toward Ro, with which to balance
the bridge across which feedback P2 is connected.
This impedance is indicated in Fig. 38 as Ro2 and
is, in effect, a new “Ro” for the feedback Pz analo-
gous to the Ro of the tube for the feedback Pi.
Thus, repetitions of the feedback process actually
differ from feedback around a single path and
even make it practicable to extend the advan-
tages of feedback to a degree otherwise unattain-
able. In applying repetitions, it is not necessary
that each step be directed toward the same ob-
jective.

In Fig. 38, the feedback process with amplifier
30 is carried out a third time, through feedback
path P3, a fourth time through fesdback path
Ps and a fifth time through feedback path Ps.
The amplifier 30 has bridge circuits 2{ and 32 cor~
responding to the output and input bridges of
Fig. 5. These bridges render path P: and trans-
former 26 conjugate, and render path P1 and
transformer 33 conjugate, and consequently path
P; is conjugate to paths P2, P3, P4 and Ps (and
vice versa) since they are connected to path Pi
through the transformers 26 and 33.

Similarly, bridges 34 and 35 render path P:
conjugate to (transformers 36 and 327 and con-
sequently to) paths Ps, P4 and Ps (and vice versa) ;
bridge transformers 36 and 37 and their bridge
impedances 38 and 38 render path P3 conjugate
to paths Ps and Ps (and vice versa); bridges 40
and 21 render path P4 conjugate to (transformers
42 and 43 and consequently to) path Ps; and the
networks 44 and 45 (which are forms of bridge
circuit with their ratio arms and diagonals com-
posed of transformer windings) render path Ps
conjugate to the incoming and outgoing circuits
of the amplifier (and vice versa). The ratio
arms Ro, KRo, KR and R in bridge 3! correspond
to the arms Roz2, K'Roz, K’'Rs and R respectively
in bridge 34, and to the arms Ro3, K3Ro3, KsR3
and Rz respectively in bridge 48. Negative feed-
back amplifiers or systems which have output or
input bridge circuits (or biconjugate networks)
that involve bridge transiormers or hybrid coils,
(of which the bridge transformers 36 and 37 are
examples), are claimed in my copending applica-
tion Serial No. 114,390, filed December 5, 1836,
entitled Wave translation systems. Fig. 14 in
that application corresponds to Fig. 38 of the
present application.

Repetition of the feedback process is not limit-
ed to negative feedback. ¥For example, positive
feedback for increasing gain and gain stability
can be repeated to obtain greater increases than
are feasible without the repetition.

Fig. 39 shows a vacuum tube amplifier cir-
cuit generally similar to that of Fig. 5, but with a
p-circuit network s’ in addition to the g-circuit
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network 7 which corresponds to the g-circuit net-
work of Fig. 5. These networks are connected
in a diagonal of two bridge circuits, input bridge
15 and output bridge 76, which correspond re-
spectively to the input and output bridges of Fig.
5; and the other diagonals of the bridges 75
and 16 are the amplifier incoming circuit 77T and
the amplifier outgoing or load circuit 18 respec-
tively. The incoming ecircuit includes input
transformer 79 and the outgoing circuit includes
output transformer 80. The output bridge 76
has ratio arms comprising the impedances Ro,
KRo, KR and R, and if desired, this bridge may
be also an attenuation equalizer, as described
hereinafter in connection with Fig. 65.

Each of the networks f and f* may be, for ex-
ample, a filter, an attenuation equalizer, or a
phase. control system the two networks having
different attenuation-frequency characteristics
for facilitating desired control or shaping of the
amplifier gain-frequency characteristic in ac-
cordance with the principles described above;
or the networks f and f* may be phase control
circuits adjusted to control the phase rotation of
a range of frequencies between input 77T and out-
put 718. The presence of f’ supplies an added
variable in the g-path to facilitate the design of
the desired value of g and &.

While Fig. 39 indicates how a plurality of three
terminal (or four terminal) networks can be uti-
lized in different branches of a feedback path
in a given feedback loop, on the other hand,
where desired a given feedback path can be used
as a common feedback path for a plurality of
feedback loops, for example as a common g-cir-
cuit gain control network or attenuation equaliz-
er for the two oppositely directed amplifiers of a
22-type repeater. Either a p-circuit can be com-
mon to a plurality of  g-cirenits or g-circuit
branches or a g-circuit can be common to a plu-
rality of u-circuits or p-circuit branches.

Fig. 40 shows a system providing a stable loss
(instead of a stable gain) for transmission from
circuit 81 to circuit 82. Resistances A and B
form a T-network or artificial line whose input
and output impedances are Ro. The output im-
pedance Ro constitutes one ratic arm of a bridge
circuit whose other ratio arms are impedances
KRo, KR and R as indicated in the drawings,
and the input impedance Ro constitutes one ratio
arm of a bridge circuit whose other ratio arms
are impedances K'Ro, K’'R’ and R’. (The input
and output impedances of the artificial line need
not be equal, as long as the bridges are balanced.)
Thus, in Fig. 40 the artificial line has output and
input bridges as has the amplifier in Fig. 5. In
Fig. 40, as in Pig. 5, the outgoing line or ecircuit
is one diagonal of the output bridge, the incoming
circuit is one diagonal of the input bridge, and
in the other diagonal of the two bridges is a
feedback path which includes a feedback ampli-
fier 83 shown as a vacuum tube system.

The amplifier 83 feeds back from the plate
circuit of the last tube to the grid circuit of the
first tube through the common impedance 85 for
the purpose of stabilizing the gain of the feed-
back path between the input and output bridges.
This feedback amplifier 83 completes the closed
loop including the input and output bridges and
T-network whose 1085 is stabilized against varia-
tions in the elements according to the principles
hereinbefore explained regarding the stability of
the w-circuit. Transmission through the system
of this figure is asymmetrical as regards opposite
directions of propagation.

29

VII. StmPLE RESISTANCE CIRCUITS
In the foregoing discussion, in order to make
the treatment perfectly general, complex gquan-
tities and generalized impedances have been as-
sumed throughout. Some consideration will now
be given to the simpler case in which resistances
instead of generalized impedances are assumed.
In this consideration, reference will be made to
Figs. 41, 42, 43, 43A, 43B, 43C, 43D and 43E,
which are identical in circuit configuration with
certain figures of my prior application, Serial
No. 298,155, filed August 8, 1928. To illustrate
what this difference in treatment may involve,
consider Fig. 5, the general case discussed above,
and Fig. 43, where simple resistances will be as-
sumed and which is identical with Fig. 3 of my
prior application referred to. Where impedances
Ro, KRo, R, KR and Rs are generalized imped-
ances or any two-terminal systems as in Fig. 5,
the ratio of feedback voltage to plate circuit driv-
ing voltage is not necessarily constant for all
frequencies, as it would be under the assumption
of simple resistances made in the case of Fig. 43,
In both caseés, however, the feedback voltage may
be made independent of the load impedance for
all frequencies (Z in Pig. 48, and L in Fig. 5).
For simplicity it will be assumed that the driv-
ing voltage in the plate circuit of an amplifier
is 180° out of phase with the grid voltage which
produces it. For a feedback amplifier, it is some-
times desirable that there be available a volt~
age which is directly proportional to, and in

phase with, the driving voltage in the plate cir-

cuit, and which is independent of the impedance
of the work circuit. Tt will be seen from Fig, 41
and the derivation below, that the voltage Ae,
which is the drop across resistances KR and KRo,
fulfills these three conditions.

In the figure, Ro is a resistance (for example,
the resistance of the space discharge path be-
tween the plate and the filament of a three-elec-
trode vacuum tube) ; e represents, as a generator,
a source of voltage e (for example, the driving
voltage e produced in the discharge path by the
grid voltage); and Z is an impedance (for ex-
ample, the impedance of the load circuit or work
circuit of the tube). Two resistances desighated
by their values R and KR, respectively, are con-
nected in series across the impedance Z, K being
a constant. A resistance designated by its mag-
nitude KRo is connected between Ro and the
junction of KR with Z. The voltage e causes
currents 41, % and i4-i2 to flow as indicated by
the arrows.

The derivation mentioned akove is as follows:

e={(i14+i2) Ro(1-+-K) +i1R(14-K)
Ae=(i14-i2) RoKJi1RK
e=[14-K1 [(i1-}i2) Ro-+i1R]
Ae=[K] [ (i1-}-iz) Ro-+i1R]
e 14K
Ae K o
The circuit of Fig, 42 is like that of Fig. 41, ex-~
cept that a resistance Rs is bridged across KRo
and RKR. The current components flowing in
the various parts of the circuit of Fig. 42 are in-
dicated by the arrows and their accompanying
letters ¢ with the appropriate subscripts. How-
ever, in Fig. 42 the currents indicated by i1, iz and
i1-+i2 and the voltage indicated by Ae are not in
general of the same magnitudes as in Fig. 41.
When a resistance Rs is connected across KRo
and KR, the voltage Ae still fulfills the three
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conditions mentioned above. Referring to Fig.
42 this is demonstrated as follows:

e={(i1+ia+13) Ro- (l1d-i2) KRo+ 1 KR+ (i1+1i3) R
e=(i1412) Ro(14+-K) +i1(14+K) R+i3Ro+43R
e=[1+K1] [(i1+1i2) Ro+i1R1+i3(Ro+R)

Ae=[K1 [(i1-4+12) Ro+i41R1=i3Rs

e 1+K +R0+R

Ae” K R,

Pig. 43 shows one way in which this voltage
may be utilized. In this figure a three-electrode,
electric space discharge amplifying device | has
an anode-cathode space discharge path of resist-
ance Ro,  which is associated with resistances
KRy, KR, and R, and impedance Z, in the man-
ner of resistance R in Figs. 41 and 42. The
plate-filament resistance Ro is the reciprocal of
the slope of the static characteristic of plate cur-
rent versus plate voltage of the discharge device
at the so-called operating point, as explained in
the following articles by John R. Carson in the
Proceedings of the Institute of Radio Engineers:
“Theory of three-element vacuum tube”, vol. 7,
pp. 187-200, April 1919; “The Equivalent circuit
of the vacuum tube modulator”, vel. 9, pp.

243-249, June 1921. (That is,
1 24
Ro~ae,,

where ip and ep are instantaneous plate current
and voltage, respectively.) In Fig. 43 the im-
pedance Z is the primary-to-secondary imped-
ance of output transformer 2’ which, together
with circuit 3’ connected to the secondary wind-
ing of the transformer, forms the load or work
circuit for the device {. An input transformer
&’ impresses waves from circuit 3’ upon the grid
of the device |, These waves may be, for ex-
ample, voice waves, or voice modulated carrier
waves for transmission over carrier wave wire
transmission systems or tc radio transmitting
antennae or waves received over such systems.
‘The usual plate, filament, and grid batteries are
shown at &’, 7', and 8. A circuit corresponding
to the resistance Rs of Fig. 42 and comprising
the secondary winding or secondary-to-primary
impedance Roi of transformer 4, a resistance
x and a blocking condenser 9’ in series, is con-
nected across the resistances KRo and KR. The
grid is connected to the junction of z and Rou.
The condenser is a blocking condenser of large
capacity, for preventing batteries 8’ and 7’ from
applying steady voltage to the grid. The circuit
through which battery 6’ supplies plate current
for the tube comprises resistance KRo in. series
with two parallel paths, one extending through
the primary winding of transformer 2’ and the
other through resistances KR and R in series.

A characteristic of this circuit of Fig. 43 is that
the gain is reduced by the feedback action as
indicated above. To demonstrate this with
specific reference to this particular circuit con-
figuration, it is simpler to redraw the circuit to
the form of Fig. 43A. From this it will be seen
that R and KR, Ro and KRo form the ratio arms
of a balanced Wheatstone bridge, Z takes the
place of the usual galvanometer and E represents
a source of voltage E which is applied through
a resistance of (z4-Ro1) that forms the input
diagonal or feedback diagonal of the bridge. For
the condition of balance, it is evident that there
is no current in Z due to E, the driving voltage
in the grid circuit.

There is some voltage V, from grid to filament.
Due to V, there will be a driving voltage 4V in
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~the plate. circuit, with relative polarity as shown

by the plus and minus signs. The presence of
this voltage is indicated in Pig. 43A by genera-
tor uV.

The effect of the two generators or voltages
E and uxV acting simultaneously will be consid-
ered, applying the principle of superposition in
the manner indicated above.

Due to E alone, there will be a voltage from
grid to filament, Vi equal to

K
x-+ I——F-IZ(R" +R)
Vl = 74 E
Ry +x+ m(Ru +R)

With » as defined in discussion of preceding
figures of the drawings, due to «V acting alone,
there will.be a voltage from grid to filament V2
equal to

Ry
. Ruitx v
T1FK LR r*
K x4+ Ry

= 1 [ Ra ]
' 1+K+R0+RLRM+x
K X+Rm

in accordance with the above definition of g,
Vo=upV
Applying -the principle of superposition,
V=V+V,
V=V1+usV

1
Vz(l—uﬁ)vl

The voltage in the grid circuit (and hence the
current in the output impedance Z) is reduced
from what it would be if there were no feedback,
and the impedance relations were the same, and
thefactor by which the output current is reduced
is given by

v,

or since here

_1

1—uB
It will now be shown that any distortion (as for
example modulation product) preoduced in the
tube is also reduced by the same factor.

In the circuit of Fig. 43B, let any primary dis-
tortion voltage produced in the tube be repre-
sented as a driving voltage D in the plate circuit.
Let the voltage drop between the grid and the
filament, resulting from the distortion produced
in the tube be Vo. This sets up another driving
voltage in the plate circuit, xVo.

As before, with the above definitions of x and g,

Vi=B(D~+ uVy)
uVo=uB(D+ pVo)

That is, the final, or resultant, driving distor-
tion voltage in the plate circuit is reduced by a
factor

L
1—uB
from what it would be without feedback.

In considering amplification, instead of adapt-

ing a u as defined in the early part of this specifi-
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cation, it has been common to consider the
amplification factor of a space discharge tube, as
a numeric which for the sake of clarity will here
be designated wi, but which has generally been
called u in the literature.

Then for the circuit of Fig. 43, a quantity of
the form

1
1—up
for illustration, would be written
I ST
1—[—uw 15018
which is equal to
1
14 wp
where B, for this particular configuration is
given by
1 r Rm
1 +K+R+ Ryl Rn+X
K X + Rm

as in my prior application, Serial No. 298,155.
While by the above method this result was
obtained directly by substituting —u1-+50 for u,
the same end could also have been reached, but
in some instances less conveniently, by assign-
ing polarities to the various generators of
Fig. 43B and tracing through the signs of the
different voltages and resulting currents as was
done in my prior application Serial No. 298,155,
An advantage of interpreting x as defined above
is that the question of sign or direction of flow
of current depends only upon the direction or
convention assumed at the outset and thereafter
will be in all instances automatically taken care
of by the mathematics, namely, by the complex
operator x which in tura is a complex quantity
or funection of complex quantities presenting it-
self as the complex measure of this generalized
voltage-coeflicient.

To illustrate this point further, if the circuit is
a multi-stage amplifier with interstage coupling
as in Pig. 43E, the amplification factor of the
three tubes fa, 24, and 3a could be designated by
u1, 2 and u3; the tube impedances by Ra, Ry and
Ro; and the impedances of the interstage cou-~
pling circuits by Za and Zp. Under these cir-
cumstances,

Za ZI)
B== ] MMy m Ry Z,

and as before

p= 1 " Ru
1+K, RIR [ Ry+X

K  X+Rn

On the other hand if the penultimate stage be
omitted the amplification is given by,

=4 fon(ie)]

It will be noted that due to the configuration
of the elements of the circuit, if a generator is
assumed in series with Z, no current will flow in
the branch xz+Ro. Hence, the impedance of
the amplifier as seen from the load or work cir-
cuit Z is the same as it would be without feed-
back, and is independent of the shunt resist-
ance x4 Roi.

Now to return to a consideration of the gain
of the circuit, by the feedback action the gain
is stabilized with respect to variations of tubes
and power. If due to any cause, the u of the
tube is reduced, which would reduce the gain,
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the effective voltage on the grid is increased.
Similarly, variations in Ro are stabilized. The
curves of Pig. 43D, which are plotted from ob-
served data, show that by the feedback action
the load carrying capacity of the amplifier is
substantially increased, the variation of gain
with load is reduced, and the production of sec-
ond harmonic is less by about 12 db for the
particular values of u and g employed in the
test. The curves for operation without feed-
back are for operation with the right-hand side
of condenser 9 disconnected fom the junction
of R and KR and connected instead to ground
through an impedance (not shown) egqual to the
impedance with which the feedback diagonal of
the Wheatstone bridge in Fig. 43 is faced by the
remainder of the bridge (. e., equal to the com-
bined resistance of two paths in parallel, one
through KR and KRo in series and the other
through R and Re in series). The resistance
(x+Ru) of the feedback diagonal is so high
that substituting an equal resistance across the
path through KR and KRe would not affect the
operation of the circuit. Thus, the curves for
operation without feedback are for operation
with the external grid-to-filament impedance
and the external plate-to-filament impedance
for the tube is the same as in operation with
feedback.

The circuit of Fig. 43 can be modified to com-~
prise a plurality of tubes connected in cascade,
in which case p represents the total amplifica-
tion from a voltage across the grid of the first
tube to a driving voltage in the plate of the last
tube. For example, Fig. 43% shows one such
modified circuit, with tandem connected tubes
fa, 1b and fc replacing the tube ! of Fig. 43. If
the number of tubes be even instead of odd, and
an odd number of reversals around the feedback
loop is desired (as for example to reduce singing
tendency), then an odd number of phase re-
versals in addition to those produced by the tubes
themselves may be produced by the use of an
interstage or other transformer with its wind-
ings poled to reverse the phase of waves pass-
ing through the transformer.

In Fig. 43A consider voltage V3. Its value is
being contributed to by both E and »V, and these
voltages tend to oppose each other. It is pos-
sible, therefore, by suitable adjustment of the
circuit elements, notably z, tc make V3=0. The
value of = to accomplish this may be found as
follows:

In PFig. 43C, V=(Voltage drop across z)+Vs

~ V=(Voltage drop across ) since
V3=0
Similarly sV =I[Voltage drop across
(Ro+R)14-V3

=(Voltage drop across R--Ro)
The current through r must equal the cur-
rent through (R-~Ro), for since V3=0, no cur-
rent fiows through (KR4 KRg).
A4
"x R+Ry
g Rt Ry
"
This has also been calculated according to the
methods using Kirschoff’s laws and the principle

of superposition, with the same answer.
This means that if z is given the value

R+ R
I
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and a voltage is applied to the circuit in series
with Rei, no voltage is produced across the feed-
back diagonal of the bridge. (That is, V3 in
Fig, 43A is zero.) This does not apply to dis-
tortion voltages, since these are present in the
plate circuit, but not in the grid circuit; i. e,
only one generator is acting. By giving z the
value
R+ Ry
i3

we have two points (the ends of the feedback
diagonal) across which the potential correspond-
ing to the fundamental or original transmitited
wave is zero, and the potential of thz distortion
or disturbing wave is not zero. (The required
value of z can also be found or checked by trial.)
Across these points we have voltages correspond-
ing to any disturbance present in the plate cir-
cuit which is not present in the grid circuit. We
can now operate on the distortion without dis-
turbing the fundamental or original transmitted
wave components.

Circuits operated in this manner form the
subject of my Patent 2,003,282 granted June 4,
1935, and of my application Serial No. 411,223
filed December 3, 1929.

VIII. Wave SHAPING BY FrepBack ParH

Reference will now be made to Figs. 44 to b6,
inclusive, which are identical as respects circuit
configuration or physical content, to Figs. 1 to 13
of my prior application, Serial No. 439,205 above
referred to.

In the amplifying system of Fig. 44, an ampli-
fier 100 amplifies waves received over incom-
ing line or circuit 182 and transmits the amplified
waves to outgoing line or circuit (02, The cir-
cuits {02 and 182 may ke, for example, sections
of a multiplex carrier telephone cable circuit, the
amplifier (00 amplifying the waves of a number
of carrier telephone channels simultaneously.

The circuit 102 comprises an input transformer
104 and is connected to the input side of amplifier
190 through the transformer 1%#4 and a Wheat-
stone bridge 105, The four ratio arms of the
bridge comprise the four resistances {86, 197, {98
and 109, respectively. The circuit (62 is con-
nected across the arms (86 and {07 in series and
forms one diagonal of the bridge. The input cir-
cuit of the amplifier is connected across the arm
108,

The output circuit of the amplifier is connected
to the outgoing or load circuit 183 through a
Wheatstone bridge (10 and a blocking condenser
{41, the blocking condenser having negligibly low
reactance for the waves to be amplified. An
output transformer {12 is included in the output
circuit. The space discharge path resistance Ro
of the last stage of the amplifier is one ratio arm
of the bridge, and the circuit 063 is the output
diagonal of the bridge. The four ratio arms of
the bridge are designated by their resistance val-
ues Ro, KRo, KR, and R, K being a constant.

Across the resistances KR and KRo in series is
connected the input end of a feedback path or cir-
cuit (13 for the amplifier, the output end of this
path being connected across the arms 107 and (68
of bridge 105. Thus, the feedback path is a diag-
onal, (the feedback diagonal), of output hridee
110, and is also a diagonal of the input bridge 1§5.
Thus, the bridge t 10 connects the outgoing circuit
§03 and the feedback path {3 in conjugate rela-
tion to each other, and the bridge {85 connecis
the incoming circuit 182 and the feedback path

2,102,871

113 in conjugate relation to each other. Conse-
quently, the feedback action and the operation of
the amplifying system atve independent of the
impedance of the incoming circuit and the im-
pedance of the load circuit, and moreover can-
not affect the impedances which face the incom-
ing circuit and the load circuit at the amplify-
ing system.

This amplifier system is of the general type
disclosed in my copending application, Serial No.
298,155, referred to above. Fig. 3 of that appli-
cation shows a single stage amplifier of this gen-
cral type, and Fig. 3E of that application shows a
three-stage amplifier of this general type. As
explained in that application, by making the
rhase of the feedback such that the distortion
waves which appear in the driving voltage gen-
erated in the space discharge path of the last
stage of the amplifier and are transmitted
through the feedback path and the amplifier,
return in such phase as to reduce their ampli-
tude the transmission distortion in the amplifier
is reduced, the load capacity of the amplifier is
increased, and the operation of the amplifier is
stabilized, as for example, against gain changes
which tend to result from variations of tubes or
tube energizing power that occur in the system.
This system increases the load carrying capacity
of the space discharge tubes (1) not only by ob-
taining an increase in load capacity of very great
importance by suppression of distortion compo-
nents of frequencies other than the fundamental
frequencies and thereby permitting the tubes to
cperate over a larger range of their grid-voltage
plate-current characteristics but also (2) by ob-
taining a second increase of very great impor-
tance in the load capacity by feedback of funda-
mental waves in such a way as to control gain in
a desired manner, gs for example, to prevent un-
desired lowering of gain, for the fundamental
waves.

In connection with this latter increase, it
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should be noted that the amplifying system of ~

the invention comprises means for correcting for
distortion caused by improper degree of amplifi-
cation of fundamental waves, as for example,
caused by amplification of a fundamental wave
of a given frequency different amounts for dif-
ferent input amplitudes, or as for example, caused
by amplification of two waves of respectively
different fundamental frequencies, different
amounts respectively. For example, if a wave of
a given fundamental frequency is amplified in
amplifier 180 to & degree less than, say, the nor-
mal amplification for the amplifier {80, then for
that frequency the feedback voltage across the
feedback diagonal of the input bridge {05 tends
to be lower than normal. As a result the ten-
dency toward lower than normal gain of the sys-
tem for the fundamental wave of the given fre-
quency is checked. Similarly, if the given fre-
quency is amplified to a degree greater, instead
of less, than normal in the amplifier {09, for that
frequency the voltage fed back to the input bridge
105 tends to be higher than normal; and as a
result the tendency toward higher than normal
gain of the system for the fundamental wave of
the given frequency is checked. The system
compensates for too 1ow or too high gain for fun-
damental waves, at the same time that it sup-
presses components of frequencies other than
fundamental frequencies.

Notwithstanding the fact that impedances R,
Ro, KRo and KR have in certain cases been
referred to above as resistances, when desired
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they can be gehieralized impedaiices of any other
suitable character (proper provision being made,
of course, for the necessary supply of steady
potential to the plates and grids of the tubes, for
instance as indicated in the drawings). For
example, while they can be resistances and K
can be a numeric, it is not necessary that this
always be the case and (as indicated above)
these five quantities can, when desired, be com-
) plex quantities or have any suitable values, as
long as
R_R
KR KRy

when the bridge of which they form the ratio

arms is to be balanced; and similarly, notwith~

standing references above to impedances x, Ro,
Ra and Rt as resistances, they can, when de-
sired have their impedance values complex quan-
tities or any suitable values. The function of
K in addition to being a complex measure may
have different values for different frequencies.
Also where reference has been made to Wheat-
stone bridges shown as comprised of resistance
» grms, the bridge in each instance need not be a
resistance bridge but generalized impedances may
be assumed in place of the resistance arms.
The amplifier (89 is shown as a three-stage
amplifier in Fig. 56 described hereinafter. (As
noted above, Fig. 56 is a circuit diagram of the
system shown schematically in Fig. 44). The
amplifier may have any number of stages, but
the circuit should be proportioned such that the
phase shift of the circuit from the space path

7 of the last stage of amplifier 168 through the feed-
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g9 approach to

back path and the amplifier 180 back to the space

path of the last stage, (including any phase shift

in the feedback path and any phase shift in either

the tubes or other portions of the amplifier), is
. not such as to cause the amplifier to sing. One
of the factors which affects and controls the
phase  shift around the amplifier and feedback
circuit is the number of stages. If the number
of vacuum.tube stages in that circuit be an odd
. number and the phase shift in the tubes be the
" enly phase shift produced in that circuit, then
the phase shift of that circuit will be 180°, or the
distortion waves generated in the space path of
each tube will return to that point in phase
exactly cpposite to their original chase.

As indicated above, by making |sg/>>1 the gain
is set by the feedback circuit and in an opposite
sense (. e., the g-circuit working backwardly or
inversely so that increasing the loss in it actually

7 increases the amplifier gain).

As was pointed out above under section II. a.
“Stability of amplification with respect to varia-
tions in x and 37, at the end of that discussion,
the amplification ratio with feedback (|Ar|} ap-

pr oaches

if pg >>1, and if the argument of g is +90° the

(%)

—B

is improved by an amount corresponding to twice

- the db reduction in gain due to feedback. As-

suming .
pB=10|+90°

this approach will be 10 times as precise as if

p._8=10[0° or -+ 180°

33
It will be shown that if the absolute value of ug,
(that is jug)) is

1
2cos @
the amplification ratio |Ar| is exactly
7
B
Thus let
[y {1l . —1
1/1 2iuB} cos &+ |ufl 181
then
w8l
1—2]pBj cos <1’+|u6|2
1=2{uB| cos &
1
Bl "~ 2.cos ¢

which is the condition necessary that the amph-
fication ratio, |Ar|, equal

e
181

It is significant to note that in the case of g-
circuit equalization if |u8| follows the above law
the amplification ratio of the system will be an
exact inverse reproduction of the characteristic
of the g-circuit network. Variations in x may
arise from change of gain with tubes, voltages
Ezs, Bs, Bc, and Ea (on the plates, shield grids,
control grids and filaments, respectively), output
power, frequency, phase shift, harmonic produc-
tion, etc. However, when tubes, not shown, are
inserted in the p-circuit, stabilization as regards
harmonic production in such tubes would not be
produced. Egperimental measurements have
shown stabilization even with

#$=10,000/310°, and even with u8=10[340°

These angles include the phase shift of the tubes
as well as the remainder of the circuit.

In the feedback path {13 in Fig. 56 are shown
attenuation equalizing networks 121 and 122, a
gain control pad 123 and the gain regulating at-
tenuation equalizer (24. Equalizer 121 is a basic
equalizer, for example, for equalizing the at-
tenuation of 22 miles of cable at a temperature
of 2.5° C. where the amplifier system is to pro-
vide the required amplification for approximately
25 miles of the multiplex carrier cable in which
the amplifier system is connected and where that

temperature is to be considered the lowest aver-

age temperature which that section of the cable
assumes at any given time. Equalizer 122 is a
building out equalizer to be used where required
to take care of variations in cables and spans.
The equalizer {22 is adaptable for equalizing at-
tenuation of 2, 4 or 6 miles of the cable at the
temperature just mentioned. The gain control
pad 123 is a pure resistance network for intro-
ducing attenuation in the feedback circuit, to
control the gain of the amplifier system gs de-
scribed hereinafter. The gain regulating trans-
mission equalizer 124 is adjustable to compensate,
as described hereinafter, for attenuation changes
which vary with frequency, in an assigned length
of the cable in which the amplifier system is con~
nected. These changes may be, for example, at-
tenuation changes caused primarily by tempera-
ture changes in the length of cable to which this
equalizer is assigned. This length may be, for
example, approximately ‘50 miles, so that such
gain regulating attenuation equalizers are re-
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quired at only alternate repeaters in the cable.

With proper adjustment of the complete cir-
cuit to avoid singing and with values of up suffi-
ciently great the distortion suppression sought
is obtained and a network located in the feedback
circuit contributes to the transmission character-
istics of the amplifying system a transmission
characteristic which is the inverse of the trans-
mission characteristic of the network, or in other
words produces in the output circuit an effect
upon the transmission which is the inverse of the
effect that the network itself produces on {rans-
mission passing through the network. For ex-
ample, a network such as the gain control pad
123, which introduces attenuation in the feedback
path, incresses the gain of the amplifier system;
a low pass fiiter (not shown) in the feedback
path acts as a high pass filter in the amplifier (88
or in the incoming circuit {82 or in the outgoing
circuit 103; a high pass filter (not shown) in the
feedback circuit acts as a low pass filter in the
main fransmission circuit; a band pass filter (not
shown) in the feedback circuit acts as a band
suppression filter in the main transmission cir-
cuit; ete.

The frequency range of the waves to be am-
plified by the amplifier may be, for example, from
4 kilocycles to 40 kilocycles.

For this frequency range, Figs. 45 to 55 show
transmission characteristics of (1) the section of
cable circuit assigned to the amplifier, (2) the
amplifier without the networks 12{ to {24, and
(3) the networks §2i to 124, respectively, and
show the effects of the nefworks on the trans-
mission characteristics of the amplifier. Figs, 47,
48 and 50 show the attenuation characteristics
{31, 132 and 133 of networks (21, 122 and {23,
respectively; Fig. 52 shows the attenuation char-
acteristic 134 of the network 124 when adjusted
for the lowest cable temperature for which it is
designed; and Fig. 54 shows by curve (34’ the
change in the attenuation characteristic of the
network 124 from its characteristic as shown in
Fig. 62 when the network is operated from the
setting for the lowest cable temperature to the
setting for the highest cable temperature for
which it is designed. This attenuation change
in the network 124 is equal to the attenuation
change which the temperature change produces
in the section of cable for which the repeater is
designed to give compensation for attenuation
changes caused by cable temperature changes.

In Pigs. 45, 46, 49, 51, 53, and 55, the zero or
reference transmission level is taken as the trans-
mission level at the output of the repeater pre-
ceding the amplifier shown in the drawings and
the axis of ccordinates intersect at the point
marked zero on the scale of levels. Thus, in Fig.
45 the line 140, represents the transmission level
at the output of the preceding repeater in the
cable. In traversing the circuit from the receiv-
ing repeater to the amplifier shown in the draw-
ings the transmission lowers its level from the
level indicated by line 140 to the level indicated
by curve 14! of Fig. 45. Curve {41 represents
the transmission level (in db below zero level)
at the input of the amplifier shown in the draw-
ings. This curve shows that the cable attenua-
tion increases with frequency.

Fig., 46 shows that if the networks 121 to {24
were absent from the feedback circuit (. e., if
the output bridge were connected to the input
bridge through the feedback path without the
networks 121 to (24), in passing through the am-
plifier the transmission would rise from the level
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indicated by curve 141 to the level indicated by
curve 142, which represents the transmission level
that would then obtain at the output of the am-
plifier. The difference between the transmission
level indicated by curve 141 and that indicated
by curve 142 represents the transmission gain
that the amplifier would produce without the
networks 2§ to (24.

Fig. 49 shows that by the introduction of net-
work 124 the transmission level at the output of
the amplifier is raised from the level given by
curve {42 to the level given by curve {43. The
difference between the level in the curve given by
curve {42 and that indicated by curve 143 repre-
sents the gain increase obtained for the ampli-
fier by the introduction of network {2i1. Over
the frequency range from 4 to 40 kilocycles this
gain increase is proportional to the attenuation
indicated by curve 131 of Fig. 47. Thus, the
transmission loss of network {2f has produced
an inverse effect upon transmission through the
amplifier system. In fact, at each frequency the
gain increase is equal to the loss indicated for
that frequency by curve i3f. )

Fig. 49 shows that by the introduction of net-
work 122 the transmission level at the output of
the amplifier is raised from the level given by
curve {43 to the level given by curve 144, The
difference between these levels represents the
amplifier gain produced by the equal transmis-
sion loss introduced in the feedback path by net-
work {22, The curve {44 shows that the net-
works 121 and 122 have so raised the amplifier
gain over the frequency range to be transmitted
as to equalize the transmission or give uniform
transmission over the frequency range, for the
cable temperature of 2.5° C. (The curves of
Figs. 48 to b5 are for the condition in which the
network 122 is adjusted to equalize for four miles
of cable at 2.5° C. As described hereinafter in
connection with Fig. 56, this network is adjusta-
ble to adapt it to equalize for different lengths
of cable),

Fig. 51 shows that by intreduction of gain con-
trol pad {23 the transmission level at the output
of the amplifier was raised from the level indi-
cated by curve (44 to the level indicated by curve
{45, or in other words, that by introducing in the
feedback path a transmission loss uniform cver
a given frequency range, the amplifier gain at
each frequency range is increased by an amount
equal to the loss introduced in the feedback path
at each frequency.

Fig. 53 shows that when the gain control equal-
izing network 124 is introduced in the feedback
circuit, with the network in its setting for the
lowest cable temperature, the transmission level
at the output of the amplifier is raised from the
level indicated by curve 146§ to the level indicat-
ed by curve {47, or in other words, that the gain
of the amplifier is increased at each frequency
by an amount equal to the attenuation of the
network at that frequency. This gain increase
is uniform over the frequency range to be trans-
mitted, since the attenuation of the network, in
its setting for the lowest cable temperature, is
uniform over the frequency range. The level
shown by curve {47 is the same as the level shown
by curve 148, or in other words, with networks {21,
122, i23 and {24 introduced, and with network
124 in its setting for the lowest cable tempera-
ture, the amplifier gain is just sufficient to over-
come the attenuation of the section of cable as-
signed to the amplifier.

Fig. 55 shows that by changing the setting of
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the network 124 from ‘its setting for the lowest
cable temperature to a setting for the highest
cable temperature for which it is designed, the
amplifier gain at each frequency is increased by
an amount equal to the additional loss (as given
by curve (34’ of Fig. 54) which the change of
setting introduces in the feed back path at that
frequency. If the network remained in its set-
ting for the lowest cable temperature under the
condition of the highest cable temperature, the
output of the amplifier would decrease from the
level indicated by curve {47 to the level indicated
by curve (48. The change in the network set-
ting prevents this decrease, and maintains the
amplifier output level indicated by curve {47.
The difference between the level given by curve
{47 and the level given by curve 148 indicates
the attenuation change that the temperature
variations produce in the section of the cable for
which the amplifier is designed to give compensa-
tion for attenuation changes. The setting of the
network §2& can be changed to make it compen-~
sate for an attenuation change in the cable re-
sulting from cable temperature changes less than
the maximum, in a manner similar to that in
which it compensates for the attenuation change
caused by the maximum temperature change.

IX. ILLUSTRATIVE EXAMPLES OF CIRCUITS IN DETAIL

Several examples will now be given of ampli-
fiers, some of which have been used under condi-
tions simulating those encountered in commer-
cial multiplex carrier service, as iliustrative of the
detail design of circuits with which to practice the
present invention. .

The circuit diagram of the amplifier system
shown schematically in Fig. 44 may be, for exam-~
ple, as shown in Fig. 56. Amplifier 186 is shown
as a three-stage amplifier, the first two stages
comprise, for example, two shield grid or screen
grid thermionic vacuum tubes 181 and 152 of the
equipotential cathode or heater type. The third
stage comprises, for example, a three-electrode
tube 53 with filamentary cathode. The tubes
151 and 152 may be Western Electric Company
type 245-A vacuum tukes, and the tube 153 may
be a Western Electric Company type 205-E tube.

These three tubes have a common plate battery
155 and a filament heating battery 158 sending
heating current through the filaments of the
three tubes in series. :

Plate current for tube {53 passes from battery
{85 through choke coils {57 and {58 and the pri-
mary winding of output transformer {12 to the
plate of the tube. Condensers {59 and 1{{ coop-
erate with the coils 1587 and {88 to prevent volt-
age fluctuations in the battery circuit from reach-
ing the plate and to prevent the A. C. plate voltage
from causing feed back in the amplifier through
the common battery circuit. The blocking con-
denser 1 {{ prevents voltage from battery 155 from
reaching resistances KRo and KR and is a by-
pass condenser for waves of the frequency to be
amplified. )

Plate current for tube 151 passes from battery
{55 to the plate through a resistance (68 and an
interstage coupling impedance comprising a choke
coil 161, and a resistance 162, The resistances
160 and 162 may have values of, for example,
20,000 ohms, and 10,000 ohms, respectively. The
resistance {68 and a condenser {£3 form a fre-
quency selective circuit for preventing voltage
fluctuations in the battery circuit from reaching
the plate and for preventing the waves in the
A. C. output circuit of the tube from passing to
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the portions of the plate battery circuit common
to a plurality of tubes of the amplifier. The
condenser 183 is a by-pass condenser for waves
of the frequency to be amplified. The resistance
162 tends to reduce phase shift in the amplifier
(especially at frequencies below 4 Kkilocycles)
which tends to result from the shunting of the
transmission path by portions of the space cur-
rent supply circuit. The inductance (84 reso-
nates with its self-capacity {61’ (i. e., forms an
antiresonant circuit in series with 162) at approx-
imately 4 kilocycles, so that it acts as a very small
capacity substantially throughout the transmis-
sion range of 4 to 40 kilocycles. Thus the cou-

pling impedance 164, {62 is high and fairly uni-

form throughout this frequency range.

Plate current for tube 152 passes from battery
i85 through a resistance {78, a choke coil 17!
and a resistance {72 to the plate of the tube.
Kach of the resistances 70 and {72 may have
2 value of, for example, 12,000 ohms. REiements
186, 178, 174, 172 to 173 function in connection
with tube 152 in the manner in which elements
168 to 183 function in connection with tubs 5§,

Battery 155 supplies steady biasing potentials
for the shield grids of tubes {8 and {52 through
the frequency selective networks {75 and {85,
respectively.  The network {75 is shown as con-
sisting of two series arms {76 and {77 of resist-
ance and two shunt arms {18 and {72 of capacity.
The network 188 is shown as consisting of two
series arms 186 and 187 of resistance and two
shunt arms {88 and {89 of capacity. These net-
works prevent voltage fluctuations from the plate
battery circuit and voltage waves from the A. C.
cutput circuits of tubes 15{ and {52 from reach-
ing the shield grids. The resistances {76 and
177 adjust the voltage applied from battery 155
to the shield grid of tube 151 to the proper oper-
ating value; and the resistances {85 and #87
adjust the voltage applied from battery {E5 to
the shield grid of tube 152 to the proper oper-
ating value.

Grid biasing batteries 216, 228 and 233 are
provided for the tubes (51, 182 and (858, respec-
tively. Battery 210 supplies steady biasing poten-
tial - to the control grid of tube {5t through a
resistance 2if and a grid leak resistance 2i2.
Resistances 21t and 212 cooperate with a con-
denser 213 to form a frequency selective network
for preventing veoltage fluctuations from the bat-
tery 248 from reaching the control grid of tube
181 and to cause the signal waves in the input
circuit ¢f the tube 151 to be by-passed through
condenser 213 around a grid bias voltage supply
circuit. The condenser 213 is a by-pass con-
denser for waves of the frequencies to be ampli-
fied. A blocking condenser 244 prevents flow of
current from battery 218 through resistance 186
or the secondary winding of transformer 104.

Elements 228 to 224 function in connection with
tube 152; and elements 239 to 234 in connection
with tube 183, in the manner in which elements
210 to 214 function in connection with tube §51.
Moreover condensers 224 and 234 prevent battery
165 from applying potential to the grids of tubes
{52 and 153.

A blocking condenser 235 prevents passage of
current from battery {85 through resistance R.
The condensers 214, 224, 224 and 235 are of neg-
ligibly low reactance for the frequencies of the
waves to be amplified.

The following considerations indicate how, as
stated above, the equalizer 121 in the g-circuit
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the lower frequency channels of a large num-
ber of channels (transmitted through the cable
or other circuit in which the amplifier is con-
nected) as regards the lowering of the modula-
tion level produced in the amplifier. The modu-
lation level without an equalizer in the g-circuit
may be taken as independent of frequency, and
as, for example, 75 db below the signal output.
Then with an equalizer in the g-circuit it is 75
db at 40 kilocycles and less at other frequencies
(frequency referring to the frequency of the mod-
ulation product itself and not to the frequencies
of the signals producing the product, it being
independent of the signal frequencies). Assum-
ing the attenuation characteristic of the equal-
izer and also that of the cable is linear with
frequency and slopes from zero to 21 db cver the
frequency band, then with the equalizer in the
B-circuit, the harmonic or moduwlation level will
be 75 db (belcw the signal output) at 40 kilo-
cycles and 96 db (below the signal output) at 4
kiloeycles, and the level will be linear with re-
spect to frequency. As indicated hereinabove,
this is highly advantageous for a large number
of channels because in this case the lower chan-
nels are subject to considerably more interference
than the upper channels,

Moreover, when the noise level spectrum of the
cable is flat or independent of frequency, or is
made so (as for example, by shielding the cable
30 well that the only source of noise is thermal
agitation), and all the lower channels are sent out
toward the amplifier at a lower level than the
upper channels so that the signal or side band
levels of the channels are all equal at the input
to each repeater rather than at the output of the
repeater or amplifier, there is a double advantage
in using an equalizer in the g-circuit and, for the
example given, modulaticn in the amplifier is
about 21 db less troublesome than would be the
case if all channels were at the same level at the
output and the equalizer were in front of the
amplifier and were the complement of the line.

_'This represents a power economy in output ca-

pacity of the last tube of over 100:1 if the ca-
pacity is set by modulation considerations as is
usually the case in current carrier engineering
practice.

‘Where desired, for example, for a case in which
the number of channels is such as to require a
transmission frequency range ¢i only the order
of magnitude mentioned akove (4 to 40 kilo~
cycles) and the noise level spectrum ig not sub-
stantially independent of frequency, the lower
ireguency channels may be sent ocut toward the
ampiifier at a lower level than the higher fre-
guency channels, but so that the side band levels
at the input to eachi repeater are somewhat lower
for the high frequency channels than for the low
{requency channels, and at the output of the re-
peater are somewhat higher for the high fre-
quency channels than for the low frequency chan-
nels.

Fig. 57 (referred to above) shows the circuit of
a negative feedback amplifier 249 comprising
vacuum tubes 24§, 242 and %243 in cascade con-
nection, for amplifying waves of a frequency
range extending from 4 kilocycles to 40 kilocycles
received over incoming line or circuit 233 and
transmitting the amplified waves to outgoing line
or circuit 239. The circuits 238 and 238 may be,
for example, sections of a non-loaded multiplex
carrier telephone cable circuit, the amplifier am-
plifying simultaneously a number of carrier tele-
phone and/or carrier telegraph messages of chan-

2,102,671

nels extending over the 4 kilocyeles to 40 kilo-
cycles range.

The incoming circuit comprises an input trans-
former 244 and is connected to the input side of
the amplifier through a bridge circuit £43. The
four ratio arms of the bridge comprise the four
resistances 246, 247, 248 and 248 respectively, and
in the arm containing resistance 248 is also an
adjustable phase correcting condenser 248’ which
balances the effective input capacity of tube 24
and reduces the phase shifts around the feedback
loop to values favorable for avoiding danger of
the amplifier tending to be self-oscillatory at
high frequencies. The circuit 232 is connected
across two of the bridge arms in series and forms
one diagonal of the bridge. The input circuit of
the amplifier is connected across the arm 249.

'The output circuit of the amplifier is connected
to the outgoing or load circuit 239 through a
bridge circuit 259 and a stopping condenser 25§,
the stopping condenser having negligibly low re-
actance for the waves to be amplified. An output
transformer 252 is included in the outgoing cir-
cuit. The ratio arms of the bridge are resist-
ances Ro, KRo, KR and R, K being a constant and
Ro being the space path resistance of tube 243.
A stopping condenser 259 is included in the arm
that contains resistance R. The circuit 239 is
the output diagonal of the bridge.

Across the resistances KR and KRy in series is
connected the input end of a feedback path for
the amplifier, comprising conductor or feedback
lead 253 and ground, the output end of this path
being connected across the arms 247 and 248 of
bridge 248, Thus, the feedback path is a diag-
onal (the feedback diagonal) of output bridge
283, and is also a diagonal of the input bridge
248, as in the case of Fig. 5, for example, de-
scribed above.

Tubes 241 and 242 are heater type screen grid .

tubes of high amplification factor (Western
Ilectric Company type 245-A tubes). Tube 243
is a coplanar grid tube of the general type dis-
closed by H. A. Pidgeon and J. O. McNally in

their copending application Serial No. 368,647, .

filed June 5, 1929, or in their copending applica~
tion Serial No. 542,252, filed June 5, 1931, (which
have now patented as No. 1,923,686, August 22,
1933, and No. 1,920,274, August 1, 1933, respec-

tively), or in their paper published in the Pro- -

ceedings of the Institute of Radio Engineers, vol.
18, pages 226 to 293, February, 1930. Such a
tube has two grids, each active elementary area
on either grid being close to a corresponding ac-

tive area on the other grid and being at substan- -

tially the same location as that corresponding
area with respect to the cathode and the anocde
or plate. For example, each grid may have iis
active area in the same surface, for instance the

same plane or cylindrical surface, as the active o4

surface of the other grid. As brought out in the
above mentioned disclosures of Pidgeon and
McNaily, a vacuum tube having a space charge
grid in coplanar relation with a control grid is
especially adapted for operation as a power tube
by employing a high value of control grid nega-
tive biasing potential and a control grid input
voltage wave of large amplitude (. e., a large grid
swing) and a high positive biasing voltage on the
space charge grid. Tube 243 is a Western Elec-
tric Company type 281-A tube operated in that
way, with grid 254 serving as a control grid re-
ceiving the signal voltage transmitted from tube
242, and with grid 255 serving as a space charga
grid. Grid 2584 is maintained at negative poten-
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tial by a negative biasing voltage applied from a
70-volt battery or source 256 through resistance
257, Grid 295 is maintained positive by a positive
biasing voltage applied from a 70-volt battery or
source 258 across which is shunted a by-pass con-

_denser 288'.

Tubes 241, 242 and 243 have a common 130-
volt plate battery or source 268 and a 24-volt fila~
ment heating battery or source 264 sending heat-
ing currents through the filaments of the three
tubes in series, the positive pole of the filament
heating battery being shown connected to the
negative pole of the plate battery.

Plate current for tube 243 passes from, battery
268 through choke coil 282 and the primary wind-
ing of output transformer 252 to the plate of the
tube. This direct current is prevented from
reaching resistance R by the stopping condenser
259 and is prevented from reaching resistance
KRo by condenser 25! which is a by-pass con-
denser for waves of the frequency to be amplified
and which cooperates with the choke coil 262
and a condenser 278 to prevent voltage fluctua-
tions in the batiery circuit from reaching the
plate and to prevent the alternating current plate
voltage from causing feedback in the amplifier
through the common batiery circuit.

Plate current for tube 241 passes from, battery

260 to the plate through a resistance 263 and an-

interstage coupling impedance or choke coil 284.
The resistance 283 and a condenser 265, in con-
junction with the condenser 278, form a frequency
selective circuit for preventing voltage fiuctua-
tions in the battery circuit from reaching the
plate and for preventing the waves in the alter-
natiing current output circuit of the tube from
passing to portions of the plate battery circuit
common to a plurality of tubes of the amplifier.
The condenser 285 is a by-pass condenser for
wayves of the frequency to be amplified.

Plate current for tube 242 passes from. battery
260 through a resistance 266 and a choke coil
267 to the plate of the tube. ERElements 265 to
268 function in connection with tube 242 in the
manner in which elements 263 to 265 function
in connection with tube 241,

Battery 282 supplies steady positive biasing po-
tential for the screen grid of tube 24! through
a frequency selective network comprising a series
resistance arm 27! and shunt capacity arms 212
and 278, and supplies steady positive biasing po-
tential for the screen grid of tube 242 through a
frequency selective network comprising a series
resistance arm 273 and shunt capacity arms 274
and 278. These networks prevent voltage varia-
tions in the plate battery circuit from reaching
the screen grids, and prevent waves in the screen
grid circuits from passing to portions of the plate
hattery circuit common to a plurality of tubes
of the amplifier. The resistances 271 and 273
adjust the voitages applied from battery 260 to
the screen grids of tubes 241 and 242, respectively,
to the proper operating values, and assist in main-
taining the amplification at proper values at fre-~
quencies in the lower portion of the utilized fre-
guency range,

Negative biasing potentials for the control grids
of tubes 24f and 242 are obtained from the
voltages across resistors 278 and 278, respectively,
that result from flow of the space currents of
the respective tubes through those resistors. The
voltage across resistor 275 reaches the control
grid of tube 241 through the bridge 245 and con~
ductor 227 and the secondary winding of trans-
former 244, The voltage across resistor 276

37
reaches the control grid of tube 242 through grid
leak resistor 278. Condensers 279 and 280 in the
interstage coupling circuits are stopping con-
densers, of negligibly low reactance for the fre-
quencies of the waves to be transmitted.

Resistances 275 and 276 are not by-passed
for alternating currents and hence form a com-~
mon impedance between the plate circuit and
grid circuit of their respective tubes and produce
negative feedback stabilizing the gain introduced
by these two tubes 241 and 242, .

From Fig. 58, which, as noted above, is a polar
plot of ug for the amplifier of Fig, 57, the values
of ‘|up| for various frequencies can be seen. For
example, for frequencies in the neighborhood of
190 kilocyeles [uB| is approximately 100,

Fig. 59 shows the gain-frequency characteristic
of this amplifier of Fig. 57 without feedback, and
with two different adjustments of the circuit as
regards amounts of negative feedback, the curve
labeled Feedback 1 corresponding to one of these
two adjustments and the curve labeled Feedback
2 corresponding to the other of these two adjust-
ments. The three curves show how the gain
varies with frequency as the amount of feedback
is changed, and make it readily apparent that
the gain variation is far less in the feedback con-
dition. The gain includes that -due to the input
and output transformers. The line labeled Oper-
ating range in Fig. B9 extends from: 4 kilocycles
to 40 kilocycles to indicate that the amplifier is
designed for operation over that frequency range.

Fig. 60 shows how negative feedback affects
variation of the gain of this amplifier of Fig. 57
caused by variation of plate battery voltage. The
curves of this figure were taken at 10 kilocycles,
the upper curve with no feedback and the lower
one with negative feedback.  They show that
the gain variations are reduced by the negative
feedback—by an amount corresponding to the
gain reduction at the frequency of measurement.
This is 48 db at 10 kilocycles as shown in the
curve labeled Feedback 1 in Fig, 59.

Fig. 61 gives curves obtained with this ampli-
fier of Fig. 57, showing the effect of negative feed-
back upon second harmonic and third harmonie,
for. the same outputs of fundamental (in mil-
Hamperes or watts) with feedback as without
feedback. The curves taken without feedback
are labeled No- feedback. The curves labeled
Feedback 1 are taken with the same adjustment
of the circuit as was used for the curve labeled
Feedback 1 in Fig. 59. The frequency of the
fundamental wave used in taking the curves of
the second harmonics was 7.5 kilocyeles; and the
fundamental frequency used in taking the third
harmonic curves was 5 kilocycles. It can be seen
that up to about 35 milliamperes cutput of fun-
damental, the negative feedback reduces the
ratio of harmonics to fundamental by approxi-
mately the amount of the gain reduction. (The
gain reductions at 7.5 kilocycles and at 5 kilo-
cycles can be read from the curves labeled No
feedback and Feedback 1 in Fig, 59.)

Fig. 62 gives the gain-load characteristics of
the amplifier of Fig. 57 with and without feed-
back. The curve labeled Feedback 1 was taken
at 10 kilocycles and with the same circuit ad-
justment as the curves labeled Feedback 1 in
Pig. 61, 'The curves of Fig. 62 show that the
negative feedback greatly reduces the change of
gain with level. . The output current is given in
milliamperes into a fixed resistance as usual in
such curves,

Fig. 63 shows curves representative of the gain
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stability of a single amplifier such as that of
Fig. 57 as determined by an average of the vari-
ations in 69 such amplifiers connected in tan-
dem (in a non-loaded carrier telephone cable
circuit approximately 1700 miles long.) In com-
parison of this figure with Fig. 58, which gives a
plot of up for a large range of frequencies (for
the amplifier of Fig. 57 which is representative
of each of the 69 amplifiers in tandem) and the
stability boundaries in Figs. 2, 3 and 4, it will be
noted that there are four frequencies for which
lugl and & satisfy boundary “C” and result in
perfect stability. Frequencies between approxi-
mately 200 cycles and 1300 cycles should all de-
crease in gain as the p of the amplifier is in-
creased; while frequencies between approxi-
mately 1300 cycles and 30,000 cycles should in-
crease in gain with an increase in g, and likewise
frequencies between approximately 30,000 cycles
and 200,000 cycles should decrease with any in-
crease in u. Fig. 63 demonstrates that the ex-
perimental evidence supports the theoretical de-
ductions.

'To illustrate how the amplifier of Fig. 57 op-
erates on each of the other boundaries, D, E, G
and I, these boundary lines have been drawn in
or indicated on the polar plot of Fig. 58. From
reference to that figure it is seen that the ampli-
fier operates on boundary D at a frequency of
approximately 200 cycles; on boundary E at two
frequencies, respectively, just below 2 kilocycles
and just above 30 kilocycles; on boundary G at
approximately 12 kilocyeles; and on boundary I
at four frequencies, respectively, about 280 cycles,
approximately 1900 cycles, approximately 31
kilocycles and approximately 180 kilocycles.
Boundaries B and H are also indicated on this
same figure but the measurements were not car-
ried far enough to determine the relationship of
the operating characteristic to either of these
boundaries. It will be apparent from the curve
however that with the proper circuit constants
the amplifier could be made to operate at some
one or more frequencies desired on either of these

5 latter boundaries.

Fig. 64 shows curves of stability of gain with
respect to varying plate voltage plotted as abscis-
sae. - Within the limits indicated on this figure,
it is found that the decibel change in gain with-
out feedback is substantially proportional to
change in anode voltage, so that the curves on
this plot should have substantially the same
shape as those in Fig. 63. It will be seen that
this is the case, considering that a more open

s scale is used for ordinates in Fig. 64.

The plots in Fig. 64 are also from data meas-
ured on 69 amplifiers in tandem, as in the case
of Fig. 63, and show how much the gain varies
with feedback for a given change in plate voltage

2 which, as stated, is approximately proportional

to the change in gain without feedback. A
comparison of this Fig. 64 with the polar plot of
Fig. 58 and the conditions for boundary “C” in
Figs. 2, 3 and 4, shows the variations in stability
with various values of x8. From Fig. 58 it can be
seen that there are four frequencies for which
the stability is perfect. Fig. 63 shows two of the
cross~-over points approximately 1300 cycles and
25,000 cycles.

The system of Fig. 57 is claimed in my applica~
tion Serial No. 173,749, filed November 10, 1937,
entitled Wave amplification, which is a division of
the present application.

Pig. 656 shows a circuit employing negative
feedback, in which an amplifier comprising vac-
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uum tubes 30!, 302 and 303 in cascade connec-
tion, amplifies waves received over incoming line
or circuit 304 and transmits the amplified waves
to outgoing line or circuit 385. The circuits 304
and 385 may be, for exampie, sections of a one-
way path of a two-way, four-wire carrier tele-
phone cable circuit, the amplifier 389 being de-
signed for amplifying simultaneously waves of
a number of carrier telephone messages and car-
rier telegraph messages, extending over a fre-
quency range from 8 kilocycles to 100 kilocycles
and transmitted over one of a large number of
pairs of non-loaded conductors (of 16 gauge, for
example) in a lead sheathed cable. The oppo-
sitely directed path for these messages may be,
for example, another such pair in another such
cable. The distance over which the transmitted
message is to be sent can, for example, be cne
or more thousand miles, and the space between
repeaters (which depends on the transmitted fre-
quency range and the desired quality of trans-
mission) may be, for example, approximately
twenty miles, the 8-kilocycle and 100-kilocycle
gains of the amplifier with its input and output
transformers being of the order of cne-hundred
db or more without feedback and keing reduced
by feedback to an 8-kilocycle gain of the order
of 20 db or less and a 100-kilocycle gain of the
order of sixty db. The 40 db difference between
the 8-kilocycle and 100-kilocycle gains, with feed-
back, is obtained by means of attenuation equal-
izing or compensating means (referred to here-
inafter) in the feedback path between the plate
of the last tube and the grid of the first tube,
and is for compensating for non-uniform atten-
uation of approximately twenby miles of the
cable circuit over the utilized freguency range
of 8 kilocycles to 100 kilocycles. With large val-
ues of |up| and power output as employed in
this amplifier in the utilized frequency range,
|8| and @ should be carefully controlled to avoid
danger of singing. (In practice this usually
means

uB=lug]|®

is such that ®><360° (nor to 0° nor to any integral
multiple of 360°) for |ug|=unity. this restriction
being always sufficient, although, as indicated
above, not in all cases necessary.) That is, the
amplifier should be carefully designed with ref-
erence to the phase shifts and gains around the
loop circuit at all frequencies within and without
the utilized frequency range, and consequently
with reference to the phase shifts and attenuva-
tions introduced by the interstage coupling cir-
cuits, the feedback means and the distributed
capacity in the amplifying system, for instance.
A number of appropriate circuit constants for
this amplifier will be given hereinafter to facili-
tate practice of the invention. However, such
values are merely illustrative, and the inven-
tion is not limited thereby.

A direct current by-pass set 386 comprising
resistances 3071 and condensers 388, 389 and 2i9
is used to by-pass direct current around the am-
plifier, for example, direct current telegraph sig-
nals or direct current used for lccating trouble
in the cable.

The incoming circuit 304 terminates in an
input transformer 3¢5 having an impedance ratioc
of 130:690,000, which is shunted on its secondary
side by s 70,000-ohm potentiometer resistance 315
which corrects the impedance presented to line
304 and thus reduces reflections.

The output circuit of the amplifier is con-

10

20-

30

35

40

50

60

65

70

76



10

15

20:

25:

30

85

40

45

50

60

-1
3

2,102,671

nected to the outgoing or load circuit 385, which
comprises amplifier output transformer 318,
through an impedance bridge 328. The trans-
former 348 has an impedance ratio of 3500:130.
The impedance bridge 328 forms an attenuation
equalizer in the manner disclosed in the copend-
ing application of A. L. Stillwell, Serial No. 585,218,
filed January 7, 1832 entitled “Wave translation
systems”, patented as No. 1,993,758, March 12,
1835.  The four ratic arms of the bridge are des-
ignated by their impedance values Ro, KRo, KR
and R. :

Ro is the plate-to-cathode impedance of the
space path of tube 2363.

KRo comprises (in addition to an 83-ohm resisi-
ance 82! in series with the plate battery and a
1.6 microfarad condenser 322 in parallel to the
resistance 321 and the plate battery) two im-
pedances (in series with this parallel combina-
tion). One of these two is an inductance 328 of
00012 henry and the other is a parallel combina-
tion of a 22400-ohm resistance 224, a .01 micro-
farad condenser 325 and a 3-henry inductance
328.

KR is a 3,500-ohm resistance.

R is a .124-henry inductance.

The tubes 389! and 382 are Western Electric
Company type 259-A tubes, which are screen grid,
indirectly heated cathode tubes of high amplifica-
tion factor, .or -so-called high mu tubes. Tube
343 may be a coplanar grid tube of the general
type referred to.above. This tube is operated as
a power tube by employing a high value of con-
trol grid negative biasing potential and a high
value of positive bias on the coplanar grid, then
the control grid input voltage wave can have a
large amplitude (. e., a large grid swing). The
grid 828 serves as a control grid receiving the
signal veltage transmitted from tube 382 and is
maintained at negative potential by a negative
biasing voltage applied from g —70 voit battery
332 through s 2,000-chm resistance 333 and a
two megohm resistance 324, The grid 331 serves
as a space charge grid maintained at posiiive
potential by a positive biasing voltage spplied
from an 85-volt tap of plate battery 833 through
a, 100-chm resistance 836. The presence of this
coplanar positive grid reduces the plate resist-
ance, Ro, to & relatively low value which enables
the fube fo deliver more power than if the re-
sistance Ro had a larger value. Tube 383, as well
as tube 381 and tube 282, may have its cathode
indirectly heated. The -filaments of the three
tubes are heated from g filament voltage supply
transiormer 337, which has a secondary winding
338 supplying two volts to the heater elsments of
tubes 384 and 332 in parallel, and has a secondary
windinvg 389 supplying five volts to the heater
element of tube 2388. The cathode of tube 3838 and
the mid-points of windings 338 and 339 are con-~
nected to the earthed pole of the plate battery 2385,

The battery 335 supplies the plate potentials
and the screen grid potentials for the amplifier
from a 179-velt terminal. The space eurrent for
tube 3841 fows from the battery through a 250-
ohin resistance 349, a network 34t of interstage
coupling impedances, an inductance cof 1118
millihenries 342, tube 288{ and a 600-ohm resist-
ance 345 to the grounded pole of the battery.
The network 24{ comprises inductances 344 and
345, capacities 388 and 347 and resistance 348 all
connected as shown, the respective values of these
impedances being 4.37 henries, 19.9 millihenties,
95.5 micro-microfarad, 95.5 micro-microfarad and
25,000 ohms.

5
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The space current for tube 362 flows through
a 250-ohm resistance 358, a network 361 of inter-
stage coupling impedances, a 123.6 millihenry
inductance 382, tube 382 and a 600-ohm resist-
ance 383 to the grounded pole of the battery 228,
The network 35! comprises inductances $58 and
358, capacity 388 and resistance 358 all connected
as shown, the respective values of these imped-
ances heing 1.21 henries, .04 henry, 44 micro-
microfarad and 51,337 ohms.

The space current for tube 303 flows through
KRy, the primary winding of transformer 318 in
parailel with R and R in series, and the tube
362, .

The potentials

for the screen grids of tubses
381 and 302 are respectively supplied from the
170-velt terminal of battery 32855 through a
100,290-chm resistance 380 and a 90,000-ohm re-
sistance 26!, tubes 30f and 382, 600-chm resist-
ances 343, and 258 respegtively.

The veltage drop across resistance 343 supplies
negative biasing potential for the grid of tube 391
through a portion of g gain control potentiometer
referred to hereinafter, and the secondary wind-
ing of transformer 345 and the potentiometer 348,

The voltage drop across resistance 3538 supplies
negative biasing voltage for the grid of tube 262
through a two megohm resistance 383. Zach of
the two interstage blocking condensers 364 and
36% has a capacity of 0.1 microfarad.

Across the resistances 243, 368, 348, 383, 38¢,
368,-332 and 23885, respectively, are connected con-
densers 286, 387, 388, 389, 270, 371, 372, and 273,
each of .75 microfarad capacity. The condenser
are used to by-pass high frequency currenis
arcund the resistances to the ground bus. These
condensers and resistances, and also the econ-
denser 322 and resistance 321, suppress noise angd
reduce undesired feed-back and singing tenden-
cies, and keep the transmitted frequencies out of
the power leads, facilitating the use of one bat-
tery and power supply for several amplifiers.

In cne diagonal of the bridge 328 is the primary
winding of the output transformer 3(8. In the
other diagenal and conjugate to the output trans-
former is the feedback path, the path by which
part of the output is fed back to the inpuf, con-
taining a 1-microfarad stopping condenser 389, a
supplementary attenuation equalizer 274, the
gain contro! pofentiometer 382 and a resistance
398 variable for compensating for changes, dus to
tempersture variations in the transmission char-
acteristics of the section of ecable circuit assigned
to the amplifier. e required variations of re-
sistance 395 can be produced by any suitable
moeans, as for example, by means responsive to
temperature changes of the line section to be
equalized, as indicated by legend on the draw-
ings. - The effect of the supplementary egualizer
314 is t0 supplement the effect of the bridge
equalizer 328 as regards the equalization provided
by the feedback amplifier. That is, the two
equalizers together cause the amplifier to produce
the desired compensation for the transmission
characteristic of approximately twenty miles of
the cable cireuit.

The supplementary egualizer comprises indue-
tances 374, 378, 377 and 378, capacities 379, 320,
281 and 382, and resistances 383, 384, 385, 288,
387 and 328, all connected as shown, and having
respeactively the impedance values of .0304 henry,
.0103 henry, .204 henry, .06301 henry, .0186 micro-
farad, .000251 microfarad, .00249 microfarad,
00088 microfarad, 659 ohms, 659 ohms, 2,545
ohms, 2,640 ohms, 9,000 chms and 1,150 ochms.

10

15

20

25

30

36

40

45

50

55

60

65

70

75



10

15

20

25

30

35

pay)

40

In the by-pass set 2306, each of the resistances
3987 has a value of 500 ohms, each of the capaci-
ties 388 is l-microfarad, the capacity 398 is 4-
microfarad, and each of the capacities 816 is 1.08-
microfarad.

The condensers 366 and 369 assist in giving the
phase shift ® at frequencies below the useful
range a value that facilitates compliance with
Nyquist’s rule for freedom {rom instability.

Tubes 38! and 302 have an amplification factor
of approximately 800, and tube 383 has an ampli-
fication factor of approximately 5.2. The plate
impedances of tubes 381 and 382 are approxi-
mately 750,000 ohms and for tube 323 the plate
impedance is 3,500 ohms.

The impedance elements in the interstage cou-
pling circuits assist in making the values of {ug|
and & such as to avoid danger of singing and
yield the required gain-frequency characieristic
and harmonic or distortion suppression over tae
desired frequency range. Further, the elements
assist in giving |up| and & the proper relationship
for the desired stability.

The input and output transformers have double
shields as shown, which more completely shield
and separate the amplifier circuit proper irom
undesired circulating currents in the cables.

Over the utilized frequency range, with the
large amounts of negative feedback employed,
lug| is much greater than unity, and the effective
gain of the amplifier from a voltage across the
high impedance side of the input transformer to
the fictitious driving generator in the plate cir-
cuit of the last tube is approximately equal o the
loss in the feedback path, including the losses in
the bridge equalizer and the supplementary
equalizer. Over the utilized frequency range,
wgl>>1, and |g|<1. Thus |u|>>1> |g|. For ex-
ample, at 100 kilocycles the values of lu| and |g],
respectively, approximate 23,170 and 0.00214.

The supplementary equalizer furnishes correc-
tion so supplementing that given by the bridge
equalizer that the two give the required equailiza-
tion.

If it is desired tc improve the distortion with
feedback over and above what it was for some
previous condition, it is possible to accomplish
this in various ways. For example, if the u of an
amplifier is increased and no change is made in the
value of g the gain of the amplifier with feedback
will remain the same but the distortion will have
been impreoved approximately the amount that u
was increased; or, if u is kept unchanged and g is

_ increased, the gain of the amplifier with feedback

will be reduced by the increase in g and also there
will be an improvement in the distortion propor-
tional to the increase in g; and morecver there
are many possible combinations of changes in g
and p which will produce changes in gain and
distortion production.

An increase in g can be accomplished for in-
stance by substituting pentode tubes 301’ and 382’
of Fig. 656A, now to be described, for the 258-A
type tubes 204 and 352 and making appropriate
attendant changes in the values of the elements
in the power supply and interstage circuits.

Fig. 65A is infended to represent a negative
feedback amplifier which is the same as the am-
plifier of Fig. 65, except for the substitution and
changes just mentioned. The changes arc as
follows: The capacities of elements 36€, 387, 368,
355, 278 and 37! hecome .25 microfarad, .25 mi-
crofarad, 1. microfarad, 0.1 microfarad, .01 mi-
crofarad and 1. micrefarad, respectively; the ca-
pacities of elements 373. 322 and 386 become 1.5
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microfarads, .75 microfarad and 60 micro-mi-
crofarads, respectively; the resistances of ele-
ments 243, 368, 3585 and 38! become 409 ohms,
20,000 ohms, 400 ohms and 20,000 ohms, respec-
tively; and the inductance of element 353 be-
comes .545 henry. The tubes 301’ and 302’ may
each have an amplification factor of approxi-
mately 1,000 and a plate impedance of approxi-
mately 700,000 chms. These two tubes may be,
for example, Western Electric Company type
7592-A tubes.

A further example of an 8-kilocycle to 100-kilo-
cycle negative feed-back amplifier embodying a
form of the invention is the amplifier disclosed
in the application of I. G. Wilson, Serial No.
606,875, filed of even date herewith, for Electric
wave amplifying systems, Patent No. 1,948,976,
issued February 27, 1934.

Fig. 66 shows a negative feed-back amplifier
circuit embodying a form of the invention and
suitable for amplifying frequencies of a range
{from 4 kilocycles to 40 kilocycles, as for example,
for use in repeaters of an open wire multiplex car-
rier telephone system of the general type of the
present commercial type C carrier telephone sys-
tem described by H. A. Affel, C. S. Damarest and
C. W. Green in the Bell System Technical Jour-
nal, July 1928, pages 564 to 629. In this ampli-
fier, tubes £81, 482 and 483 in cascade connection
amplify waves received over incoming line or cir-
cuit 434 and transmit the amplified waves to out-
going line or circuit 465. A number of appro-
priate ecircuit constants for this amplifier will
be given to facilitate practice of the invention.
However, such values are merely illustrative, and
the invention is not limited thereby.

The incoming circuit terminates in a Western
Electric type W-9384 input transformer 415
shunted on its secondary side by a 20,000-chm
resistance 418 and on its primary side by a 2,400-
ohm resistance 416’, these resistances assisting
in giving the line the proper value of terminating
impedance.

The output circuit of the amplifier is connect-
ed to the outgoing or lead circuit 405, which com-
prises a Western Electric type W-9385 output
transformer 418, through an impedance bridge
429. The four ratio arms of the bridge are des-
ignated by their impedance values Ro, KRo, KR
and R.

Rp is the plate-to-cathode impedance of the
space path of tube 483.

KRo comprises (in addition to a l-microfarad
stopping and filtering condenser 422 and the plate
voltage supply circuit connected thereacross), a
139-ohm resistance 428.

KR is a 2,227-ohm resistance 424 and a 500-
micro-microfarad condenser 425 in parallel.

R is a 76,800-ohm resistance.

The tubes 45! and 402 are Western Electric
Company type 259-A tubes. Tube 303 is a co-
planar grid tube of the type described in con-
nection with Fig. 57, for example, a Western
Electric Company type 281-A coplanar grid tube.
The control grid receives the signal voltage trans-
mitted from tube 482 and is maintained at a
negative potential by a negative biasing voltage
applied from a 60-volt battery 430 through a
2,000-ohm resistance #3f, a winding 433 of a
Western Electric Company type 9331 retardation
coil 432 connected as an interstage coupling im-
pedance, and 37,500-ohm resistance 424. The
space charge grid or coplanar grid is maintained
at a positive potential by a positive biasing volt-
age applied from a 60-volt battery 432’ through
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two resistances 436 and 436’ of 100 ohms each.

The filament current for the three tubes is
supplied by a 24-volt battery 437, through a cir-
cuit comprising a ballast lamp 438, the positive
pole of the battery 437 being grounded. .

A 130-volt battery 435 having its negative pole
grounded and connected to the battery 437, sup-
plies the plate potentials and the screen grid po-
tentials for the amplifier. The space current for
the tube 44t flows from the positive pcle. of the
battery 438 through a 2,500-ohm resistance 449,
a winding £43’ of a Western Electric Company
type 9331 retardation coil 442 connected as an
interstage coupling impedance, a 7,500~chm re-
sistance 444, tube 481, a 600-ohm resistance 445
and battery 837 to the grounded pole of battery
435.

The space current for tube 492 flows through a
2,600-chm resistance 4580, a winding £33’ of the
coil 432, a 5,000~-ohm resistance 451, tube 402, a
600-ohm resistance 453, and battery 437 to the
grounded pole of battery 435.

The space current for tube 483 flows from the
positive pole of bhatfery 435 through a 5-ohm
winding of an alarm relay 855, two resistances
438 and 439%’, each of 83 ohms, the resistance 423,
the primary winding of transformer 418 in par-
allel with the resistances 424 and R in series, the
tube 483 and the battery 4317 to the grounded pole
of battery 435.

The potentials for the screen grids of tubes
481 and 492 are respectively supplied through re-
sistances 468 and 461, each of 90,000 ohms, and
445 and 452 each of 600 chms.

The voltage drop across resistance 445 supplies
negative biasing potential for the grid of tube
46! through a portion of an adjustable gain con-
trol resistance 482 referred to hereinafter, and
the secondary winding of transformer 4{5 and its
shunting resistance 4{6. .

The voltage drop across. resistance 453 sup-
plies negative biasing voltage for the grid of tube
482 through a winding 443 of the coil 442 and a
37,500-ohm resistance 463. The interstage stop-
ping condenser 484 has a capacity of .25 micro-
farad; and the interstage stopping condenser 465
has a capacity of 1 microfarad. .

Condensers 868 and 487, each of 1-microfarad
capacity, are connected across the resistances 445
and 453, respectively. ‘The cathode of tube 402 is
grounded through a 2-microfarad condenser 468
which shunts battery 437. A l-microfarad con-
denser 469 shunts resistance 483 and batteries
435 and 437 all in series. A I-microfarad con-
denser 478 shunts resistance 46f and. batteries
435 and 437 all in series. A 2-microfarad con-
denser 471 shunts resistances 436’, 436 and bat-
tery 432’ all in series. A 2-microfarad condenser
472 shunts resistance 486 and battery 432’ in se-
ries. A 2-microfarad condenser 473 shunts re-
sistance 43i and batteries 832 and 437 all in se-
ries. A 1-microfarad condenser 474 shunts the
resistance 448 and the batteries 435 and 437 all in
series.” A I-microfarad condenser 475 shunts the
resistance 459 and the batteries 435 and 437 all
in series.
and 435 and resistances 455, 438 and 439’ all in
series; and a l-microfarad condenser 476 shunts
the batteries 487 and 435 and the resistances 455
and £#39 all in series. 'These various condensers
and resistances suppress noise and reduce unde-
sirable feedback and singing tendencies. Con-
densers 488 and 4867 prevent resistances 445 and
£53, respectively, from decreasing the gain of
the amplifier by negative feedback. .

The condenser 422 shunts batieries 437 -
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In one diagonal of the bridge 428 is the primary
winding of the output transformer 4{2. In the
other and conjugate diagonal of the bridge are
the variable resistance 462 and a 1 microfarad
stopping condenser 489 in series.- The total
resistance 482 has three sections 481, 422 and 493,
of 72,5 chms, 173.5 ohms and 714 ohms, respec-
tively, Thus an adjustable portion of the re-
sistance 462 is common to the output and input
circuits, and the voltage across this resistance is
fed back to the grid of tube 401 through the sec-
ondary winding of transformer 415 and its shunt-
ing resistance £186.

The gain of this amplifier reaches a peak of
approximately 95 db without feedback and with
feedback, can be adjusted to have a fixed gain
of 50 db over the operating range.

Cver the ultilized frequency range,

lugi>>1, and |g|<1. Thus |u|>>1>|g|.

The condenser 428 functions to reduce the
feedback voltage at frequencies above the useful
range.

Fig. 67 shows gain-frequency characteristics
for a three-stage high quality voice frequency
(program transmission) negative feedback am-~
plifier (not shown). 'The upper curve was taken
without feedback; and the other three curves
were taken from three different negative feed-
back adjustments, respectively. The amplifier
was of the double bridge type shown in Fig. 5
and the adjustments for different amounts of
feedback were made by adjusting a network
which was connected in the feedback path be-

tween the two bridges, as is the network 7 of ¢

Fig. 5. Curve No. 4 was taken with the network
attenuation at the value zero. 1In the case of
this curve, the deviations from a flat character-
istic are due to the input and output coils which
are outside of the feedback loop. Curve No. 3
shows how the feedback corrects for these imper-
fecitions in the input and output coils, this curve
being more nearly flat than curve No. 4.

Fig. 68 gives plots of actual measurements
taken on a4 kilocycles to 40 kilocycles, three-
stage, negative feedback amplifier similar to the
amplifier of Fig. 66, showing the improvement
that the feedback effects with respect to reduc-
tion of second and third harmonics. For exam-
ple, the third harmonic curve for a 25 milli-
ampere load, shows the third harmonic to be
25 db below the fundamental for zero feedback
(i. e., for zero change in gain due to feedback)
and to be 85 db below the fundamental for a
feedback that reduces the gain 60 db.  Thus
the third harmonic is 85 db~25 db or 60 db far-
ther below the fundamental in the latter case
than in the former case. This 60 db improve-
ment is a one thousandfold improvement as re-
gards current or voltage amplitude and is a one
millionfold improvement when expressed as a
power ratio. Likewise, it can be seen from the
curves for second harmonics that with a feed-
back reducing the gain 30 db, for example, the
feedback effects a 60 db improvement as regards
the ratio of fundamental to second harmonic
for a given power output of fundamental.

Fig, 69 is a schematic circuit diagram of a
feedback system which includes input coil 583,
output. coil - 564, u-system of one screen grid
tube 598, and feedback paths 5385 and 566. The
value of g is determined by varying the value of
impedances 585 and 586. The larger g is made
(that is the nearer to unity or the smaller the
value of impedances 585 and 586) the greater
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will be the change in gain due to feedback. With
the feedback path connected as shown and the
voltage across the output circuit 502 determining
the voltage fed back, the output load voltage is
stabilized against variations of the load imped-
ance and, the larger g is, the more nearly the
load voltage will be independent of the load im-
pedance. Similarly this method of feedback re-
duces the impedance looking into the input coil
503 which means, with large amounts of feed-
back the input circuit 501 is terminated by the
two impedances 505 and 506 in series. Likewise
the impedance which will be presented, as a re-
sult of this feedback process, to the output cir-
cuit 502 is the series combination of impedances
505 and 506.

Inasmuch as the output coil 504 is in the wu-
circuit any non-linear response or modulation
products introduced by this element will be re-
duced by feedback, similar to the improvement
in distortion introduced by the non-linear ef-
fects of the vacuum tube. 'The plate voltage
supply source (not shown) has its positive pole
connected to point 507 and its negative pole con-
nected to point 587’. Condenser 588 is a by-pass
condenser for alternating current and a stopping
condenser for the plate battery voltage. Screen
grid potential is supplied through resistance 509
which is by-passed by condenser 510. Resist-
ance 511, by-passed by condenser 512, furnishes
grid biasing voltage for the control grid.

Fig. 70 gives gain-frequency characteristics of
this circuit. In this fisure curve 521 gives the
gain for each frequency from 500 cycles to 80,000
cycles without feedback., The difference in gain
for different frequencies is due to the transmis-
sion through the input and output coils. How-
ever, with greater and greater amounts of feed-
back (curves 522, 523 and 524 respectively) the
gain becomes more nearly constant for the voice
frequency range from 500 cycles to 10,000 cycles
and the feedback process has improved the
transmission quality of the two coils 503 and 504.

Fig. 71 (shown on the sheet with Fig. 58) gives
gain frequency characteristics of the amplifier
of Fig. 65, with the supplementary equalizer
omitted. The upper curve is the characteristic
taken without feedback, and the lower curve is
the characteristic taken with feedback through
the bridge equalizer. The design of this equal-
izer is such as 1o make the gain-frequency char~
acteristic of  the amplifier approximately the
same shape over the utilized frequency range,
as the loss-frequency characteristic of the cable
section assigned to this amplifier for equaliza-
tion.

Fig. 72 discloses a two-stage amplifier oper-
ating between an incoming circuit 525 and an
outgoing circuit 526 and comprising vacuum
tubes 527 and 528. Tube 527 is coupled to the
incoming circuit by input transformer 534, shunt
resistances 536 and 535 being used to provide
the proper terminations for incoming line 525,
Tube 528 works info outgoing circuit 526 through
step-down transformer 529, On the output side
of output transformer 529 is the resistance
bridge comprising arms R, KR and KRg, the
fourth arm of this bridge being the resistance
marked Ro on the figure, this being the resist-
ance looking back into the output transformer.

Tube 527 is a heater type tube and has a re-
sistance 532, in one example 1800 ohms, con-
nected in the grid circuit and also in the direct
current plate circuit so that this resistance is
common to both the grid and the plate circuit.

2,102,671

The steady drop of potential across resistance
532 aids in hiasing the grid of tube 527 nega-
tively and a battery 533 may also be used to
provide additional grid bias.

The heating current for the filaments of tubes
527 and 528 is supplied from battery 537 through
regulating resistance 538. Space current for both
tubes is supplied from plate battery 543. Screen
grid voltage for tube 527 is obtained from bat-
tery 539. A positive potential is applied to one
of the coplanar grids of tube 528 from battery
540. The coupling circuit between tubes 527 and
528 comprises series capacity 545 and shunt re-
sistances 542 and 544, Battery 541 applies nega-
tive grid bias to one of the coplanar grids of
tube 528.

A feedback connection is provided by conduc-
tor 531 from a point on the output bridge con-
jugate to the oufput circuit 526, this conductor
leading back to the upper side of resistance 532
in the drawings so that resistance 532 is included
in the feedback path.

In this circuit the closed path includes the
tubes 527 and 528 and: also the output trans-
former 529, together with the feedback circuit
above traced. Since the closed path includes the
output transformer 529 this transformer aids in
giving the necessary phase shift around the en-
tire closed path. A further advantage of includ-
ing the output transformer 529 in the closed path
is that the operation of the feedback process re-
duces the effect of the non-linear transmission
characteristic of the transformer.

A circuit of the type disclosed in Fig. 72 has
been successfully used in high quality voice fre-
quency program transmission where it was neces-
sary to transmit with minimum distortion a wide
frequency band extending from about 35 cycles
to the neighborhood of 10 kilocycles.

PFig. 73 shows an amplifier which illustrates <«

repetition of the feedback process. The inside
closed loop consists of an input bridge 554, u-sys-
tem 550 which may be a vacuum tube, and cutput
bridge 556, The loss through the g-circuit of

the inside loop is to be a constant over the range .

of useful frequencies and stabilize the u-system
against variations in the amplification of the
system 580 for the second feedback process. The
system in which the second feedback process
takes place consists. of an input bridge 564, a
w~-system which is the inside closed loop just
described, output bridge 5582, and networks 37{,
572 and 5738 in the g-circuit 563 for the purpose
of producing the proper gain-frequency char-

acteristic, varying the shape of this characteris- ;

tic as may be desired for example to take care of
changes in cable attenuations with temperature,
and correcting for the phase distortion intro-
duced by the preceding cable. The feedback path
from bridge 556 tc bridge 55! is through con-
ductors 557 and 558, and this path is rendered
conjugate to output transformer 580 and input
transformer 559 by these two bridges. The bridge
556 comprises ratic arms Ro, KRo, KR and R a5
in Fig. 5, for example. The bridge 551 has ratio
arms designated 552, 553, 554 and 555. The
bridges 561 and 562 render the path through net-
works 511, 572 and 573 conjugate to the incoming
and outgoing circuits 565 and 564. The ratio
arms of the bridge 562 are designated Roz, K'Ros,
K'R2 and Ra; and the ratio arms of bridge 581 azre
the primary windings of transformer 558 and
arms 588, 567 and 568.

Above, in this specification, under the heading
II1. c. Stability of gain with respect to variations
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in |4, it was pointed out that if the secant of &
equaled |z8| then the amplitude of the transmitted
wave would be stabilized against variations in
the absolute magnitude of u. The calculated
variations of the gain, expressed in decibels, with
feedback is plotted in Fig. 10 as a function of var-
iation in gain without feedback due to a variation
in [u]. Curves marked +1 db, +2 db, 43 db,
+5dband +8 db are examples of cases of positive
feedback in which the gain with feedback does not

vary as much as the gain without feedback for

small variations. Fig. 11 illustrates this fact
for small variation also, inasmuch as it is only
an enlargement of Fig. 10 about the point 8,9 for
values of positive feedback which produce 8, 10,
13, 20 and 30 db increase in gain.

Fig. 74 is a generalized schematic illustrating
application of the above principle. This circuit
consists of an input circuit 577 and an output cir-
cuit 578 connected to an input coil 579 and an
output coil 580. The input coil has two secondary
windings 58! and 582; and the output coil has
two primary windings 583 and 584. The ampli-
fying device connected between the input and
output coils 579 and 580 is made up of two similar
amplifiers, connected together through a special
feedback circuit 589 to be described later. The
input signal is applied to hoth bridges 58% and
587, windings 581 and 582 are poled so as to
make the grid of amplifying device 515 gpposite
in sign to the grid of amplifying device 578.
Amplifying devices 575 and 578, while they must
be similar, may consist of one, two or more tubes,
The plate resistance Ro¢ of the last tube is to
constitute one arm of the output bridge 585 and
588, respectively. - Connected across one diagonal
of these two output bridges are the two primary
windings of the output coil 583 and 584, The
other two diagonals of the bridge, which are
conjugate to the output diagonals, contain the
feedback path 589. The elements KRo, KR, and
R are impedances and obey the laws set down
throughout the above discussion, for example
as referred to in connection with Fig. 5.

Conductors 388 should be considered as two
separate feedback paths, one from the output of
amplifying device 375, the other from the output
of amplifying device §576. These two feedbacks
enter network 590 which should introduce suf-
ficient phase shift and attenuation holding
|uBl=sec &; further network 588 should direct
the feedback from amplifying device 5715 to
bridge 5§87 if the number of tubes in 575 is odd
or direct the feedback from 575 back to bridge
585 if there are an even number of tubes in 575,
likewise 598 should connect the feedback from
bridge 588 to 585 if 578 has an odd number of
phase reversals or connect 588 to 537 if an even
number of phase reversals are produced in ampli-
fying device §76. This system may then be
utilized to increase the gain of a given device and
further reduce the variations in the over-all gain
due to variations in |ul.

Fig. 75 is a specific example in which the gain
of the space discharge device: 600 (in this case
a heater type vacuum tube) is increased approx-
imately 9 db and if the gain changes =.2 db
without feedback the change with feedback is
only about —.02 db and —.05 db. The circuit
consists of an input and. output circuit 68{ and
6382 connected to input and output coils 5§83 and
604 which are respectively in diagonals of input
and cutput bridges 685 and 665. Connected be-

. tween the two diagonals conjugate to the input

and output coils, is the feedback path §07. The

43
feedback signal leaves the output bridge along
conductors §987 and goes through a lattice net-
work €98 which introduces 180° phase shift and
presents an impedance of 1000w at terminals 621
and 822. The fedback signal continues through
network 609 which is a two-section phase shifter,
each section consisting of a T-network. The first
T-network has a shunt arm consisting of a re-
sistance 817 with a value of 973« and a condenser
in series with this resistance 6i{9 with a value of
0014 mf. The series arm of the T-network con-
sists of two equal resistances 614, and 615 pre-
senting 412 ohms resistances, and then across the
two series arms is shunted an inductance §11 with
144 m. h. The second section is very similar to
the first except in that the capsacity 618 in the
shunt arm is .0158 mf. instead of .00144 mf. and
the shunting inductance around the two series
arms 618 is 15.8 m. h. instead of 1.44. The re-
sulting effect of this network upon the fedback
signals as they pass through is to shift their
phase by 20°+1/4°. With |[up|=1.066 for the
closed loop the signal will be stabilized with feed-
back and increased in amplitude with feedback.
Since the cosine of a 20° angle is 0.9397 it is seen
that this is equal to the reciprocal of [ug| as here
given and that this amplifier with the constants
given above is operating on boundary C.

Fig. 75A is a network which can be used in the
feedback path instead of network 6909. This
other network 808’ is very well suited for a range
of frequencies extending from 30 kilccyeles to 40
kilocycles.

In circuits using input or output bridges, it is
possible to vary the up of the system without
affecting the input or output impedances, and
likewise it is possible to control these impedances
without changing upg.  Moreover, in any given
case, it is possible to control the input or cutput
impedance and also to control u8 to make it any
required value. For example, the output or the
input bridge may be unbalanced to any extent
to comtrol the influence of feedback upon the
impedance as seen from the output or input re-
spectively. This will tend to alter the value of ug.
However;, an adjustment may be made at any
suitable peint in the p-circuit or-in the g-circuit
to restore the value of ug to the value it had be-
fore the assumed change in the bridge took place.
Amplifiers or systems in which negative feedback
is used to match input or output impedance to the
connected impedance, and negative feedback am-
plifiers cr systems with input or output bridges
unbalanced, for example for controlling the am-
plifier input or output impedance, are claimed in
my copending application Serial No. 663,317, filed
March 29, 1933, entitled Wave translation systems.

The invention is capable of wide variation from
the forms illustrated and described, its scope be~
ing defined in the appended claims.

What is claimed is:

1. In a wave translating device or system hav-
ing amplifying properties, an input portion and
an output portion, means to apply fundamental
waves 10 said input portion, said system carry-
ing fundamental components in said output por-
tion and having means producing other wave
components in said output portion, and means
controlling the relative magnitudes of said com-
ponents in said output portion comprising means
to feed waves from said output portion to said
input portion to decrease the gain of the system.

2. In a wave translating system having an in-
put portion and an output portion, means to ap-
ply waves of given frequency to said input por-
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tion, said-system being subject to variable uni-
lateral operation, and means to stabilize said sys-
tem comprising means deriving from an output
portion therecof waves of the same frequency as
said applied waves and which tend to vary in
correspondence with the variable operation of
said system and means for producing negative
feedback of said derived waves to an input. por-
tion in a manner to counteract such variable
operation.

3. In a wave translating system operating to
amplify applied fundamental waves, and to pro-
duce distortion components. as a function of non-
linearity in tihe system, means to increase the
ratio of the amplified fundamental wave com-
ponent to distertion components comprising
means to utilize a portion of the waves translated
by said system to reduce the gain of the system
below the gain with zero feedback in the system
of the waves translated by the system.

4. A wave amplifying system for waves of
fundamental frequency, said system having in-
herent distortion, and means to increase the ratio
of fundamental to distortion components com-
prising mesans to utilize fundamental components
present in said system to reduce the amplification
of said system for said waves below the value
with zero feedback of said fundamental com-
ponents in said system.

5. A wave transiating system comprising input
and output portions, means to impress. waves
of a band of frequencies on said input portion,
said system in the non-oscillating condition tend-
ing to produce output variatiors that bear other
than a constant linear relation to the waves im-
pressed on the input portion, and means to re-
duce said cutput variations comprising means to
apply waves of the same band of frequencies to

said input portion under control of said output

portion, said impressed and applied waves com-
bining vectorially to produce in said input por-
tion resultant waves the ratio of whose ampli-
tude to the amplitude of said applied waves is
less than unity,

6. A wave translating system having an input,
means to impress g wave on said input, and means
to stabilize said system against variations in phase
shift produced in waves traversing the system
comprising means to return a portion of said wave
to said input after it has traversed the system,
said imipressed and returned waves producmg re-
sultant input waves, and the ratio of amphtudeb
of the returned waves to the resultant waves be-
ing greater than unity.

7. A wave translating system according to claim
6 in which the cosine of the phase angle between
said rzturned and resultant waves is substan-
tially inversely proportional to said ratio.
(Boundary C.)

8. A wave translating system according to claim
6 in which said ratic is many times larger than
unity.

9. A wave amplifying system having an input
and an output, means to impress a wave on said
input, and means to stabilize said system against
variations produced in the system in amplification
ratio between output and input comprising means
to Teed back to the input a portion of the output
wave resulting from amplification of said im-
pressed wave, said impressed and fedback waves
producing resultant input waves, and the ratio of
amplitude of the fedback wave to the resultant
waves being greater than unity.

10. A wave amplifying system having an input

2,102,671,

and an output, means to impress a wave band
on said input, and means to. reduce the gain of
said amplifier for said band below the gain with-
out feedback, comprising means feeding back to
the input a portion of the output wave resulting
from amplification of said impressed wave, said
impressed and fedback waves producing result-
ant input waves, and the ratio of amplitude of the
wave s0. fed back to the amplitude of the result-
ant wave being substantially greater than unity.

11. A wave translating system having an input
and an output, means to impress waves of a band
of frequencies on the input thereof, and means to
control the amplitude-frequency relations of the
resulting output waves comprising means to feed
back to the input a portion of the output waves,
producing  thereby resultant input waves, the
ratio of the amplitude of the waves so fed back
to the amplitude of the resultant input waves
being greater than one and said fedback waves

and resultant input wayves having other than

phase coincidence, and méans in the feeding back
means for controlling the relative amplitudes of
wave components of. different frequencies to
modify the amplitude-frequency relations of the
final output waves.

12. A wave translating system having an in-
put and an output, means to impress funda-
mental waves on said input, said system produc-
ing in its cutput. said fundamental waves accom-
panied by distortion components, and means to
increase the ratio of fundamental to distortion
components in the cutput comprising means to
feed. back to the input a portion of the output
waves in such amplitude and phase as to reduce
the gain of said system below the gain with no
feedback.

13. A wave translating system having an input
and an output, a forward portion transmitting
from said input to said output, a feedback trans-
mitting from said output to said input, means to
impress. waves on said input, and means to con-
trol the phase rotation of waves in said forward
portion comprising means to control the ampli-
tude and phase of the waves fed back to said
input, the waves so fed back reducing the gain
of sald forward portion.

14. In a wave translating system producing
amplification in the translated waves, having an
input and an output, means to control phase dis-
tortion in said system comprising means to apply
to said input, waves derived from said output in
such phase and amplitude as to reduce the gain
of said system between said input and said out-
put.

15. A wave translating system having a for-
ward or w-path and a feedback or g-path, in
which |ug| equals % secant of the angle of phase
shift produced in waves traversing once around
the forward and the feedback paths in tandem.

16. A wave translating system having a forward
or w-path and a feedback or g-path, in which
|up| exceeds unity and equals the secant of the
angle of phase shift produced in waves traversing
once around the forward and the feedback paths
in tandem.

17. A wave translating system having an input
and an output, means to impress waves on said
input, and means to stabilize said system against
variable operation in response to variables in
the system comprising means tc feed back to the
input a portion of the output waves, in which the
value of |ug| lies between the limits deflned by the
relations
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: $=cos™! |uB], (boundary B)
and
_ 2+ eB)2
= 1 ’ v
$=cos 3] (boundary H)

18. The method of increasing the ratio of sig-

nal to distortion in a wave translating system in
which distortion takes place, comprising im-
pressing upon the system signal input independent
of translation in the system impressing output
waves frem said system representing both the
signal and the distortion upon the input of said
system to reduce the transmission efficiency of
the system and simultaneously increasing said
signal input independent of translation in the
system.
- 18, A wave translation system having an input
and an output and translating waves from said
input into said output, a feedback path from one
point to another in said system whereby a closed
wave propagation path is provided, the wave
propagation constant around said closed path
having a modulus substantially greater than unity
for the frequencies of said translated waves.

20. A wave amplifying system having input and
output and a feedback path from said oufput 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 gieater than unity for
the frequencies of waves to be amplified by the
system.

21, A wave franslating system for waves of
fundamental frequency, said system producing
distortion, said system being subject to variable
wave translating operation in response to vari-
ables in the system, and means comprising a feed-
back path for deriving wave components includ-
ing digtortion wave components from said system
and applying the derived components to said sys-
tem for both modifying the amoutit of distortion
ahd rendering the system less subject to vari-
able operation with respect to translation of a
fundamental wave of a given frequency, with such
feedback as compared to the system with zero
feedback.

22. A signal wave translating system having an
input and an cutput, means to impress signal
waves on said input, said system having a distort-
ing characteristic whereby distortion components
appear in the output, each of said distortion com-
ponents having a frequency different from that of
any fundamental component producing that dis-
tortion component, and means to utilize a portion
of the output waves to oppose the production in
said system of said distortion components, where~
by for a given output level of signal the ratio of
signal level to distortion level is improved by
substantially the amount of the reduction of said
distortion.

23. A signal wave amplifying system having an
input and an output, means to impress signal
waves on said input, said system being subject
to variable amplifying operation in response to
variables in the system, and means to utilize a
portion of the output waves to stabilize said sys-
tem against such variable amplification by caus-
ing said portion of the output waves to reduce the
gain of said system, whereby the improvement in
stability is substantially equal to the reduction
in gain. ‘

24. An electrical wave transmission system

having an input and an output, means to apply -

waves to said input, a load coupled to said output
having an impedance varying with frequency, a
feedback circuit for deriving from said system

45

waves whose current or voltage is a function of
the current or voltage input to said load and im-
pressing them upon said input, said impressed
waves and said applied waves producing resultant
waves in said input, the ratio of the amplitude
of said impressed to said resultant waves being
large compared to unity, and the frequency
amplitude relations of the said impressed waves
bearing such relation to the variation of the load
impedance with frequency as to maintain the cur-
rent of voltage input to the load substantially
constant.

25. A wave translation system, subject to vari-
able operation, having input and output, means to
apply waves to said input, a load coupled to said
output, and means for maintaining the load volt-
age independent of variable operation of the sys-
tem comprising means to derive from said system
a portion of the wave that is applied to said load
and to supply said derived wave to the input to
prcduce with the applied waves resultant waves,
the ratio of amplitudes of the waves so supplied
to the resultant waves being greater than unity.

26. A system according to claim 25 in which
said derived voltage is in shuat to the load.

27. A system according to claim 25 in which
said derived voltage is in series with the load.

28. The method of obtaining an impedance
representing a required funection of frequency

across a pair of terminals, which method com- *

prises including said pair of terminals in a closed
wave propagation path, causing the wave prop-
agation constant around said closed path to have
a modulus greater than unity and proportioning

the value of said modulus and the phase angle ¢

(for once traversing said closed path) to produce
the required impedance.

29. A wave amplifying system having an input
and an output, a load having impedance coupled
to said output, a path feeding waves from said
output to said input to control the gain of said

_system between said input and said output, said

feeding back path being conjugate to the load,
whereby the gain may be confrolled without
affecting the impedance of the output as seen
from the load.

30. A wave amplifying system having input and
output, a path feeding waves from said output
back to said input to reduce the gain of said sys-
tem between said input and said output below the
gain without feédback, a wave source having im-
pedance coupled to said input, said feeding-back
path being conjugate to said wave source whereby
the gain of said system may be controlled with-
out affecting the impedance of the input as seen
from said source.

31. An electrical wave translating system hav-
ing input and output, means to apply funda-
mental waves to said input, said system having
a distorting characteristic whereby distortion
products appear in said output, a feedback cir-
cuit from said output to said input, selective
means in said feedback circuit for suppressing the
distortion products and passing waves of funda-
mental frequency, the waves of fundamental fre-
quency fed back to the input and the applied
fundamental waves producing resultant input
waves, the ratio of amplitude of the waves so
fed back to said resultant waves being greater
than unity and said last-mentioned two waves
having a phase angle whose cosine is substantially
inversely proportional to said ratio.

32. A system according to claim 5 in which the
means to impress the waves on the input, and
the means to apply the waves of the same fre-
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is high.

33. A system according to claim 5 in which the
means to impress the waves on the input, and
the means to apply the waves of the same:fre-
quency to the input, are effectively in shunt re-
lation whereby the input impedance to the sys-
tem is low.

34. In combination, electric space discharge
apparatus comprising an anode, a cathode and a
discharge control element, a work circuit for said
apparatus, an output circuit for said apparatus,
ineluding said work circuit, and means for feed-
ing from said output circuit to said control ele-
ment a potential independent of the impedance
of said work cireuit.

35. In combination,  electric space discharge
apparatus comprising an anode, a cathode and a
discharge control element, means for -supplying
to said apparatus waves causing modulation
therein, an output circuit for said apparatus, hav-
ing a point at a potential directly proportional

‘to and in phase with the driving voltage in the

anode-cathode discharge space of said apparatus,
and means for reducing the amount of modula-
tion in said apparsatus comprising a’ wave trans-
mission path for delivering said potential from

“said point to said control element, said potential

reducing 'the gain’of said ‘apparatus below its
value with zero feedback. .
36. In combination, wave translating appa-

‘ratus, means for supplying tosaidapparatuswaves

producing modulation in “said apparatus, ‘and
means, capable of trarnsmitting waves lying with-

"in the frequency spectrum ‘of the supplied waves,

for feeding wave products including “odd order
products of modulation from the output side to
the input side of said apparatus in such phase
as to reduce the magnitude  of the modulation
products appearing at the output side of said
apparatus below their magnitude without feed-
back.

37. In combination, wave translating apparatus
that reverses the phase of waves transmitted
therethrough, means for supplying to'the input
side of ‘said apparatus waves that produce mod-
ulation in said apparatus, and means capable of
transmitting ‘withcut phase change waves of all
frequencies of a wide frequency range, for feed-
ing wave products including odd order products
‘of modulation from the output side to the input
side of said apparatus in the phase in-which they
are-originally ‘generated whereby the magnitude
of the modulstion produced is reduced below its
value without feedback.

38. In combination, wave repeating and gener-
ating means, an input path for supplying waves
to said means, 'a wave output path for said means,
and coupling means, capable -of - transmitting
witiicut phase change waves of all frequencies of
a wide frequency range, so coupling said output
path with said input path as to prevent the sup-
plied waves from affecting the potential differ-
ence betweeén two points on said output path ex-
cept through the repeating and- generating ac-
tions of said means, but to feed wave products
including those representing odd order modula-
tion products generated by said means to said
input path in such. phase-as to reduce their in-

-tensity in-said output path.

39. In combination, wave repeating. and. gen-
erating means; an-input path for supplying waves
to said means, a wave output path for said means,
coupling means, capable of transmitting waves
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‘quency to the input, are effectively in series rela-
tion whereby the input impedance to the system .

of freguencies-lying within the frequency spec-
trum of the supplied waves, sc coupling said out-
put path with said input path as to prevent the
supplied waves from affecting the potential dif-

ference between two points on said output path -

except through the repeating and generating ac-
tions of -said means, but to feed wave products
including those representing odd order modula-
tion products generated by said means to said
input path in such phase as to reduce their in-
tensity in said output path, a work circuit, and
means for supplying to said work circuit a volt-
age proportional to said potential difference.

40.. In combination, electric space discharge ap-

paratus comprising an anode, a cathode, a space:
-discharge path, and a discharge control element,
-two circuits, a coupling circuit coupling said dis-

charge path to said two circuits to enable it to im-
press electromotive forces therecn, said coupling

circuit being so associated with said two circuits

that said two circuits are free from effective cou-
pling, whereby neither of -.said two circuits is
affected by the other, and means connecting said

-control element to . a point on one of said two

circuits,

41. Electric space discharge apparatus having

an anode, a-cathode and a discharge control ele-
ment, an external-output circuit for said appa-
ratus, a path in said outpui circuit, having its
impedance substantially pure resistance connect-
ing said anode and said cathode, a work circuit

-for said apparatus, connected across a pottion

of said path, and a connection from said control
element to a point on said. portion, electrically
remote from each end of said portion.

42. In .combination, electric space discharge
apparatus comprising an anode, a cathode, a
space discharge path, and a discharge control
element, two circuits, a resistance coupling said
discharge path to said two circuits. to enable it
to impress electromotive forces thereon, said re-
sistance being so associated with said two cir-
cuits -that said two circuits are free from effective
coupling, whereby neither of said two circuits is
affected by the other, and means connecting said
control element to.a point on cne of said two

-circuits.

43. A Wheatstone bridge circuit having ratio
arms and diagonals, electric space discharge ap-
paratus connected in said circuit, having an an-
cde, a cathode and. a discharge control element,
a work circuit effectively connected across two
opposite corners of said bridge, a current path ef-
fectively connected across the other corners of
said bridge, a wave transmission path between
said cathode and said control element, included
in said current .path, the space discharge path

-between said anode and said cathode in said

apparatus being so connected in said bridge cir-
cuit that the driving voliage in said space dis-

-charge path transmits waves to said work circuit

and to said wave transmission path,

44. A network comprising two impedance
branches connected in parallel, each branch con-
sisting of two resistance elements, the ratio of
the two resistances in one branch being egual
to the ratic of the similarly positioned resistances
in the other branch, a circuit connected between
the terminals of the impedance branches, a.sec-
ond circuit connected between the junction points
of the resistance elements in the respective
branches, and electric space discharge apparatus

~having an anode, a cathode and a discharge con-

trol element, with the space discharge path be-
tween said ancde and said cathode included in
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one of -said resistance elements and with the
control element connected to a point on one of
said circuits.

45. In combination, two circuits, means includ-
ing an electric space discharge path, connecting
said circuits in conjugate relation to each other
and transmitting waves from said discharge path
through cane of said circuits, control means for
controlling space discharge in said path, and
means connecting said control means to a point
on said one circuit.

46, A Wheatstone bridge network comprising
two circuits, means including an electric space
discharge path, connecting said circuits in con-
jugate relation to each other and transmitting
waves from sald discharge path through one of
said circuits, control means for controlling space
discharge in sald path, means connecting said
control means to a point on said one circuit, and
mesans for supplying electrical variations to said
control means.

47. A Wheatstone bridge circuit having ex-
ternal arms and a diagonal, an electric space
discharge device, a space discharge path for said
device, included in one of said arms, for trans-
mitting waves from said discharge path through
said diagonal, and an input circuit for said de-
vice, included in said diagonal. )

48. A Wheatstone bridge circuit having ratio
arms and diagonals, an electric space discharge
Gevice, a space discharge path in said device,
included in one of said arms for transmitting
waves from said discharge path through each of
said diagonals, a work circuit for said device,
included in one of said diagonals, and an input
circuit for said device, external to said device
and included in said other diagonal.

49. The method of increasing the output load
capacity of electric space discharge apparatus
which comprises negatively regenerating waves
representing even and odd order modulation
products in the apparatus.

80. A repeater having input and output cir-
cuits, means for deriving from the output circuit
waves representing odd .order modulation com-
ponenis originating in the repeater and not pres-
ent in the input waves, and means to utilize
said derived components to so control the action
of said repeater as to reduce said components.

51. A repeater for amplifying simultaneously
the different frequency components of a signal
wave comprising a space discharge tube ampli-
fying system having input and output circuits,
and means for reducing distortion in said repeater
comprising an cutpui-to-input coupling more ef-
fectively degenerative for odd and even order
distortion products than for the signal com-
ponents. )

52. A repeater for a multiplex carrier system
comprising a space discharge tube amplifying
system having input and ocutput circuits, means
to impress on the input circuit a plurality of mes~
sage modulated carrier waves for simultaneous
amplification, and means to prevent interference
hetween said message modulated waves compris-
ing means for deriving from said output circuit
a complex wave differing in form from the com-
plex wave constituted by the waves to be re-
peated and including odd order distortion com-
ponents produced in said repeater and means re-
sponsive to said derived wave to limit the ef-
fectiveness of said repeater in producing said
difference. ’

B3. A repeater for waves that transmit signals
having input and output circuits, means for de-
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riving from the output circuit wave components
including products of both odd and even order
modulation originating in the repeater and for-
eign to the signals and not present in the input
waves, and means to utilize said derived com-
ponents including said odd and even order modu-
lation products to so control the action of said
repeater as to reduce said components for a given
output level of signals below the value they would
have with zero feedback action in said repeater.

54. The method of controlling distortion waves
produced by energy amplifying means in funda-
mental waves passing from one portion of said
means to another portion of said means, which
comprises so transmitting the fundamental waves
and the distortion waves from said cother portion
of said means to said one portion of said means
as to reduce the energy amplification of said
means.

55. The method of reducing the ratio of dis-
tortion to useful power in the output of energy
amplifying means, which comprises so introduc-
ing a sufficient part of the fundamental oufput
energy of said means and a sufficient part of the

distortion output into a portion of said means:

anterior to the output portion of said means as
to reduce the energy amplification of said means
proportionally to the distortion reduction and
sufficiently to produce the required amount of
distortion reduction. .

56. In combination, & transmission circuit hav-
ing a gain, means for reducing distortion orig-
inating in said circuit from its value for merely
forward transmission in the circuit, said means
comprising a feedback path feeding back in said
circuit from the output side of said circuit waves
which reduce said gain from its value for merely
forward transmission in the circuit, and trans-
mission control means in said path.

57. A wave translation system comprising a
circuit having a2 gain, a transmission control
network having a given effect upon transmission
passing through said network, and means for re-
ducing distortion originating in said circuit from
its value for merely forward transmission in the.
circuit, said means comprising a feedback path
connecting said network to feed from the outpuf
side to the input side of said circuit waves which
reduce said gain from its value for merely for-
ward transmission in the circuit and to produce
an effect inverse to said given effect upon trans-
mission passing through said system.

58, A regenerative vacuum tube circuit com-
prising a path for feeding back waves from the
output side to the inpul side of said circuit in
such phase and amplitude as to reduce the gain
of the c¢ircuit and the distortion originating in
said circuit below their valties for merely forward
transmission in the. circuit, a network having a
given transmission characteristic and means con-
necting said network in said path to contribute
to said circuit a transmission characteristic the
inverse of said given characteristic.

59. In combination, a transmission circuit, a
feedback path from the output side of said cir-
cuit to an anterior portion of said circuit, and a
transmission control circuit connected in said
path for producing in said path attenuation and
phase shift varying with freqguencies in the same
manner as the attenuation and phase shift of said
transmission circuit.

60. In combination, a wave transmission cir-
cuit, an electric space discharge tube amplifying

- system associated therewith comprising an am-

plifying space discharge device, a path for pro-
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ducing feedback action in said system in such
amplitude and phase as to reduce modulation
originating in said amplifying space discharge de-
vice, and a gain regulating transmission equaliz~
ing network in said path, having its attenuation-
frequency characteristic similar to that of said
circuit.

61. In combination, a wave transmission cir-
cuit, an eleciric space discharge tube amplifying
system associated therewith comprising an am-
plifying space discharge device, a path for pro-
ducing feedback action in said system in such
amplitude and phase as to reduce non-linear dis-
tortion originating in said amplifying space dis-
charge device, and gain controlling and trans-
mission equalizing networks in said path, having
their attenuation-frequency characteristic simi-
lar to that of said circuit.

62. A system comprising a transmission cir-
cuit, an incoming circuit for applying waves to

‘sald transmission circuit, an outgoing circuit for

said transmission circuit, a feedback path for
feeding waves from the output of said transmis-
sion circuit to the input of said transmission cir-
cuit, the amplitude ratio of the fed back waves

‘to the resultant of the fed back waves and the

applied waves being greater than unity, and
differentially acting means for preventing feed-
back action in said system from affecting the
impedance into which said incoming circuit works.

63. A system comprising a transmission circuit,
an incoming circuit for applying waves to said
transmission circuit, an outgeing circuit for said
transmission circuit, a feedback path for feeding
waves from the output of said transmission cir-
cuit to the input of said transmission circuit,
the amplitude ratio of the fed back waves to
the resultant of the fed back waves and the
applied waves being greater than unity, and bal-
ancing means for preventing variations in the
impedance of said incoming circuit from affect-

‘ing feedback action in said system.

64. A system comprising a transmission cir-
cuit, an incoming circuit for applying waves to
said transmission circuit, an outgoing circuit for

‘said transmission circuit, a feedback path for

feeding waves from the output of said transmis-
sion circuit to the input of said transmission cir-

“cuit, the amplitude ratio of the fed back waves to

the resultant of the fed back waves and the ap-
plied waves being greater than unity, and means
rendering said input circuit and said feedback
path conjugate to each other.

656. A system comprising an amplifier, an in-
coming circuit for said amplifier, an outgoing
circuit for said amplifier, a feedback path for

‘said amplifier, and balancing means for prevent~

ing feedback action in said system from affect-
ing the impedances with which said amplifier
faces said circuits and preventing variations in

‘the impedances of said circuits from affecting the

feedback action of said amplifier.

66. A system comprising an amplifier, an in-
coming circuit for said amplifier, an outgoing
circuit for said amplifier, a feedback path for

sald amplifier, and means for preventing feed-

back action in said system from affecting the im-
pedances with which said amplifier faces said
circuit and preventing variations in the imped-
ances of said circuits from affecting the feedhack
action of said amplifier, said means comprising
a Wheatstone bridge connecting said incoming
circuit and said feedback path in conjugate rela-

‘tion to each other and a Wheatstone bridge
-connecting said outgoing circuit and said feed-
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back path .in conjugate relation to each other.

67. A system comprising an amplifier, an in-
coming circuit for applying waves to said ampli-
fier, an outgoing circuit for said amplifier, a feed-
back path for feeding waves from the output of
said amplifier to the input of said amplifier in
such amplitude and phase as to reduce non-linear
distortion originating in said amplifier, the ampli-
tude ratio of the fed back waves to the resultant
of the fed back waves and the applied waves
being greater than unity, and means for prevent-
ing feedback action in said system from affecting
the impedance into which said incoming circuit
works.

68. A system comprising an amplifier, an in-
coming circuit for said amplifier, an outgoing cir-
cuit for said amplifier, a feedback path for said
aipplifier for feeding back waves in such phase as
to reduce distortion originating in said amplifier,
and means for preventing variations which occur
in the impedance of said incoming circuit from
affecting feedback action in said cirvcuit, and
means connecting said outgoing circuit and said
feedback path in conjugate relation to each other.

69. A system comprising an amplifier for a
multiplex carrier telephone cable circuit, an in-
coming circuit for connecting said cable circuit
to said amplifier, an outgoing circuit for connect-
ing said amplifier to said cable circuit, a feedback
path for-said amplifier for feeding back waves of
a wide frequency range in such phase as to re-
duce distortion originating in said amplifier, gain
controlling and transmission equalizing means for
compensating for the variation of attenuation of
said cable with temperature changes of said
cable, and means connecting said gain control
and transmission equalizing means in said feed-
back path for reducing the deleterious effects of
the resistance noise from the gain control and
transmission equalizing means and the dele-
terious effects of tube noise generated in the
amplifier upon the signal-to-noise ratio in said
sutgoing circuit.

70. A signaling system comprising a cable cir-
cuit and an amplifier in said circuit having gain-
reducing feedback means for compensating for
effects produced by the transmission character-
istics of said circuit upon transmission passing
through said circuit.

71. A wave transmission system comprising a
circuit for transmitting waves of a wide fre-
guency rarige, said circuit being subject to greater
disturbance for one frequency range than for
another and having a greater attenuation for said
other frequency range than for said one fre-
guency range, an amplifier associated with said
circuit for amplifying said waves, said amplifier
comprising o feedback path producing negative

‘feedback in said amplifier, and an attenuation

equalizing means in said feedback path having an
attenuation frequency characteristic similar to
that of said circuit.

72. A signaling system comprising a carrier
telephone cable circuit for transmitting waves of
a large number of carrier telephone channels of
different frequency ranges, said circuit being sub-
iect to greater disturbance for the low frequency
channels than for the high frequency channels,
an amplifier connected in said circuit for ampli-
fying said waves, said amplifier comprising means
for feeding back waves in such phase as to reduce
distortion produced in said amplifier, and means
included in said feedback means having an at-
tenuation characteristic similar to that of said

- circuit.
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73. A carrier signaling system comprising an
amplifier, a carrier wave fransmission circuit
with a flat noise level spectrum for transmitting
to said amplifier a plurality of carrier signal
channels of different frequency ranges with sub-
stantially equal side hand levels at the output of
thie amplifier, and means in said amplifier for
causing the amplification of the amplifler to be
greater for the high frequencies than for the
low freqguencies of the transmission range and
tending to cause distortion produced in the ampli-
fier to be less for low freguencies than for high
frequencies. )

74. A carrier wave signaling system comprising
an amplifier, a carrier telephone cable circuit so
shielded that substantially the only noise in the
circuit is thermal noise, for transmitiing to said
amplifier waves of a plurality of carrier tele-
phone channels of different frequency ranges
with substantially equal side band levels at the
input of the amplifier, said channels including a
frequency band extending substantially from 4
kilocycles to 40 kilocycles, a feedback path for
said ampilifier for feeding back waves in such
phase as to reduce the gain and the distortion
produced in the amplifier, and an attenuation
equalizer in said path having attenuation increas-
ing with frequency for producing greater ampli~
fier gain reduction and distortion reduction at low
frequencies than at high freguencies.

75. An electrical wave transmission system hav-
ing an input and an outpul, means to impress
waves on said input, an cutgoing circuit, a trans-
former coupling said outgoing circuit to said out-
put, a feedback path from a point in said out-
going circuit following said transformer to said
input, said feedback path applying waves to said
input having the same frequency as said im-
pressed waves to form with said impressed waves
resultant input waves, and the ratio of amplitude
of the fedback to resultant input waves being
greater than unity.

76. An electrical wave transmission system
having an input and an output, an incoming cir-
cuit carrying waves to be impressed on said sys-
tem, a transformer coupling said incoming cir-
cuit to said input circuit, a feedback path from
the output to a point in the incoming circuit
ahead of said transformer, said feedback apply-
ing waves to said input of the same frequency
as said impressed waves to produce resultant in-
put waves, and the ratio of amplitude of the fed-
back to the resultant waves being greater than
unity.

77. A multi-stage space discharge tube circuit,
each stage comprising a space discharge device
having an input and an output, and feedback
circuits individual to said stages, each such feed-
back circuit having a phase shift with frequency
over the transmitted band and reducing the gain
of the individual stages non-uniformly over the
transmitted band to control the transmission and
phase characteristic of the multi-stage circuit
as 2 whole.

78. A wave amplifying system according to
claim 10 in which said means feeding back to the
input a portion of the output wave comprises
means for amplifying said wave portion.

79. A wave translation system according to
claim 19 in which an input is coupled to said
closed path at ene point and an output is coupled
to said closed path at another point, said closed
path including wave amplifying means between
said two points and amplifying waves in the di-
rection from said input to said output. ‘
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80. A wave translation system according to
claim 19 in which an input is coupled to said
closed path at one point and an output is coupled
to said closed path at another point, said closed
path including wave amplifying means between
said two points and amplifying waves in the di-
rection from said output to said input.

81. A multiplex carrier wave amplifier for
simultaneously amplifying waves representing a
plurality of voice-modulated carrier waves cov-
ering a range of the order of 40 kilocycles, said
amplifier having a feedback path for feeding back
from the output to the input the total frequency
range being amplified in such manner as to re-
duce the gain of the amplifler for waves of said
range and increasing the stability by a factor
comparable to the factor of gain reduction.

22. An amplifier according to claim 81 in which
said feedback path includes a wave-shaping net-
work for altering the frequency-amplitude rela-
tions of the waves within said frequency range.

83. A wave amplifying system having an input
and an output, a plurality of separate feedback
paths leading from said output to said input, and
separate wave transmission devices in said feed-
back paths for separately controlling transmis-
sion through said feedback paths, the feedback

through certain of said paths being such as to

reduce the gain between said input and said
output.

84. A wave amplifying repeater for insertion
into a signal line, said repeater having a forward
portion giving a gain ratio of several times ten
decibels, and a feedback portion reducing the
gain of said forward portion and stabilizing said
repeater against changes in gain in said forward
portion to the order of hundredths of 1 db.

85. A wave amplifying repeater according to
claim 84 in which the said feedback portion re-
duces the gain of said forward portion and sta-
bilizes said repeater against changes in gain in
said forward portion to the order of thousandths
of 1 db.

86. An electrical wave t{ransmission system
comprising a line with amplifying repeaters in-
serted therein at intervals, said line including
such repeaters to the number of the order of one
hundred in tandem, each such repeater having
a feedback path from output to input reducing
the gain of said repeater and stabilizing said
repeater against variations in gain with circuit
variables, such that the variation in gain of the
entire circuit from end to end is of the order of
less than ten db.

87. A system according to claim 86 in which
the variation in over-all gain is of the order
of one db.

88. A wave amplifying system according to
claim 10 in which the amplitude of the amplified
wave appearing in the output of the system is
several times 10 db greater than said resultant
input amplitude.

89. A wave translation system comprising &
w-cireuit and a g-circuit in which |u| is many
times larger than |8|.

90. A wave translation system comprising a
u~circuit and a g-circuit, in which the value |ug]| is
many times larger than one,

91. The method of maintaining more nearly
constant the relation between gain and load of a
space discharge system with varying load, which
comprises feeding back waves in said apparatus
to reduce the gain of said system.

92. A wave translation system having an input
and an output, means to apply waves to said

10

15

20

25

30

40

45

50

55

60

70

75



10

15

20

25

30

35

40

45

50

55

60

65

70

(]

50

input to be amplified, said system having a plu~
rality of wave translation devices included in
tandem between said input and said output, each
such wave translation device giving amplifica-
tion between waves impressed upon it and waves
output from it, and each such device having a
feedback path for applying a part of its cutput
wave to its input side in such manner as to in-
crease the amplification, and an over-all feed-
back path from the output to the input of said
system for increasing the resultant amplification
of said tandem devices.

93. A wave translation system having an input
and an output, means to apply waves to said in-
put to be amplified, said system having a plu-
rality of wave franslation devices included in
tandem between said input and said output, each
such wave translation device giving amplification
between waves impressed upon it and waves out-
put from it, and each such device having a feed-
back path for applying a part of its output wave
to its input side in such manner as to increase
the amplification, and an over-all feedback path
from the output to the input of said system for
reducing the resultant amplification of said
tandem devices, whereby the stability of the sys-
tem is increased as regards variations in oper-
ation of said devices.

94, An active transducer having feedback, and
means comprising a second active transducer for
rendering the total feedback in said first men-
tioned transducer negative.

95. A feedback amplifier, and means compris-
ing a second amplifier having feedback of one
sign for causing the total feedback in said first
mentioned amplifier to have the opposite sign.

96. An amplifier, and means therein compris-
ing a positive feedback amplifler for producing
in said first mentioned amplifier feedback in
which |ug|>>1.

97. Two mutually exclusive amplifying paths,
a common feedback path from the output of each
to the input of each, and a transmission com-
pensating network in said path.

98. An active transducer having separate feed-
back paths mutually conjugate.

99. A wave translating system having feedback
means providing a closed lgop transmission path
in said system, the value of {ug| being greater
than unity and the values of |ug| and @ for said
loop being so related that the feedback action in
the system increases stability of transmission in
the system as compared to the stability with no
feedback action.

100. A wave amplifying system having a closed
feedback loop wherein the value of |ug| is greater
than unity and the values of |z8] and & are such
that the feedback action in the system increases
the gain of the system and at the same time
increases the stability of the system.

101. A wave translating system having a feed-
back loop transmission path with the value of
|up| greater than unity and the values of |u8| and
$ such that feedback action in the loop de-
creases non-linearity of response of the system
as compared to the non-linearity of response
without feedback.

102. A closed feedback system comprising but
two amplifier stages and one transformer in tan-
dem and having ug>>1.

103. A wave amplifying system having an in-
put portion and an output portion, means to
impress waves on said input portion, means to
amplify said waves and impress the amplified
waves on said output portion, means associated
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with the output portion for utilizing the ampli-
fied waves, and means to reduce the gain of said
amplifying means below the gain without feed-
back comprising means feeding back to the in-
put a portion of the waves resulting from am-
plification of said impressed waves, said im-
pressed and fedback waves producing resultant
input waves, the ratio of amplitude of the waves
so fed back to the amplitude of the resultant
waves being substantially greater than unity for
wave components of frequencies utilized by said
means associated with the output.

104. A wave translating system including wave
amplifying means having an input and an out-
put, means to impress waves on the input, means
deriving from the araplified waves wave compo-
nents representing the amplified impressed waves
and other wave components appearing in the
amplifying means and not present in the im-
pressed waves, and means to increase in the out-
put of said system the ratio of amplified im-
pressed waves to said other wave components
comprising means to feed back to the input side
of the amplifying means said derived components
to reduce the gain of said amplifying means be-
low the gain without feedback for said impressed
waves and to oppose production in the output
of said other wave components,

165, A non-oscillating wave amplifying system

having a wave input portion and a wave output *

portion, said system without feedback being sub-
ject to instability of gain, and means feeding
back waves from the output fo the input portion

of said system such that said system has greater

gain stability than with zero feedback.

106. A non-oscillating wave translating system
having a wave input portion and a wave output
pertion, said system without feedback being sub-
ject to variable phase shift, and means feeding
back waves from the output to the input por-
tion of said system such that said system has
greater stability of phase shift than with zero
feedback.

107. In a wave translating device having am-

plifying properties, an input and an cutput there- 4

for, and means to increase gain stability of said
device comprising means feeding back waves
from the output to the input thereof in such
manner as to reduce the gain of said device be-
low the gain with zero feedback.

108. In a wave translating device having am-
plifying properties, an input and an output
therefor, and means to increase stability of phase
shift of said device, comprising means feeding

back waves from the output to the input thereof »:

in such manner as to reduce the gain of said
device below the gain with zero feedback.

109, In a wave translating system, an ampli-
fying portion, and means to increase gain stabil-
ity of the system against variations in amplifica-
tion in said portion, comprising means to feed-
back therein a portion of the translated waves
reducing the gain of the system below the gain
with zero feedback.

110. In a wave translating system, an ampli-
fying portion, and means to increase stability of
the phase shift through the system against vari-
ations in phase shift through said portion, com-
prising means to feed back therein a portion of
the translated waves reducing the gain of the
system below the gain with zero feedback.

111. A wave translating system comprising in-
put and output portions and wave amplifying
means therebetween, means to impress waves on
said input portion for creating waves in said

e

20

60

75



10

el
<t

20

25

30

o]
(=7}

40

45

50

60

65

70

(f)

2,102,671

output portion, and means responsive to waves’

in said output portion for applying waves to
said input portion that- form therein with said
impressed waves resultant waves the ratio of
whose amplitude to the amplitude of said applied
waves is less than unity, said last-mentioned
means comprising means adjustable for varying
the gain of said system.

112. The combination with a transmission line
for transmitting waves of a band of frequencies
and having a phase distorting characteristic, of
an amplifier at a point in said line having a gain
reducing feedback circuit, said gain reducing feed-
back circuit including a network of similar phase
distorting characteristic to that of said line.

113. The method of amplification with reduced
distortion comprising providing in an amplifier
excess gain over that required for the funda-
mental wave, and feeding back in the amplifier
both fundamental and distortion products in such
phase and amplitude that the fed-back funda-
mental waves reduce the gain of the amplifier
for the fundamental waves to the said required
value, and that the fed-back distortion compo-
nents reduce the total distortion appearing in the
output at a rate such that substantially a decibel
reduction in distortion is produced per decibel
reduction in gain.

114, The method of stabilizing the gain of an
amplifier circuit comprising providing in the
amplifier excess gain over that required for the
fundamental wave, and feeding back fundamental
and other output components in such amplitude
and phase as to reduce the gain for the funda-
mental to said required value, thereby stabilizing
the gain by at least the amount of the gain reduc-
tion.

115. In a multistage amplifier in which the am-
plitude of the gignal increases from stage to
stage, as a means of reducing distortion a feed-
back connection from the output side of the stage
having the greatest distortion to a point on the
input side of said stage, said feedback connec-
tion feeding back both fundamental and distor-
tion components in such magnitude and phase as
to reduce the gain of the amplifier for the waves
being amplified and simultaneously reduce the
distortion in a degree comparable with said re-

‘duction in gain.

116. In an amplifying system in which, in the
absence of feedback, for a given amplitude of
signal wave effective on the grid of a later stage
a given amount of distortion is produced in the
output of said stage, one or more earlier stages
ahead of said later stage tending to increase the
signal amplitude effective on the grid of that stage
above said given amplitude, and a reverse feed-
back connection from the output of said later
stage to an input element of a said earlier stage
reducing the gain sufiicienily to make the wave
effective on the grid of said later stage as low as
said given amplitude, whereby the distortion pro-
duced in said later stage is reduced to a level
below said given amount.

117, In an amplifier having one or more early
stages followed by a power stage, a reverse feed-
back connection around & portion of said ampli-
fier including said power stage, said feedback
connection feeding back both fundamental and
distortion products in such phase and amplitude
as to reduce the gain of the amplifier for the
fundamental components and reduce the distor-
tion by an amount comparable with the reduction
in gain.
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118. In a signal transmission- system, a signal
amplifying circuit portion having a distoriing
property, whereby the output signal waves from
said portion are accompanied by distortion com-
ponents, two circuit paths leading to the input
of said circuit portion, one such path applying
signal waves to said input and the other such
path applying to said input a portion of the out-
put waves containing said signal and distortion
compenents in such phase that the signal waves
applied from the latier path tend to reduce the
amplitude of the output signal resulting from the
signal waves applied to said input by said first
path, and the distortion components so applied re-
duce the amplitude of the cutput distortion, and
means for increasing the signal intensity in the
first path to offset in part at least the tendency
of the signal waves in the second path to reduce
the amplitude of the output signal,

119. A wave translation system having an out-
put portion and two input paths, said system
producing amplification in waves applied to either

input path, means impressing waves to be ampli-

fied on one of the input paths, said system in s
non-~oscillatory condition tending to produce var-
iations in ouitput that bear other than a constant
linear relation to said impressed waves, and
means to reduce such variations in output com-
prising means applying waves derived from the
amplified output waves to the other of said two
input paths in a direction to reduce the effective
gain of the system for the waves impressed on
said one input path below the gain without feed-
back and to oppose the production of said output
variations.

120. In o signal receiving system, a multi-
plicity of electron tube amplification stages, and
means coupling one amplification stage with a
preceding amplification stage for feeding back
energy to said preceding amplification stage in
phase opposition to the incoming signaling en-
ergy in proportion to the amplitude of the in-
coming signaling energy, the amplitude of the
fed back waves being large compared to that of
the resultant of those waves and the incoming
waves.

121, A radio broadcast receiver comprising an
amplification system including a multiplicity of
intercoupled electron tube amplification stages,
means intercoupling a portion of the circuit of
one electron tube amplification stage with the
circuit of a preceding electron tube amplification
stage for transferring current therebetween, and
means for displacing the phase of the current

thus transferred with respect to the phase of in-

coming signaling current in said preceding am-
plification stage for opposing increases and de-
creases in the incoming signaling current in such
manner as to stabilize gain of the amplification
system for maintaining the amount of energy in
said amplification stages at a constant value.

122. An electrical system comprising an am-
plifier provided with an input and output cir-
cuit, means for impressing on the input cireuit
an alternating current voltage, an impedance in
said output circuit, and means for impressing
upon the input circuit, in phase opposition to
said voltage, a fraction of the voltage developed
across said impedance whose reciprocal has a
predetermined small relation to the amplifica-
tion power of said amplifier.

123, A method of operating an electron dis-
charge tube amplifier to neutralize inherent dis-
tortion thereof consisting in impressing currents
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upon the amplifier, detecting the amplified cur-
rents, and impressing a predefermined fraction
of the detected currents which is small with re-~
spect to the amplification factor of the amplifier,
upon the amplifier to neutralize said distortion,
and maintaining said fraction constant in mag-
nitude to render the amplified currents inde-
pendent of the amplitude of the first named
currents.

124. A method of operating an electron dis-
charge tube amplifier to neutralize inherent dis-
tortion thereof consisting in impressing currents
upon the amplifier, detecting the amplified cur-~
rents, and impressing a predetermined fraction
of the detected currents which is small with
respect to the amplification factor of the am-
plifier, upon the amplifier to neutralize said dis-
tortion, said fraction heing impressed upon the
amplifier in phase opposition to the first named
currents.

125. A method of operating an electron dis-
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charge tube amplifier to neutralize inherent dis-
tortion thereof consisting in impressing currents
upon the amplifier, detecting the amplified cur-
rents and impressing a predetermined fraction
of the detected currents upon the amplifier to
neutralize said distortion and maintaining the
product of the amplification power of said am-
plifier and the said fraction substantially greater
than unity.

126. A method of operating an electron dis-
charge tube amplifier to neufralize inherent dis-
tortion thereof consisting in impressing currents
upon the amplifier, detecting the amplified cur-
rents and impressing a predetermined fraction
of the detected currents upon the amplifier to
neutralize said distortion and maintaining the
magnitude of said fraction at such a value that
amplified currents are equal to the product of
the reciprocal of the fraction and said first
named currents.
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