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a varlable 1mpedance element comimon- to the wo

T Clalms

This mventmn relates to wave amphfylng Sys=
tems, as for example, vacuum tube amplifiers.

Objects of - the ‘invention are to control trans-
mission properties -of :such systems, for ‘example
gain and:distortion introduced by the systems, to

facilitate applicatich of feedback in the systems,
and to reduce. singing tendency.or maintain prop-

er margin agamst sihging in the systems.

In one specific aspect the lnventlon is applied -

to an amplifier with a- forwardly transmitting
wave amplifying portion and a feedhack  path
from the output to.the input of ‘the amphfylng

feedback around the amplifying portion, for ex-
ample to stabilize the gain or reduce the modula~
tion introduced by the amplifier, in accordance

with the' pringiples described by H. S. Black in his”

~article entitled “Stabxhzed feed-back amplifiers”,
Bell System Technical Journal, January 1934; and
in his Patent 2,102,671, December 21,.1937. -

With sufficient feedback, the ampllﬁcatmn ‘of

such ah amplifier varies substantially as the nega-~’

tive reciprocal of g, the bpropagation through the
feedback path or g circuit, and is : ‘substantially
independent of t, the amphﬁcatmn of the ampli-
fying portion or'n circuit; for- example, the decikel
gain of the smplifier varies substantlally as:the
decibel loss in the feedback path. Tt is usual to
control the amplification of the amplifier for any

given frequency by changing g-for such. frequency.
- However, this change causes variation: in - the
feedback factor or w8 gain (. e, in ug the complex

quantity by which a wvoltage ‘is multiplied in a

* single: journey arcund the feedback loop, which

5

will be regarded herein as the amount -of -feed-

back), and the varigtion in the feedback may be.
. For -example, it may unduly .re-~ .
‘ duce the smgmtT margin or the amount. of modu- -

bJectxonable

lation reduction or amplifier gain stabxhty ab=

40 tained by the feedback action; or it may ohjec~

tiona bly change. the- amphﬁer ‘ihput or -output

.mpedance or . the effect (discussed hereinafter).
which has been called the ug finitude. effect, an' -
effect relating fo departure of the amphﬁcatlon :

of the amphﬁex from the Value
: 1

Adue to uhe ﬁmtude of ued . .
Objecticnable. variation of the feedback .can: be

avoided by making" equal bub inverse or comple-- ‘
mentary ehanvee in p and .B;:50 that ug 1emams

constant.
In one-specific. aspcct the invention is a sta-

b‘“zed feedback amplifier with means comprising -

"other; to make them “track”™:’ 4
.danger of the amplifier becomlng unstable due to-
- failure of one of them is avoided. : : :

circuit and the g circuit for varying the amplifica-

tion of the amphﬁer ‘while mamtalmng ,u,s con-

stant
For ‘example, in'a regulatmg amphﬁer w1th an

‘equalizer in the gcircuit to compensate for varia-
tions of cable losses due to temperature varia-

tions, the desired regulation of the amphﬁcatmn

of the amplifier-is. accompllshed without. material -
uB by varying a impedance- ‘common

variation of
to the w circuit and the g circuit.so as to change

but inversely. . For instance; ‘the amplifier may be
a three-stage amplifier Wlth thls s1multaneous u

. circuit and g circuit regulation effected by a.varia-
-ble-impedance common to the u circuit and - the. ;
‘@ circuit: varying the local: negative feedback on’
“-the thlrd stage and substantlally equally- but in-

10

“uand B 51multaneously and substantxally equally '
por tion for preducing negative or gam-reducmg -

15

versely varying the negatlve feedback around all_.*‘

~ of'the stages.:

In accordance with'a feature of the 1nvent10n,

‘a single variable element in 5 feedback amplifier
-varies the amplification of the amplifier while B
"remains fixed. This has'marked advantages. over
_use of separate variable elements in the u-circuit"
“and'the g ¢ireuit, For Instance, necessity is avoid-
" ed for calibration of an element in theu circuit:

and an element.in the g circuit relative to each
and; .moreover,

Lo
LD

~The -variable impedance in- accordance Wlth

the inventionmay be.of any sultab]e char acter as,’

for example, capacity,’ mductance or: resxstance,

“Forinstance, silver sulphide or ‘other temperature
- depenident resistance may be used.”: The varigble * -
-impedarice may be adJusted manually or.-by any =
‘suitable automatic regulator, as for 1nstance an

pﬂot wire or pilot channel regulator

i Other objects and features of the: mventxon Will
,be apparent from the followmg descrlptlon and_
‘clalms B S

oIn the drawmg

" Fig. 1 is.a eircuit dlaﬂram of an’ amphﬁer of a“'

known type, for facilitating explanation -of the 4

invention and-of an example of its application; S

1“1g 2 is & block schematic - circuit, diagram of
an, amplifier embodymg -, form of ‘the: 1nvent10n

and

‘Figs. 3
modlﬁcatlons of the.amplifier of Fig; 2;

and 4.are block schematic diagrams of 50 _: -

Flg 1 shows 4 typical three-stage. amplifier em=- -

the ﬁ c1"cu1t The amphﬁer comprlses vacuum

.ploying- series type negative feedback, with its
gain ad;ustable by a variable:impedance Z’y in-

5531‘ '
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networks Z1 and Ze.
source or sending circuit of electromotive force E .

2

tubes V-—I V—2 and V—3 cascaded by coupling
It amplifies waves from a

and impedance Zin and transmits the amplified
waves to a load circuit or impedance Zout. The

third stage has a cathede network or impedance

Zx. The g circuit includes a8 circuit impedance
comprising impedances Zg and Zg connected in
series acrogs the feedback path, and the imped-
ance Z'v shunted across Zg. All of these im-
pedances are generalized impedances, and may be
resistances or impedances of any suitable charac-

ter. Their designations are taken as their vector

values. : .
In Fig. 1 the insertion gam of the amplifier is.
_given by:
insertion gain = — Z""+Z‘5“Z‘,V
Zpt-Zgs y oy

and .
L . Q. Sms ~

ﬂB galn—smlzhsmzzz 1+Smazk(zﬂl+ Z_SZ ‘ +Z,V)

where Smi, Smz and Smz are the transconductances

of tubes V—1; V—2, and V—3.
Fig, 2 is like Fig. 1 except: (1) the cathode net

~or impedance of the third tube has been made
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into or replaced by one composed-of impedances -

Zx1 and Zx2 in series which have the same con-

figurations, respectively, as Zs and Zg or which

have the impedance-frequency characteristics of

Zx1 and Zxa the same shapes as those of Zpn and - '

Zs2, respectively,-over the frequency range for
which u8 is to be maintained constant; and (2)
instead of leaving Z’v in circuit and shunting Zxz
with a variable impedance for producing varia-
tions in x equal but inverse to those produced in g

by variation of Z!v, Z’v is omitted and the two

points where the variable elements across Zxz and

Zp2 would respectlvely connect to the’ Ju.nctlon of.

le IS 2Z 2*

"'L‘] —

2,196, 844

Substltutmg from (1) and (o) in (2) gives:

. ZvZ

Solving (6) for egs gives:

(6)

63‘

8= T T Smg ZvZrgy ‘
(ZK1+ZV+,ZK2+ Zﬁz)

Substituting from (7)"in (1) -yields:

(M

S m3€3

ZvZrs
! +Sm3<ZK1+Zv+ZK2+Zﬂz>

Subsmtutmg from (5) in (4) gives:
_ ZvZp )
= ’bl(zﬂ‘+zv+z};2+zﬁz
Substltutmg from (8) in (9) gives:
| ZvZep )
S1n3eB(Z61+ZV+ZK2+Zﬂz
ZvZgs

(10)
: 1+Sm3(Zm+Zv+ZK2+Zﬂ2>
Substltutmg from (10) in (3) gives:

 TvTn
m363<Zﬂ1+ ) -I
Ud:SMlZlSMZZQLE-—‘ Z +ZK‘,+Zﬂ2

ZyZxs
. 1 +Sm3(Zm+ZI +Z gt Zﬁ2>

(11)

®

7:1=

eg=E—

Solving (11) for es:.
B Smlz SmZ/ZE

63 =
ZviZs )
S"'3<Zﬁl+7v+ Zrst+ 2,

ZvZ ks
1+Sm3(zm+lv+ Zrat Zp

(12)

Substltutmg from (12) in (8) and 1ear1angmg
terms glves

1 + Smld Sm2zz

vsng o

ZyvZxks
1 +SM3(ZK1+ZV—|- ZK2+ Zﬁz) )

1+8my mzz

(13)

1+Sm3(ZKl+ZV

Yx1 with Zxz and the junction of Zs; and Zg are
connected through a single variable element or
impedance Zv, or in other words, Z'v is omitted

“and a-variable’ ‘impedance Zv is shunted across

Zxs and Zg. When Zg: is' K times as large as

Zp2 and Zv'is equal to (14+K) Z'v the new config-

uration shown in Fig. 2 will give exactly the same
insertion gain-as that indicated-above for Fig. 1.
If Zx1 is K times ‘as large as Zg1; Zkz2 is K times as
large as Zs2, and Sm3Zz1 is large compared to
unity, g will be substantially independent of the
setting of Zv. Proof of this, and derivation of an
expression for the’ 1nsert10n gain in Fig. 2 are
given below.

Referring to Fig.'2 we can seb down the follow—
1ng expressions:

R &)
e=e—hliz—hZn (2
€3=Sm1Z1Sm2Z2601 » ‘ = (3)
cg]— E—’LlZm—’Lngz (4

Z v » Zyv. ,
=% Zv+Zpt Zﬂz—fsmae”s Zvt+ZrstZer: (5)

Sms ZyZe )
ZvZgs )\Zﬁl+zv+zxz+ Ze
+ZK2+ Zgs .

Smce the denommatm in (13).is equal to 1+up
and u8 is much greater than: umty we may sim-

plify (13), gettmg

s

v
Zpt VR

Zvt+Zret Zaz

] » . 14 -
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For the reference condition without the ampli- .

fier between the source and load we have:

E
m+7mlt

Dmdmar (14) by (15) ylelds the insertion gam
ra’_olo '

(15)

R 7"1 réferenoe

il B . . 1n+Zaut (16)
: Te ereﬁce Z
1 ret Zﬁl+zﬁﬂz +Z;+Zﬁz
By mspectlon from (13):
. Zy - ‘
. sz(zﬂr\'zpzz—-——‘—z") .
uB=8 7S waZr— v+ 2t Zss (1

Z
~1+SMS(Z.K1+ZK2ZV'+ZKVg-*‘Zgz)

60

65
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When, : E
L 1<<SmZri 8)
and ‘
: Zxy=KZy (19)
and , ‘
Txa=KZp (20)
it is easy to show from (17) that »
i 1B ="-Smxz1Sm2Z2-K1 (21)
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‘This is, therefore, a set of conditions that makes
u8-(as regards both its phase and its magmtude)
independent of Zv.

If Equation (20) is samsﬁed and in addltlon
the condition

. Zo=(14 Oy (22)_
then . | :
V 7:1 m+Zaut o
7:1 raference Zﬂl+Zﬁ2 Z' (23)
' Z'y+Zg : ‘
which c¢an be shown to be the same as that for

-the circuit. of Fig. 1.

‘Expression (18) is satisfied if the local nega-
tive feedback around the last stage is’ much

greater than unity. Thus, with considerable ‘lo-

cal negative feedback and considerable over-ail
negative feedback 4B will be substantially inde-
pendent of adjustment of Zv, provided Zv is

shunted across equal percentages of the cathode .

net impedance Zxi14-Zxz and the g circuit, 1mped-
ance Zg+Zg, (it being understood that Zx1 and

Zr2 have their impedance- ~-frequency character-- :
isties the same shapes as those of Zp1-and Zgs,
respectively. ‘'The greater the local feeo.back the .

more nearly will the over-all feedback be mde-

»pendent of the setting of Zv.

The 8 circuit network composed of 1mpedances

Zg1, Zpz and Zv may be made such as 1o give the

amplifier a desired insertion gam-frequency
characteristic. A procedure often facilitating
this is first $0 determine the impedances- Zig1, 22
and Z'v required in the case of Fig. 1 for the de-
sired  insertion gain-frequency characteristic,

from the expression given above for insertion
gain of the amplifier in Fig. 1, then to determme ‘

Zyv from the relation Zv=(14-K) Z'y, given above

as that for making the insertion galns of the am-

plifiers of Figs. 1 and 2 the same. 'The §' cir-

cuit network of 1mpedances Zs1, Zp2 and Zv may N

thus be'made to give the amplifier ¢f Fig. 2 an
insertion gain which, over the used frequency is
flat; or it may be chosen to make the amplifier

insertion gain vary in some chosen 11nea1 or non- .

linear manner with frequency.-

The variable impedance Z’v in Fig. 1 and in
Fig. 2 the variable impedance Zv which is equal
to (14+K) Z'v, may be such.that adjustment of

. the variable impedance Z’v changes ‘the loss of

75

the g circuit network composed of Zn, Zep and’

Z’v equally_at all of the used freguencies. or-by
desired different amounts .at the different used
frequen(nes (for example in the manner of the
adjustable impedance in the variable eqiializer
network of Fig. 18 of H. W. Bode Patent 2,096, 027,

.October 19, 1937, for “Attenuation equalizer”), so

that the adJustment of the impedance Z’'v and
consequently the adjustment of Zv will according-
ly change the insertion gain of the. amplifier
equally at all of the used frequencies or by de-
sired different amounts at the different: used fre-
quencies. - :

1938,

forms.

3

Fig, 88" hke F1g 2 except: (1)'B supply, cou-
phng impedances { and 2, grid ‘leak resistors 3,

4 and 5, and stopping condensers §,7,8, 9 and
10 are shown; (2) the source or senchng circuit *
is shown 'as'input transformer i1 connected to eir-

cuit 12 and the load is shown as output trans-

former 13 connected to circuit 14, either or each
of the circuits 12 and 14 being, for example, a -

section of coaxial line or cable for broad fre-

quency band multiplex carrier or television trang-
amnission; (3) ‘cathode networks or impedances. (5
- and 16 are shown: for tubes V—i and V—2, re~

spectively, these networks serving, for example,

.to provide grid biasing voltages or alternating
- ecurrent feedback voltages, .or "both, for these

tubes, and (4) the impedanceé Zv is shown. as
& temperature dependent resistance, for exam-
ple silver sulphide, having its temperature (and
consequently its resistance) variable by means of
a heating element 29 controlled by pilot channel

10

15

20

or pilot frequency operated regulator circuit 21

to vary x and g substantially equally. but mversely .
This maintains #p constant while varying the am-

plification or'the gain of the amplifier, for exam-

ple, to compensate for variations of cable tem- ¢
perature and ¢able length. :

. 'The regulator circuit may: be of any sultable
’cype For example, it may be of the type dis-

" ‘closed in E.'I. Green Patent 1 ,918,390, July 19,

1933, R. W Chesnut Patent 2,154,062, Apnl 11,
1939, R.'R. Blair Patent 2,109,375, November 30,

30

1937, R. R. Blair Patent 2,179,915, November 14,

for “Gain control circuits”, or R. R. Blair
Patent 2,178,333, Qctober 31,1939, for “Gain con-

- trol circuits.”
In this figure, as in the case of Fig. 2, when

Zy varies, the local negatlve feedback on the third
tube varies in'the same sense as the negative feed-
back around all of: ‘the stages tends to vary due
to change of 8, and the amount of the change
in: the local feedback is such as to. cause the
change in u to- equal the inverse change in g, so

is changed.
For. s1mp11fy1ng the drawmg, m Fxg 3, asin the

. other figures, the circuits for hnatmg the cath-
odes are omitted.  In each ‘of ‘the figures they

may be of gny usual or suitable type.
- Likewise, for s1mp11fy1ng the drawing, in Figs.

-1'and 2, and also in Fig. 4 about to be described,
the circuits including ‘direct current sources, stop-
ping ' condensers, etc., ‘for supplying
rents and . -providing grid -biasing potentials to - -

plate cur-

condition the.amplifier for- operation are omitted.

. In each of.the figures. they may be of any usual ;
or.suitable type, as’ for example of the general‘_
type indicated in Fig. 3. .

o -

that pg remains constant as the amphﬁer gain

45

;5Q

The invention may be embodled in various .

For .example, Fig.. 4 shows a ‘modifica-
tion ‘of Fig. 2 in that the impedance Zx1+4-Zixs,
composed -of ‘the networks Zxi and Zxs in the
cathode-plate circuit of tube V-3 is in the cath-

ode-grid circuit of tube V-—2 instead: of tube V-—3.:

Thus, the network Zxi4-Zxs provides .a Iocal neg-
ative -feedback around the last ‘two  tubes. - As
in-the.case of Fig. 2, with cons1d°rab1e local
negative feedback, (whlch obtains in Fig. 4 when

ticn gain of ‘the amplifier will be the' same as'in
Fw 1 provided Zv=(1+K)Z'v. :
In Pigs. 2 and. 4, the Vamable impedance Zv

60

- SmeZeSmaZx1>>1) ; and considerable over-all neg- -7
ative feedback: the w8 gain “around the outer
‘loop ‘will be substantially independent of the ad-
’ mstment of impedance Zv provided Zx: divided

by Zxz'equals Zpr divided by Zs2, and the inser--.

75
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may, if desired, be a temperature dependent im-
pedance, such as that of Fig. 3; and in Fig. 4
the adjustment of this impedance may, if de-
sired, be automatic, for example, as in Fig. 3.
In a feedback amplifier, the ug finitude effect
referred to above is the factor by which
1

the amplification that would obfain if the feed-
back u8 were infinite, or more generally if up

were equal to 1—p8, must be multiplied in order -

to»obtain the actual or exact value

"
. ’ 1—uB
of the amplification. That is, the amplification
with feedback, Ar, is
1 '—Lf) .
1—=
,ﬁ LB

1

8

the exact inverse (or negative reciprocal) of the
propagation through the feedback path, as uB
approaches infinity. In controlling the gain of
the amplifier by varying Zv in accordance with

B _
S —

which approaches

the invention, avoiding change of xg (during gain -

adjustment) avoids varying the factor
. 1 .
1

1__~__

kB

and thus renders departure of the amplification
from : A '

1

8

independent of the sefting of Zy. This is advan-
tageous, for example, as facilitating equalization

- or control of transmission over the circuit in

45

50

‘55
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which the amplifier is connected by control of
the transmission properties of the feedback path,

for instance as facilitating design of impedances .

Ze1, Ze2 and Zv to compensate for line or cable
attenuation changes, variable with frequency, due

to changes of line length or of temperature or -

other weather conditions to which the line or
cable in Fig. 3 is subject. By way of further
example, the feature of simultaneously changing
» and 8 substantially equally but inversely is
advantageous in enabling the over-all gain of
the amplifier to be changed, by change of the

“transmission efficiency of the feedback path, while

avoiding disturbance of particular operating con-

ditions that may be desired, as for instance, the -

condition that the cosine of the phase angle of
uf. equal unity divided by the absolute value of
#8, Which is the condition for perfect amplifier
stability. R

" What is claimed is: .

1. A wave translating system comprising a wave
amplifying path, a feedback path connected
around said amplifying path for producing neg-
ative feedback in said system of waves ampli-

. fied in said amplifying path, and means for vary-

70

76

ing the transmission efficiency of said feedback
path and simultaneously substantially equally
but inversely varying the transmission efficiency
of said amplifying path, said means comprising
a two-terminal temperature responsive imped-
ance common to said paths. _
9. An amplifier comprising an amplifying path,

2,196,844

a feedback path around said amplifying, path
for producing negative feedback in said amplifier,
a ‘two-terminal .impedance in said first path, a
two-terminal impedance in said secend path, and
means for producing simultaneous inverse
changes in propagation through said paths, said
means comprising a two-terminal variable im-

pedance connected across a portion of each of

sald two first-mentioned impedances.

3. A wave amplifying system comprising an
amplifying path, a feedback path from the out-
put of said amplifying path to its input for pro-
ducing negative feedback in said system, a two-
terminal impedance in said amplifying path, a
two-terminal impedance in said feedback path,
said second impedance having one of its termi-
nals’ common with one of the terminals of said
first impedance, ‘and means for simultaneously
producing approximately equal but  inverse
changes in propagation through said paths, said
means comprising a two-terminal variable im-
pedance connected across substantially equal per-
centages of said first and second impedances.

4. A wave traunslating system comprising an
amplifying path with partly common amplify-
ing portions one of which has smaller amplifica-
tion than another, a feedback path for produc-
ing negative feedback around said “amplifying
path, a two-terminal impedance so connected in
said first path as to produce local negative feed-
back around said one portion, a two-terminal
impedance included in said second path having
one of its terminals common with one of the
terminals of said first impedance, and means for
simultaneously producing approximately equal

put inverse changes in propagation through said

paths, said means comprising a two-terminal var-
iable impedance connected across substantially
equal percentages of said first and second im-
pedances. ‘ ,

5. An amplifier comprising an amplifying path,
a feedback path for producing negative feedback
around said amplifying path, cascaded amplify-
ing devices included in said first path, a ftwo-
terminal impedance so.connected in said first
path, as to produce local negative feedback around
certain of said devices, a two-terminal impedance
included in said second path having one of its
terminals common with one of the terminals of
said first impedance, and means for simultane-
ously producing approximately equal but inverse
changes in propagation through sald paths, said
means comprising a two-terminal variable im-
pedance‘conne'cted‘ across substantially equal per-
centages of said first and second impedances.

8. A multistage amplifier comprising a feed-
bagk circuit coupling the output circuit of the
last stage of the amplifier and the input circuit
of that stage for producing local negative feed-
back in that stage, a feedback circuit coupling
the output circuit of that stage to the input cir-
cuit of the first stage for producing over-all nega-
tive feedback around all of the stages of the
amplifier to control the amplifier gain, and a
two-terminal temperature responsive impedance
connected between such points of said first-men-
tioned feedback circuit and said second-men-
tioned feedback circuit that variation of said
temperature responsive impedance varies the
propagation of said second feedback circuit and
inversely varies the propagation of said last stage.

7. A multistage amplifier comprising an im-
pedance -connected in the output circuit of the
last stage and having a portion in the input cir-
cuit of the first stage for producing. over-all
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negative feedback around all of the stages to re-
duce the amplifier gain and. another portion in
~ the input circuit of an intermediate stage for
producing local negative feedback around g group

of stages, and a two-terminal variable imped-
- ance electrically connecting such points of said

2,196,844 - SRR 5

portions that variations of said variable imped-

ance varies the propagation of the over-all feed- }
back path of the amplifier and simultaneously .

approximately equally but inversely varies the
bropagation of said group of stages. R
. : JULIAN M. WEST.

5




