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Some Properties of Negative Feedback
Amplifiers*
By L. I Farren, Wh.Sch., A.C.G.I, D.I.C.

(Communication from the Staff of the Research Laboratorics of The General Electric Company, Limited, Wembley, England)

“

SUMMARY.—This paper deals with a subject which is of increasing interest to
communication engineers. Various methods of applying negative feedback to thermionic
amplifiers are discussed, together with the modifications to the amplifier characteristics
produced thereby.

Unwanted phase shifts at very high and very low frequencies will often canse a feedback
amplifier to oscillate, if the amount of feedback applied is large; methods of design are
given, whereby the maximum possible amount of feedback may be applied without causing
self oscillation.

The effect of negative feedback on harmonic distortion is discussed with reference to
the case of an amplifier, the cutput valve of which has a quadratic relationship between
grid voltage and anode current.
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LTHOUGH the principle of negative 1
feedback has been known for many % Hlansntary Fumcy
years, it required the development of

the modern high gain valves to make it useful.
It then became apparent that the principle

Fig. 1 shows a schematic diagram of an
amplifier with negative feedback applied.

was of great importance, for the development %

among other things of Carrier Telephony, e o o EHD
and in 1934 H. S. Black * wrote a paper M

which described this application. Prior e

to Black’s publication, a paper was written AE+D)

by H. Nyquist 2 on the general theory of ~—B

regeneration ; at the time it appeared to [PEERmaY

be of mathematical interest only with very

little practical apph'cation, but Peterson, Fig. ;.—Sp]zeﬂmﬁic diagram of amplifier and

Kreer and Ware ® have since shown that feedback network.

amplifiers employing negative feedback obey

exactly the laws derived by Nyquist. . The terms have the following significance :
Since these publications appeared, others ¢ = Signal input voltage.
have been written dealing with certain Output volt ool B
aspects of the subject, including in some cases n o= S wiage [exclu g, )
design details of amplifiers for special Voltage on the first grid.
purposes. { E = Signal output voltage.
* MS. accepted by the Editor, April, 1937. i
T References 12,13, r4and 15 refgr to pub’l/ications B = Voltage fed back to first grid.

which have appeared since MS. was accepted. 7 7011JEP11'C voltage.
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d(E)= Distortion voltage generated in
amplifier.

D = Distortion voltage in the output.

- E+ D= pe + d(E) + pblE + D]
d(E)

— I

— (x)
Hence by the application of negative

feadback, the amplification has been reduced

by a factor (r— pf) and the distortion

d(E) for a given output E has been reduced
by the same factor.

B
orE+D——Igﬁﬁ—|—

Multiple Feedback.

In some cases it is considered preferable,
in multi-stage amplifiers, to split the feed-
back : e.g. as shown in Fig. 2(a) and (b).

Ha
B f2
(a)
rasmm———" Ho
Ig1 }32
£s
(b)

Fig. 2 —Multiple feedback.

In the case illustrated in Fig. 2(a), the
overall amplification is given by

Fitte

_ —_——— ————— .. 2
B B — b @)
In Fig. 2(b) the overall amplification is

given by
(I "‘H;_J.Fl)(l —#;2B2)

M ==
H 2
T )93(1 = ;1!3)(1 - #2,32)
- Lty ) !
L (T — pB(I — poBa) — patabs -+ W)
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3. Methods of Applying Negative Feedback

It is of the utmost importance to consider
the various methods of applying negative
feedback, since a large number of methods
are available, each of which endows the
amplifier with some new property which
may, or may not, be advantageous.

For the moment we will not consider how
the feedback voltage is injected into the
input circuit, but merely consider the method
of tapping it from the output.

Three alternatives are available, which
may be designated ° current ' feedback,
“ voltage *’ feedback and * bridge * fead-
back.

“ Current ” feedback implies that the
feedback voltage is proportional to the
output current ; * voltage” feedback gives
a feedback voltage proportional to the out-
put voltage, and ‘ bridge ” feedback is a
combination of the two.

« Caprrent” Feedback.

Fig. 3 shows a schematic diagram of an
amplifier employing * current > feedback.

The feedback voltage is derived across a
resistance R, in series with the load Z. n
represents the numerical value of the voltage
amplification from the grid of the first valve
to the anode of the output valve which has
an internal resistance R, The ‘negative
sign before u (Fig. 3) is obtained most
readily by having an odd number of amplify-
ing stages. '

- - 1
Ra
81 z
—leq Re
Flg 3.—"" Current” | Sfeedback.
We ha.‘v;e
- — ke
I RHG+Z+RG o .. (5)
O - .. {6)

R ¥RETHWFZ
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If p is made sufficiently large we have

e

£ == R,
Hence the output current, for a given input
voltage is sensibly independent of R,
Z and p, and depends only on R..

‘At the same time the output impedance
has been increased from R, to R, -+ R,
(1 + p). By ‘" output impedance ' we mean
the impedance which would be measured
looking back into the output terminals, i.e.
the internal impedance of the generator.

This property can therefore be made use of,
in some cases, for matching a low impedance
valve to a high impedance load, by making

Z=Ra+Rc(I+H’)

“ Voltage "’ Feedback.

Fig. 4 shows a schematic diagram of an
amplifier employing ‘' voltage ” feedback.
The feedback voltage is derived from a
tapping on a resistance R shunted across
Z: R is considered > Z.

O
I Ra R(‘l_}\) h
&1 Z
: l - e ?\R

Fig. 4—" Vollage " feedback.

We may write

I =}Tan;—% .. = e (7)
But e, =c¢-+ AZI
[P i ve  wm 6 B
R, + Z(x 4 uA) ®
Ifpris > 1 '
P -
AZ
Qutput voltage = IZ = —% )

Thus the output voltage for a given input
voltage is sensibly independent of p, R, and
Z and depends only on A.
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At the same time the output impedance

T
R this
property can therefore be employed for
matching a high impedance output valve to
a low or medium impedance load.

has been reduced from R, to

““ Bridge "’ Feedback.

Fig. 5 shows a schematic diagram of an
amplifier employing “ bridge ”’ feedback.

O—

Ra RO-N)

Re

Fig. 5—'* Bridge " feedback.

The feedback voltage is the vectorial sum
of the voltages across R, and AR ; the voltage
across R, is proportional to the current in
the load Z, and the voltage across AR is
proportional to the voltage across L

Assuming once more that R >» Z, we

have
e, = ¢+ RJI -+ AZI

—ple + RJ + AZI)

R,+ R+ 2
. -]

ol = g RE w1 Za
Approximating as before,

—e
I :m . e (II)

In this case the output current and voltage
are independent of p and R, but dependent

(x0)

. on Z. The output impedance, from equa-

tion (z1) is equal to iﬁ

Hence the use of bridge feedback renders
the output impedance constant, if R, and A
are constant, but both the output current
and voltage vary with frequency, i £ 15
frequency dependent.

The extent to which the bridge method
of feedback stabilises the output impedance,
and one important justification for its use
is indicated in the example given below.
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Experimental results are also given. Fig.6
shows the equivalent circuit of a triode
valve, with an amplification factor p and
internal resistance R,

ia

Fig. 6. — Thermionic
palve with anode-grid
and grid-cathode imped-

ance.

GAT HOD

Z, represents the anode-grid impedance
(normally a pure capacity) and Z , represents
the grid cathode impedance, which includes
impedances associated with the preceding
amplifier stage.

Assuming  that Zy+Zy > R,; if a
voltage v, is applied to the output terminals
25 showmn, a voltage ¥, will appear between
the grid and cathode through the potentio-
meter comprising £ and Z,.

_ - 2, + B
g
v+ [r___Z_E_—- 1
B @ I Zl _+_ Zﬁ a
- __r_,—f—-——Ra
R,(Z1 -+ Zs)

- 7= fe a\™~ 1 2 12

B Zl“lLZz(1+H) (z2)

Z,and Z, are generally reactive, and only
if their phase angles are identical at all
frequencies 18 Z, constant. As this con-

dition rarely arises, In general Z, will vary
with frequency.

180 20

170) 10

160)
5 180 -0 T.%
2 140 -20 I
S 130 30 ¥
28 fi;

FREQUENGY IN KILOCYCLES PER SECOND

Tig. 7.—Measured output tmpedance of ampli-
fier without negative feedback.

Fig. 7 shows the results of measuring Zs
on an amplifier with a low impedance triode
output valve. The valve fed a transformer
of step down ratio 2.45 - I, and the impedance
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measurements were taken looking back into
the secondary winding.

We see-from Fig. 7 that both
and reactive component of Z, vary greatly
with frequency, the resonance effect at
16 ke/s being due to a coupling choke in the
penultimate stage.

On applying * bridge » feedback, with
the following values, R, = 5T £, A= 120,
{he results obtained for Z, were as shown
in Fig. 8. '

The resistive component of Zo is prac-
tically constant and the small reactive com-
ponent comes from the inherent reactances

resent in the tramsformer, which are not
eliminated by negative feedback.

the resistive

R (OHMS)
iX (onms)

FAEQUENCY 1N KILOGYCLES PER SECOND

8 — Measured output impedance of ampli-
Seer with negative feedback applied.

Fig,

The * bridge ” method of feedback 1s the
most flexible form, since by making R, =0
or A= o0, we obtam the “ voltage'™ or
« cnrrent ' feedback circuits respectively.

Let us consider the general case when Z

is dependent on frequency.

Case 1.—Use of * current " feedback to give
constant output voltage.

1f, instead of R, (Fig. 3) we employ an
impedance Z, where Z;= KZ (K being
constant), we have
[
b=
7 g ol
and BE= L = —F (13)

We may thus obtain constant output
voltage with a high output impedance.

Case a—Use of “ yoltage ™ feedback 10 give
constant outpul Current.
Instead of R(T — ) and AR in Fig. 4,
replace these quantities by KZ and R,
where K 2 I.
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R
.-)\-RI_I_I{Z A Y 5 (14)
In general p is very large and A fairly
small so that pX is greater than unity.
Hence we may approximate and write
equation (I4) as,
ey Tt
KZ Z
We thus hdve
—e —¢

=z K (x3)
We may thus obtain constant output
current with low output impedance.

Case 3.—Use of bridge feedback to give con-
stant oulput voltage with constant output
impedance.

Fig. 9 shows a form of circuit which will
give the des'red result. ,

The two connections which normally
connect the output bridge to the input
circuit are joined to the ends of impedances
K)7 and KR, in series and the feedback
voltage is developed across KAz, Weassume

I
o -
Ra R(1-N)
e1 z
—pred)- AR
Lo 1 -
KAZ KRe

o

TFig. g—Amplifier with constant output vollage
and constant output impedance.

that KAZ + KR, is > AR + R,, so that the
added potentiometer serves as & voltage
divider taking no appreciable current.
Rewriting equation (r1) we have
—e

= B 4 a0 .. (16)
Z T ER, -+

Py —F
IZ=—

The output impedance = %—“ is unaltered,

but the output voltage has been rendered
independent of Z.
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Case 4.—Use of bridge feedback to give constant
output curvent with constant output 1m-
pedance.

This result may be achieved if a circuit
is used similar to Fig. 9, except that the arms
of the added potentiometer are interchanged.

Rewriting equation (11) we have

— e e

Famse o o et v i

KR, L

The output impedance = Ir%is unaltered,

but the output current has been rendered
independent of Z.

Case 5.—Use of bridge feedback to give consiant
voltage output with output impedance =
load impedance (£).

A circuit which will give the desired result
is similar to Fig. 5 except that R, is replaced
by an impedance AZ.

Rewriting equation (11) we have

— 6 — 8
I ;m:‘z—A‘Z’.. s . (18)

.
E=1Z= =5

The output impedance = —A% = Z,and the

output voltage is constant.

This circuit is of use in cases where it is
desired to match the cutput impedance of
the amplifier to a load impedance which
varies with frequency ; this is necessary
in many cases where reflections, occurring
as the result of an impedance mismatch,
must be avoided.

Case 6.—Use of bridge’ feedback o give con-
stant curvent owtput with output impedance

— load impedance (Z).
Fig. To shows a circuit for achieving this

. e R,
result. The new value of A 18 FARDA

K is miade 33 I.
Rewriting equation (r1) we get
—e —e

I =

Rﬁ%.g

The output impedance = 1;—6 = 7, and the

output current is constant.
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7 Pig. 11 shows an alternative circuit for

producing the same result.
— ¢ —e
== 3% .. (20)
KR, . 2ARy
K7 [AZ 4 AZ]
AZ

Qutput impedance’= = z

Ra

—ji8q

o—

Fig. 10.—Amplifier with constant outpul current
and . oulput umpedance = Z (load impedance).

4, Phase Shift and Instability

We have seen, from equation (1), that if
an amplifier with an amplification factor p
has a fraction of its output fed back to the
input circuit, the new amplification factor
is given by

128
= o

If the amplifier comprises a number of
stages, each containing reactive components,
; will be some function of frequency. Ignor-
ing the case of D.C. amplifiers, in general
for w =0 and @ = 00, p = 0.

i

Ra$

=3 —.(_Le]

KR1 K{Z-R1

9
O

Fig. 11.—Amplifier with constant output cuirent
and owtput impedance = Z {load umpedance).

Over the desired range of frequencies
pf is. made negative, generally by making
p mnegative. This may be accomplished
readily by using an odd number of valve
stages, although methods are known whereby
an even number of stages may be used.
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Since, however, p is dependent on fre-
quency, it is quite possible for it to be posi-
tive and real at certain frequencies. The
value of p under such conditions determines
the maximum value of p which can be tole-
rated. If px is the critical value of p, for
which p is positive, then if prf > 1 the
amplifier is unstable. Actually, Nyquist 2
has shown that this assumption is mnot
rigorously true, but for most cases it is
correct.

Thus, if we denote by fx the maximuri
value that we can assign to 8, we have

prfBe = T.

We see therefore that the minimum valit
obtainable for p; determines the maximiumn
value allowable for Bx and hence determines
the amount of feedback which may safely
be applied. :

The problem of designing a circuit to
give the smallest unavoidable value of pue
% far too complicated to be dealt with
generally, However, two methods which
may be applied in'a number of cases will now
be given in detail.

5. Method of Proportioning the Stages

This analysis is due to Dr. Werrmann®.

Let us consider the case of a multi-stage
resistance-capacitance coupled amplifier.
Fach stage of the amplifier would be of the
form shown in Fig. 12(a)** The symbols
have the following meaning.

¢ = Grid voltage applied to the stage.
g = Mutual conductance.

C,, = Anode cathode capacitance.

R, = Internal resistance of valve.

R, = Load resistance.

¢, = Coupling condenser capacitance.
R, == Grid cathode resistance of next
valve.
€, = Grid cathode capacitance of next
valve.
E = Voltage applied to grid of the next
valve.

The capacitance Cg, 18 usually very small
(< 1opuF) and has an effect only at high
frequencies ; hence we canl consider it as
being effectively in parallel with Cye giving
a resultant shunt capacitance

Cg = Cac Sx Cac
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In general we are dealing with screen
grid or screened pentode valves in which
the anode grid capacitance is very small;
for this reason it has been ignored.

We may write

E JwC R RR,
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Consider the case of an amplifier with
“ 47 stages (not necessarily identical).
We have p= jtq . s -fig - - - - [

Fig. 12 (a)-—Equivelent cirouit of thermionic

vale and vesistance-capacitance coupling.
(b).—Circuii which is equivalent electrically
: to (a).

impedance. The first conception of a re-
sistance capacitance coupled amplifier as
a tuned amplifier was due to Luck® The
following relations are frue.

a1 T (1, T\
R-RTRT Rﬁ(Ra‘LR,,)(Cl)

B R.Ry .. (22)
& Oifs [R;%_RL]
G o

We may now study the effect. of pro-
portioning the relative magnitudes of R,
L and C.

For a single stage, as shown in Fig. 12(h),
the amplitying factor of the stage is given
by p =—

TR - ISNSESPRN .}
I I "
+j——r.uL + juC

o ) —g
..LL—E

R

P © (R, + Ry — @R RR,C.Cp)+ jloR,(Ro+ R)C,+C,) +wR R (4] (21)
The gxpression by which g is multiplied
has the form of a complex impedance, and —
it can be shown that this impedance may be
represented in the circuit of Fig. 12(b); From equation (23) we may write
R, L and C in parallel form the desired e _g
GRID OF = l I X I . (24)
. - _ " _ NEXT STAGE i B +j'wLn + ol
it l “ g By means of equation (24) it is possible to
e \ = Ra 3RL 3Rg ==Cgc | find one or more values of w at which p is
Y ge -l-“ real and positive ; these values of p have
- _ , _, already been called g, (critical values).
CATHRRE (a) Any particular case is most easily solved
arip oF . by graphical methods, as analysis would
TASS  become tedious. Certain special cases may
J- be solved however.
GRID E
g R k G l Case I.—r identical stages.
Te &8 T From equation (24)
GATHODE 7 % — g
(b) p= [ (25)

5
I I w? }

gzt —a9)

where wy?LC =1

When o = w,, g = p= (— &R)"
po Tepresents the maximum amplification

obtainable, and since we normally employ

an odd number of stages, p, is negative.
From (25)

I
= fiy eyl SR (26)
{ R(I ey )}
E ...
'y joL
The phase angle of p may be determined
from the phase angle of the denominator

of the bracketed expression.
2

R(:c — w%g

Let ol = tan ¢
cos’ ¢
# = Foloos g — jsin 4Y
o COS” b

~ cosrg —jsinre
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With the coupling circuit as shown i
Fig. 12(b) ¢ must Tie between the limits

ki T
o HREL, —
2 2

TIence cos * ¢ is always positive.

Hence from equation (27) assuming fto
negative, p 1s real and positive when

19

cos 7 — j Sinre = —rord=
“Thus pg = — Ho €08’ (%) " e .. (28)

1f B is the maximum fraction of the
output which may be fed back, we may write
T
lgx P e
i
Hence the maximum gain reduction, or
linearisation, which we can obtain is given
by

1—pfr=1 -+ T .o (20)

Y o 4 S R
0 )
R
o
- s,
T w
“Is 5 0
|8 N
S eSS Raa=ss
0 A
L o e B
] L 0
o B B P

r

’Eig._I}.—-Cuwg showing the dependence of ihe
maximm possible amount of feedback on the
number of stages (v). assuming identical stages.

We sce that the amount of linearisation
possible 1s dependent on 7 ; a Curve relating

T g -
p polog et 45 shown in Fig. I3.
cos " (—')
P
With 7 = I (case of single stage amplifier),
the critical frequency never OCCUIS ; with
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y — 2 it only occurs at @ =0 and w = 0,
in which _case pg = 0.

jux only becomes real for v > 2.

In other words, single stage and two stage
amplifiers using a coupling circuit as shown,
should never be unstable however much
seedback is applied. In practice, of course,
cuch factors as decoupling circuits and un-
wanted reactive components in the feed-
back path all cause undesirable phase shifts
which may cause instability even in the case

i From Fig. I3,
we see that with 3 identical stages (¥ = 3},
the maximum degree of linearisation is 9-

By making the 3 stages dissimilar in a
definite manner, the maximum degree of
linearisation obtained may be increased

quite considerably.

Case 2.—The effect of dimensioning 01 the
3-stage Ccase.

We have seen that the maximum value
which pofx can have in the case of threc
identical stages is 8. We will now consider
the case of three stages dimensioned diffe-
rently. E

Our first assumption is to give each stage

I

the same resonant frequency wo = 7’
AL By

but at the same time we allow the quantities

Ln o be different, if necessary, for each
7

stage.
Tet us write
L Ll' " LE.‘ . I‘ﬂ
n=3 I
SO p= —“ganl——~—“—'—’J§_1 (30)
S R O
n=1 jwLp wg?
n=3
= fy l 1 ’—ﬁ L (31)
nﬂ1+ﬁ;”aﬁ |
where po = — (£1£28 o) (R RKs)

The critical pulsatance «x is determined
§rom the value of @ which makes p real and
positive (px)-

This 1s ohtained from a sohition of the
equation

4ELPJ%@_EQ};A+jﬁ

# =L L Wy
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~ For the imaginary component of the T.H
expression to be zero,

CUE (3]
(wy +w2+w3)(1_;u§ wywywg 1 — 7y
e e e e S

0

SR
3

w w
» i .. (32)
w2
e A A I —
2
ot iu_l—f‘wz"‘ma:( C!JD) » (33)

w1ty I
The two values of @ obtained from equa-
tion (33) give the upper and lower values
of pulsatance at which p is real and positive.
By making «, the same for each stage, for
cach of these values of w, p has the same

value.
Substituting (33) in (31) we get

Fo

e g 0 (G
1 (et ortod (ot ot o)
wp @z Wi

Let us assume, arbitrarily, that two of

these pulsatances are fixed, say, wy and w;

Let us suppose that w, may be varied

between the limits o, and w,; we have to

fnd the values of w, that make the expression

I I I "
(wy + we + wQ(; — — -+ =) a maximum.
1 g W3

Pr=

As an example, suppose wg = 51 ; Fig. 14
shows the variation of the magnitude of the
above expression for values of w, between
wy and 5w;. .

16

)

1

15

(1

2
CIRPZACT

14

13

(@1 + g+ 13)

121

05)

Fig. 14.—Curve showing lhe effect of proportion-
ing the stages in a three-stage amplifier.

~We see from Fig. I4 that the maximum
linearisation (i.e. minimum value of pg)
is obtained under the conditions ws = @1
OT wy = wg.

Having now decided that w, must equal
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either w; Or wy We may study the effect of

- .
varying the ratio =5,
w
1

Tet w, =4, =10 @3~ sma where 7t

is any number. »
Substituting these values in (34) we get

[ .| S
P I_f(1+zm)(2+m) - 39)
i

The maximum degree of linearisation

=1 — poBs
R o
Hx
i (_I___ ) (2 + 2
= s T .. (36)

(1+2m){2+m}

Fig. 15.—Curve showing the effect of proportion-
ing the stages tn @ thyee-stage anplifier.

Tt is quite obvious that the same result
would be achieved if w1 =4 @37 ma,
wg — ma.

Fig. £5 shows the variation of

(z 4 2zm)(2 -+ m)
il
plotted against »i, We see that for m =1
(Le. three identical stages) the value is g
(compare Fig. 13 forr = 3).

Summary of analysis.

From the foregomng we S€C that in order
to be able to apply the maximum amount
of negative feodback, the following rules
must be adopted.

1. The resonant frequency o (as defined)
must be the same for each stage.

». Tf we characterise each stage by a lower
pulsatance w, = F, and an upper pulsatance

I
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I P—
wy = FR’ wy = ‘\/wamt,.

Tn the case of three stages, two of the
lower pulsatances wg and two of the upper
pulsatances g must be equal, whilst the
remaining lower and upper pulsatance res-
pectively must be as different from these as
possible.

6. Method of Subsidiary Feedback

This method is an alternative to the above
for the purpose of allowing the maximum
amount of feedback to be applied to an
amplifier consistent with stability (6)-

In a multi-stage amplifier, at least one
of the stages is provided with a subsidiary
feedback circuit, adapted to feed back a
voltage which, over the working frequency
range, is so small that the forward amplifica-
tion is substantially unaffected. At fre-
quencies outside this range, however, this
voltage is increased so as to reduce con-

ciderably the gain of the stage and of the

amplifier without introducing a phase shift
liable to cause instability.

The method is termed subsidiary feedback
because the feedback is common to 2 single
stage as distinct from the main feedback
circuit which connects the input and output
of the whole amplifier.

T o
OTHER
STAGES
L —t
R c Z
To
o
Ro. L
= sl —

Fig. 16.-—Subsidiary feedback. Single vaive with
“ cuyrent ' feedback.

Tig. 16 shows one circuit for achieving
the desired result.
The valve V may be assumed to be a
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screen grid or pentode valve with a load
impedance Z;.

Subsidiary feedback 1s developed across
an impedance in the cathode circuit ‘com-
prising resistances R, and R,, an inductance
I and capacitance C as shown. If the valve

constants are u, R, and g = 1% . and if the
feedback impedance be called % we have
/Ey L — piy

o) R ¥ Zo 2@ + B G7)
I R,is »Z,and p > 1, then
En _‘__Zf,
(6-0)2 = . 4 (38)

T
SLF
g

If there were no subsidiary reaction, Z
would be zero and

:Ej) = —gZ;

e(] =0

&)
€y 'z I "
30’ e P "
(@) =T +7Q -+ (39)
\ &g/ =0

Tf p, is the modulus of P -+ 4Q and @ the
change in phase difference between E, and
g, due to the introduction of Z, then

pe = EF+ Qz)*]

|' . ae (40)

Ls

_9
tanBtP

Let C shunted by R, be an impedance
A, +jB; and L chunted by R, be an
impedance A, + B .

S Z=A;+ 4, +j(B1+Bz)

P = T + g(Al + Aﬂ)
[1+glds+ 4]+ g8(B; + By)*
(x+gldst AJP + gB1+ By)*

— I ] i
ome= | E TR F AP F B T B
B g(Bl . Bz)
= —
= I+ gld,+ 42
(41)

By way of illustration, let us take the

following values as an example.
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g = 0.008 amps/volt
R, =100 £

R, = 1000 £

Co = pk

I =o0.5mH

The following table shows the values of
p, and 6 for values of frequency from I0 cfs
to 2 Mc/s.

S ———
Change
Frequency in Gain. Phase
cfs. Ay + da By + Ba pg in Shift
dB's. (]
ML e B TR AR
10 100 0 — 5.1 0
30 100 — 1.92 — 51 0
100 100 — 6.27 — &1 0
300 96.5 —18.6 — 49 40 4F
700 83.9 —84.7 — 45 9° 24
1,000 71.8 —45.6 — 42 13 0
1,500 53 —45.8 — 3.3 14° 127
2,000 38.6 —42.3 — 2.0 14° 30°
3,000 21.9 —31.9 — 1.5 1%° 18
10,000 3.5 15.7 - .2 — T 0
30,000 31 88.7 — L6 —33° 80’
60,000 34.4 180 — 0.5 —48° &
100,000 86.0 284 — B —53° 18
200,000 310 450 —14 —45° 54’
300,000 420, 498 —15.8 —~89° 64
500,000 910 452 —17.7 — 287 30
1,000,000 300 290 —18.6 —-16° O
2,000,000 975 155.2 —19.1 — 8 0

! !

The working range of frequencies would
extend from about 3 kefs to 40 kefs; over
this range the change in gain due to sub-
sidiary feedback is small.

Above this range the decrease in gain is
fairly considerable and is not accompanied
by a correspondingly large phase shift ;
in fact, the phase shift actually decreases at
high frequencies and_becomes ZeTo at a fre-
quency of infinity. In the example chosen,
due to the particular values assigned to
R, and C, the gain reduction at low fre-
quencies is small, but by making E; = R,
the gain reduction at very low frequencies
will be the same as at very high frequencies.

This method does not modify the funda-
mental phase shift between E, and e, due
to the phase angle of Z1, but the main point
‘n its favour is that a gain reduction is
obtained with no appreciable increase in the
phase shift which would be present if no
feedback were applied.

An alternative method is shown in Fig. 17 ;
the circuit is similar in some ways to Fig. 10,
the difference lying in the fact that the sub-
sidiary feedback is now of the “ yoltage "
type. g
Feedback voltage is applied across the
bottom half of a potentiometer shunted
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scross - Zg, consisting of resistances Kj.
R, and Ry capacitance ¢ and inductance L,

Ascume that Z has the same meaning as
before and assume Ry + 7> 2

r(%ﬂ;:lzjéfé% R 723
& :

and AEOTE (43)
&) *trez

From this expression the gain reduction
can be calculated if Zy is known.

At very high frequencies, Z approximates
to R, and equation (42) becomes

E, — gZs -

— ] = — K = A —
<eﬂ T ITEZ, e Eep e
constant.

Tt is possible in practice
large compared with unity,

to make KZ,
in which case

i W gL, _—&
G)=%z, ~ K (4)
TO
OTHER
STAGES
Zy
Eo
LT

Fig. 17.—Subsidiary feedback. Single vatve with
“ yoltage ™ feedback.

Thus, at these high frequencies the voltage
E, applied to the next stage is approximately
180 deg. out of phase with e,, irrespective
of the phase angle of Z ; hence it approaches

the ideal conditions. Similar reasoning
holds for very low frequencies. Thus the
arrangement shown in Fig. 17 has the

advantage that at very high and very low
frequencies it reduces the phase shift which
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would be characteristic of the stage if there
were 10 subsidiary reaction, as well as giving
a decrease in gain. Other methods which
deal with the subject of improving the
stability of feedback amplifiers by control
of phase shift are given in references (7,

(8) and (9).

. Non-Linear Distortion in Negative Feed-
back Amplifiers

In the section on elementary theory we

saw that if an amplifier, giving an output

distortion voltage d(E) for a given output E,

has negative feedback applied to it, then

for the same output E the distortion is

reduced to &
This result can only be achieved by neglect-
ing “ secondary » " distortion ; in  other

words, the output distortion voltage which
is fed back to the mput and amplified is dis-
torted once again and not amplified linearly
as Black assumes. Admittedly this effect
may be ignored for small outputs, but when
the output valve is approaching the over-
load point e.g. when it is generating over
5 per cent. harmonic, the reduction in har-
monic by the application of feedback may
be smaller than one would expect theoreti-
cally. The rigorous treatment of the general
case of distortion in a feedback amplifier
has been given by R. Feldtkeller (10).

In the results obtained by Feldtkeller,
the output valve anode current-grid voltage
characteristic is assumed to be an infinite
power series, and expressions are obtained
for the equation of the modified character-
istic obtained by the application of negative
feedback.

If we assume the valve characteristic to
be of the form I, = 16, T ase,?, a fairly
simple solution can be found.

1f current feedback is used, for example,
let the value of the feedback resistance be R.

ie By T (g1 — I.R)
where ¢,, = signal input voltage.

€y — voltage appearing between
grid and cathode.

Iaf:al(%lffaR)+“2(3a1—_faR)2 .+ {45)
Solving (45) as 2 quadratic in [, we get
e e s
7 _1+a1R+2a2ReMi\/(I+a1R)2+4a2Regl
a za2R2
(46)
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Expanding this as a series in e,, and using
the symbols K; = I + ;R and K, = 2a;R,
we get

K | Ky — 1) ity
L=gg|— kg " 2kp™

K3 K4

oKy fSETf?Fg”14+""':‘" (47)

Equation (47) gives us the new relationship
existing between output current and signal
voltage, when negative feedback is applied.

For a given value of fundamental output
current we can find the necessary value of
input signal and the percentage amplitude
of the various harmonics occurring in Lo

Without feedback, let the input signal
voltage be e, = e cos w? and with feedback
let the input signal voltage to give the same
fundamental output current be e,;=2¢, €08 wt.

;. I, = ae cos wt without feedback.

2z

3
€p1" T

(I{I = I)el cos L!Jt

A].SD Iﬂ'mi =S —*-?’K
feedback. ‘

from (47) with

oy . aRey 41
P T REF aR) 14 aaR
€
1= (1 + &) - (45)
Thus for the same fundamental output
current the input voltage with feedback
is (1 + a;R) times as great as the input
voltage without feedback.
Let us now compare the distortions in the
two cases, assuming the same fundamental
output current.

Without feedback.
I, = aecos ot + aq¢? cos® wi

= a,4¢ cos wi + %’ 2(1 + cos 2wl) .. (49)

Amplitude of cos 2wl _ @28
Amplitude of cos wi T o2ay

(50)

With feedback.

K, [I(z(fil_l) K% o .4
Ia_K;R TR £,C0S wi-+ ;Kf‘el cos®wl

Kja_ 3 T SI{24 4 4

_Q_Krlsel cos? wl —]—161{1381 costwl .. ]
’ - K,l {,‘Eﬁi 2 _1_55{.24 4 |
- I“’“ER[ y e SACHR|
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fK:z{Kx—I) _?)Kdaa 3 1
—+ coswtl ol ¢q 81(1581 i |

(Ke? o 5Kd s }
4 Coszwi\.a,Kl“gl +32K1361 b e
K
+ cos 3wt {_"8K216313 R

.\

J
Kt

-~ COS 4wt {E%—g‘%—lé514+ - = .}

. -2 (55
The coefficient of cos wt may quite justi-
fiably be taken as the first bracketed term
g, Bl — 1)
only, VIZ. Kz €y

Amplitude of cos 2w?
AP = s s
it Amplitude of cos wi

KK, —1)e1
K q®
= Kot 5K22fﬁ]
TIREHK - D [I + g | 69

For the moment, let us ignore the right-
hand expression in the bracket.

Amplitude of cos 2wl _ z2a,Re;
Amplitude of cos w? — 4a,R(x + aR)*
and since ¢, = e(r + a1R)
- aqe

T 2a,(1 + a.R)

Comparing this expression with (50), we
see that for the same fundamental output
current, the second harmonic has been
reduced by a factor (X 4 a4R2), je. the same
amount as the reduction in amplification.

1f we now include the second term in the
bracket of equation (32) we are really includ-
ing the effect of secondary distortion. The
relative magnitudes of these quantities will
hest be appreciated by a typical example.

@, = .002,

Ratio (53)

Let a, = .01,
e, = I coswtVvolts, R = good2

Plotted in the table below are the various
harmonic percentages for the same funda-
mental output current, with and without
feedback.
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The results obtained on the assumption of
no secondary distortion are also included.

Per cent. Harmonic.

With Feedback | With Feedback and
Fr%quenty Without and neglecting allowing partly
eI

Feedback. secondary for secondary
distortion. distortion.
cos 2 wt 10% 1% 1.081%
cos 3 0 0 18%
cos 4 wi 0 0 Q2%

st LSRN SR S

We see from this table that including the
oficct of secondary distortion gives a slight
increase in the percentage of second har-
monic, and also shows the presence of small
third and fourth harmonics. '

We may conclude therefore that even when
an amplifier is loaded to a point which
would produce Io per cent. 2nd harmonic

without feedback applied, the application
of negative feedback reduces this percentage
almost exactly in the same proportion that
the amplification is reduced.
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E have received a bound volume, containing

a number of articles describing the work ol
Nikola Tesla and the speeches in many
languages delivered at the gathering held at Belgrade
from 26th to 31st May, 1 036, in celebration of Tesla’s
Soth birthday. Reference is also made fo a number
of other commemorative speeches at various centres
including Paris, Vienna, Graz, Poitiers, Prague,
Spfia and Briinn, where his birthday was celebrated.
The volume contains 520 pages and can be obtained
from the Secretary of the Institut Nikola Tesla,
Tue Mirocka 4, Belgrade ; price oo French Trrancs.



