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The Interaction Concept in
Feedback Design

NORMAN H. CROWHURST*

A new attack, followed by mathematical proof, on the problems of visualizing the behaviour
of feedback amplifiers, enables these circuits to be better understood and more easily predicted.

~ riE pesiGN of a complete amplifier
there are so many variables to con-
sider, some of which may be somewhat
difficult to determine, that it is often diffi-
cult to know where to begin. The avail-
able design data usually predicts ouly the
performunce of the amplifier as a com-
plete loop, In consequence, the effect of
any eireuit chunge has to be determined
hy caleulating out the complete loop per-
formance aguin. The process of ap-
proaching a design optimum can become
extremely protracted,

In the old-fashioned amplifier without
feedback, it was a relatively simple mat-
ter to loealize the various eomponents
contributing to the over-all perfornance.
The frequency and phase response were
merely a summation of the responses of
the individual stages aud the over-all
distortion was a combination of the dis-
tortion of the individual stages. But, ag
goon as feedback is applied, this is no
longer true. For this reason some ampli-
fier designers have sought a method of
approach to negative feedhack design
that will separate the effect of closing the
feedback loop in a manner similar to the
wuy the performance of individual stages
ean be isolated.

The diffieulty in this can be seen from
the simple case when the feedhack path
consists of only resistorg. Closing the
loop ecan introduce considerable ad-
ditional frequeney diserimination not
present in the absence of feedbaek. In
theory a network consisting of resistors
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Fig. 1. Equivalent interacting and non-
interacting networks producing a high-
frequency rolloff. Equivalence is dis-
cussed in the text, and the mathematical
treatment given in the appendix.
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ouly cannot intreduee frequency dis-
eritnination, so it is difficult to see how
the elosing of the loop can he visualized
as contributing some erratic frequency
diserimination to the over-all perfor-
mandce,

It is further evident that, although
the resistors in the feedback path may
have the same value, the result of elosing
the loop will not necessarily be consistent
for this particular combination of resis-
tors: it is further dependent upon the
amplification and response characteristic
of the forward part of the amplitier.

This, of course, is further complicated
when the feedback path dovs contain
frequency diseriminating elements. Then
the elosing of the feedback loop pro-
duces a difference in response dependent
upon (a) the nature of the performance
with the loop epen, (b) the over-all gain
and response around the loop to be
closed and (e) the response of the feed-
back path only.

Basic Elements

Ilow then ean we regard the elosing
of the feedbaek loop as contributing
something to the performance of the
amplifier that ean he isolated and con-
sidered as a separate entity? It is at this
point that the interaction coneept proves
a useful tool, To apply this concept, the
over-all performance is considered as he-
ing huilt up from a number of two ele-
ment networks, consisting of resistance
and a single reactance. Ench of these,
according to its confizuration, will con-
tribute to either a low- or high-frequency
rolloff :

A resistance in series with a capaci-
tanee in shunt produces a high-frequency
rolloff.

A capacitor in series with a resistance
in shunt produecs a low-frequency roll-
off.

With combinations of inductance and
resistance the order is reversed. Most
modern amplifiers avoid the use of in-
ductances as far as possihle, the only in-
ductances pormally encountered being
associated with the output transformer.
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In  resistance/eapacitance  coupled
stages the resistances are those of the
actual eireuit, plus the plate resistances
of the tubes, while the eapacitances are
(1) the coupling ecupacitors effecting
low-frequency rolloff, and (2) stray cir-
cuit eapacitance effeeting high-frequeney
rolloff,

The same theory ean be applied to the
computation of either low- or high-fre-
quency performanee. For this reason in
this article we shall not go into both in
detail but the high-fregueney perform-
ance will be considered and the low-
frequeney response can always be in-
terpreted from this, merely by reversing
the position of the various elements.

Interacting Pairs

Consider the lwo pairs of resistaneces
and capacitors shown in Fig. 1. At
{A) the fonr elements are connected to-
gether in tandem. At (B) they are con-
sidered us separate two element net-
works. These two networks may he
separated in fact by a stage of amplifiers
to prevent interaction hetween their
respective eomponents,

In either ecase the over-all response
of the comibined networks will take the
general foru shown in Fig. 2. Fach pair

Fig. 2. lllustrating the way interaction
modifies response in the circuit of (A) in
Fig. 1. The ultimate 12 db/octave roll-
off is the same whether interaction oc-
curs or not, but interaction incregsss gt
tenuation in the vicinity of the frequency
fo, where phase shift is 90 deg. and roll-
off sides & db/octave.
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Fig. 3. Interaction also occurs when op-
posite kinds of reactance are combined
in a circuit, as at (A). Sometimes this can
be resolved into non-interacting equiva-
lents, as at (B), but quite frequently the
interaction goes into o region that can-
not be represented by real values in this
form,

of elements will contribute to a com-
posite rolloffi—each two-element network
will produce its own rolloff dependent
upon the time constant of the resistanee/
capacitance combination. We will con-
sider, for convenience, that one combina-
tion produees a rolloff at a frequeney
nf times the other eombination. This
menns that one rolloff will be n times a
mean frequency while the other will be
the same frequency divided by u.

We ean assume that the connected ar-
rangement of (A) in Fig. 1 ean be rep-
resented by separate elements as at (B).
In this case we can represent the one in
terms of the other using real values
throughout. I1f the two networks were
not conneeted together in (A) €, would
act with R, and C; would act with R,.
But beeause of the interconneetion €,
acts with R, and also partially with R,
which means that €, will not be shunt-
ing sueh a high value of resistance as R,
by itself. At the other end C, is not feed-
ing out of the simple resistor R, as a
source but has an additional eomponent
ol resistance source due to the presence
of R;-

If R, is very large comnpared to R,
the constant %, used in the formula given
in the appendix, will be very small, sig-
nifying that there is little interaction be-
tween the rolloff effeets of R, and C,
and R, and C,. As shown in Fig. 2 the
effect of interconnection is to spread the
equivalent non-interaeting components to
frequencies further apart, to the ratio
represented by m in the formula in the
appendix and also in the figure.

The mean frequency remains un-
changed in this case so, as shown in Fig.
2, the combined response of the over-all
arrangement reaches the same ultimate
rolloffl whether an interconnection is
made between R, and C, with R, and C,
or not. The effect of the interconneetion
changes the response to a maximum de-
gree at the mid-frequney, which is a
mean between the rolloffs of the individ-
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ual two-element networks and in this ex-
ample always deteriorates or inereases
the attenuation of the response in this
range.

As has been shown in previous articles,
the attenuation at this mean frequency
has a slope of 6 db per octave while the
transfer phase shift is 90 deg. In this
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case interaction does not alter the pl
shift at this particular frequency but it
does alter the over-all attenuation at the

6-db-per-octave slope point,
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Fig 6. Showing the effect of different

Fig. 4. Variation in response with value

of the interaction factor, k, for values of

n=1. This combination can never be

represented by real values in the form
of (B) in Fig. 3.
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Fig. 5. When single reactance rolloffs

are separated by amplifier stages so as

not to interact in simple amplification,

the addition of feedback causes inter-

action, and modifies the response in o

manner somewhat similar to the circuit
of (A) in Fig. 3.

Inductance and Capacitance

If we next apply this concept to the
signal coupling network represented in
Fig. 3 which has both induetance and
capacitance in the same eircuit we shall
find that a similar method ean be applied.

First consider some effects of different
combinations of values. If L in (A) is
made negligible in effcet compared to the
other components, ¢ would then be
shunting a virtual source consisting of
the two resistance components in paral-
lel. On the other hand, if L becomes rela-
tively large, so as to isolate r from C, the
effect of € in producing & rolloff could
be considered as acting solely upon R.

A similar comparison ean be made by
considering C to be negligible so that 1
ig acting in series with both the resistors,
In this case the effective resistance to he

-
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ts of negative feedback on the
response of the arrangement of Fig. 5,
in the particular case when n=1. Other
cases follow the some pattern from a
different starting point.

compared with L will be the combined
value of the two in series. On the other
hand, if C exercises considerable shun-
ting effect upon R, L ean be regarded as
producing an inecreased series reaclance
compared only with r.

This being the ease the time constant
or rolloff comparisons which we make
will take a mean position between the
two extremes: the time constant for L
combined with the resistance will be
taken as & mean between r and the ecom-
bination of the two resistors in series;
the time constant for ¢ will be taken as
a combination with the mean value of R
and the parallel combination of the two.

The eqguivalent non-interacting net-
work is shown at (B) in Fig. 3 using
I’ and R’ where R’ is the mean value
just deseribed as combined with L; and
v’ and €’ where v’ is similarly the mean
value combined with €.

Sometimes the equivalent can be ex-
pressed in terms of real components bhut
this is not always possible.

First we will consider the special ease
where the effective time constant of both
arrangements is the same, In other words
following the nomenelature of Fig. 2,
n=1. This is shown at Fig. 4. Notice
that we still have an interaection faetor,
similar to that used in the arrangement
of Fig. 1, of k=r/R. For any particular
ease (value of n) the value of k will de-
termine {he attenuation at the mean fre-
quency, whieh is still the frequency
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Fig.7. The curves of Fig. 6 replotted to

the same zero reference, so the effect of

feedback on the over-all response can be
better seen.
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where the attennation slope is 6 db per
octave and the transfer phase shift 90
deg.

For large valnes of k& when n=1, as
represented in Eq. (13) in the appendix,
the attenuation at the 6-db-slope point
approaches 6 dh. This is when r is large
compared with R, and L and € have val-
ues sueh that the time constants, repre-
sented by @ and b in Eq. (8) are both at
the same frequeney.

Ae ks vedueed to the point where it
has unity value the maximal fatness
enrve is renched, in which the 6-db-per-
octave slope point is at an attenuation of
3 dh. Further reduetion in the value of
k below unity produces a kind of inter-
actinn that eanses the response to go into
peaking. This is shown in Fig. 4.

In this ease the whole range of values
of k produces an equivalent that eannot
be represenied by separate networks as
at (B) in Fig. 3. Only when the two fre-
quencies are  divergent, that is, n is
greater than 1, ean any values of k exert
an influence pulling the two frequencies
together (instead of separating them as
represented in Fig. 2} in the range where
the attenuation at the 6-dh-per-oetave
slope puint is greater than 6 db. From

Fig. 9. Fomily of i
response  curves
opplicable to two i
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stoge orronge- e
ments of Fig. 1, or -
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5, using fs as the
reference fre- '

quency. The value = 1
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of this frequency,
ond the required
curve, con be T
identified from

Fig. 8.
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the G db point upwards it is not possible
to represent the arrangement by real
non-interacting networks as at (B) in
Fig. 3.

From the foregoing then we can see
that the coupling together of two net-
works producing a rolloff in the same di-
reetien and employing the same kind of
reactance (in the example given hoth
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Fig. B. Chort giving all the essential dato to predict the response of a two-stage

feedback loop. The frequency extension scale at the left of the left scale shows the

ratie by which the unity slope frequency is extended. Ratio n is the ratio between

the times constonts or rolloffs of the two stages, The squore root scale on the right

of the right scale focilitotes calculation of the unity slope point in the obsence of
feedback,
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wore enpacitanes) the eoffeel of interse-
tion is to spread the equivalent contribut-
iy rolloffs to frequencies further apart:
hut when two different reactanees are
combined so as to produce a rolloff at
the same end of the frequeney response
the effect of the interaction by coupling
theut into the same eireuit 15 to pull the
equivalent rolloff frequencies together,
until the point is reached where the re-
sponse is 6 db down at the 6-db-slope
point: after which the equivalent pairs
have jmaginary values and the shape of
the resnltant response goes first to the
maximal flainess cnrve and thereafter
intn peaking.

INTERACTION DUE TO FEEDBACK

Now we come to the form of interae-
tion which is of partieular econcorn in
this article—the one in which amplifica-
tion is nzed and the loop is completed
produeing feedback.

Two-5tage Case

Take first the ease of an awmplifier in
which there are (wo reactances in the
loop, eontributing to high-frequency roll-
uff represented cinblematieally at Fig. 5.
As shown by the theoretieal treatment in
the appendix, applieation of fordback
over these two similar netwerks produees
a variation in vesponse very similar to
that of the second case considered in
Fig. 3. Interaction cansed by the applica-
tion of a speeified amount of feedback
pulls the eguivalent rolloff freguencies
together; but it also moves them both
further out in the frequency seale. Fig-
nre G shows the effective variation as
increasing amount of feedback is ap-
plied, taking into account the reduetion
in gain caused by the feedback interae-
tion. It will be noticed that the 6-db-
slope point may be considered as sliding
down a line at a slope of 6 db per octave,
The ultimate 12-db-per-octave slope is

(Continued on page 84)
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INTERACTION IN FEEDBACK DESIGN

{from page 42)

the goute for all stz of Feodback.
This is shown by the dot und dash eon-
structivn line in Fig. 4.

Figrre T shows the same family of
eurves nopmalized to the sante level, This
vives a better [dea how the wldition of
feedback over u two stage araplifier will
viry Lhe vesponse. The curves in Fig, 6

v americanradiohistory com

und Fig, 7 are for the special case where
1 1s unity, ur the relloit point of the two
networks identival,

In cuses where they are divergent to
boegin with, some feedback is neecessary to
bring the 6-b-slope point up to u level
of 6 db attenuation. This {ollows the
same general pattern shown o Fig. 6
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tod o relatively shuple abae, shown
4w 5, tetls the whole story of interaction
{or the Lwo-stage case. Por this parlice
i ese Lhe vavialion i response shaping
can he snown nte siuply by using the
todl-clope point as & reference fre-
ceeney, TE Pollows a0 Tomdly of curves
civen wl 1 oadh imbervats in the dluet of
P

This i» the variation of response zhinpe

i the cuse where both rollof¥s are in the
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Fig. 10, How to tompute the response
when one of the rolioffa js in the fead-
back path, Both cases illustrate the roll-
:ff rotio and amouni of feedback, but at
&) the early rolloff is the feedback one,
while at {B) 1t is the remote rolloff,

orward part of the ciccmf, ns vepre-
ented in Fig. 5. In same cirenils how-
wer, one of the velloffs may he in the
whirn or feedback path. This means (hat
he over-all loop response caw he ol-
ained From the family shown in Fig. &,
it the resultant foerward gain juust be
urther dediead by subtraeting 1he roll-
JF i the feedback path From this eneve.
Ihe method of doing this is illnstratel
oF lwe euses in Fig 10





