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SOME NOTEE ON WIDEBAND FEEDBACK AMPLIFIERS

Introduction

et A T gt A it

The extension of the passband of wideband amplifiers
is a highly important problem to the designer of electronic
circults., Throughout the electronics industry and in many
research programs In physics and alllied fields where exten=-
sive use is made of video amplifiers, the foremost require-
ment 1s a passband of maximum width. This 1s necessary if
it is desired to achieve a more faithful reproduction of
transient wave forms, a better time resolution in physical
measurements, or perhaps just a vider band gain-frequency
response to sine wave signals. The art of electronics is
continually faced with this omnipresent amplifier problem.
In particular, the instrumentation technigques of nuclear
physics require amplifiers with short rise times, a high de~-
gree of gain stability, and 2 linear response to high signal
levels,

While the distributed amplifier®

may solve the prob-
lems of those seeking only a wide passbend, the requirements
of stablility and linearity necessitate using feedback cir-
cuits. This paper considers feedback amplifiers from the
standpoint of high~frequency performance. The circulit cone
ditions for optimum steady-state (sinuscidal) and transient
response are derived and practical circuits (both interstage

and output) are presented which fulfill these conditions.
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2 AECU-19k

In general, the results obitainaed n.y be applied to the low-

frequency end.

General

The fundamental limitation in feedback amplificrs
arises from thLe ovepr-all phase shift in the amplifier wnd in
some cases, the feedbaclk circuit as well. As the snift in
phase approaches 180 degrees on either side of the nid-band,
the feedback becomes positive, resuiting in regeneration and
posditbtle oscillation. The relationships between attenuation
and phase shift necesssary for amplifier stabllity have been
formulated and yublish@d2¢

It is the phase shift and its attendant difficulties
tlat nake feedback over more than three stages impractical
for video amplifiers; and while three-tube reedback3 is feas=~
ible on treoretical grounds, it is difficult tc¢ design prac-
tical circuits which use the feedback to the best advantage,
Fig. 1 shows two o1 the most satisfactory three-tube feedback
loops we.ich hiave been used for video purposes.

The circuit in Fig. la accomplisl:ies the .feedbzck through

the common plate impedance of T The one serious shortcoming

1°
of this circuit is that the gain of Tl i35 not stabilized. This
tube merely serves to drive the feedback 1lcop encorpassing Tz,
TB’ and T4, For this reason the circuit is inadequate vien

used in those applications where the virtues of feedback; €.g.,

stability, linearity, are reguired.
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AECT-104 3

The cireult shown in Fig. 1b has been used extensively
in recent years. It is completely stabllized; and, since
there are a variely of outputs available, it 1s a highly use-
ful circuit. BExanination of this loop aiscloses that an out-
put rrom point A would De stablliized with current feedback:
from point B, with voltage feedbacky and from point C, with
voltage feedback. Outputs either in-phase or 180 degrees cut-
of-phase with the input may be obtained Irom points B and A
respectively. However, this clircuit has relatively poor high=-
frequency response for the following reasons: (a) phase shift
occurs over three tubes while gain is realized from only twos
end (b) the feedback resistor in tne cathode circuit of Tl is
usually of such & magnitude as to reduce considerably the un-
fedback gain of Tl, which decreases the over-all stabllity
and freguency response,

Cognizance of the shortcomings in the above circuits
has led to the investigation of other possibilities for feed-
back over three tubes, However, there appears to be no com=
pletely satisfactory scolution to the problem of feeding a
portion of the output voltage of a three~stage amplifier back
to the grid circuit of the first tube over a wide band of fre-
quenciese.

Other feedback circults that have been used for video
purposes are shown in Fig. 2. The design of the c¢ircuit in
Fig. 2a for a wide passband calls for relatively small values

of Rl and R2. If this condition 1s tulfilled, it is impossible

V2 -



to uperate tube I? ol approrriate d.c. wotentials. Tne solu-
tion to this pronlem is the insertion of a cupacitcer in series
witn the Ifecdbzclh recistor sufficiently larve Lo offer a very
low impedance to trne lowcst Irevuency it is cesired to amplify.
Untortunately, becsouse of tue necesssrily large pLysical size
of this capociter, it will possess a large stray capacitance
te ground seriously affecting the ligh-frequency response of
tiie loop.

There are many mocifications ¢f t.e ecircuit in Fig. 2b,
all of wiich, are considered unzatisfactory hecause feedback

cecurs only around T., anc tne ezin of Tl is left urstatilized.

~
[

Two circiits which utilize tro=tube feedbic. 1o Lhe

b

greatest degree are shown irn Figs. 3 and 4. The first uses
current reedback; enu tre secy-d, voltare feedback. The first
inverts the inputl signal, &nd the second dees not. The second
circuit may be modified to funcl.on as an oulpul stage or as
a unity-gain arplifier witu a very low output impecdance. These

two circult units are wds»ntab

ce

e Lo nearly every sitnation

$eud

where vide-band feedbac. smplifiers are needed.

Strictly spezking, the circuit in Fig. 3 1s a three-
tuhe loop. licwever, from the standpoint of frequency response,
it can be analyzed as a two-tube loop inasmuch as Rk iz sco
small (generally less than 10 ohms) that the cathode circuit
of T, is a frequency independent feedback device over the band

in which we are interested.

~
xS’/ ﬁLﬁ»S



ARCU~-194 5

It can be shown by conventicnal analysis that the

cathode current of T3 1s given approximately by

s K2 o e
3 1+gm3 RK :{‘12 Bk

where
gms = gm of T3
Ko = gain of Ty and Ts

and if T3 is connected as a triode, the gain becomes simply
Ry/Ry. The mid-band gain of the loop toc the grid of T3 is
Xpp = lﬁ-nglg K
3 "k 12
From elementary feedback theory, the gain of any amplifier
with feedback 1s

(1)

K

Kpp = T2k (2)

where K is generally a complex expression. It can be seen by
comparing equation (1) with equation (2) that the term, gm3Rk,
is equivalent to =8, the feedback factor. Hence in thils cir-~
cuit the amount of the feecback is a function of gmsy and Rk'

If the output of this loop is taken from the anode of
T3, it is important that the tube be connected as & triode
for the reasons discussed below. The same considerations apply
to the circult in PFig. lb.

The total cathode current of T3 is stabilized by the
feedback network. Unfortunately, if the tube 1s operated as

uxm

-,
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6 AECTU-194

a pentode znd the cathode current is divided beiween screen
and plate, it does not necesssrily follow that the plate cur-
rent will always be a fixed proportion cof the cathede current.

For this to be true, it is necessary that

g
wfg = a constant
&g
where
gry, = gu of plate with respect to
control grid
gumg = gm of screen grid with respect

to the control grid

for all bias levels and thst the constont be tlhe same for all
tubes. A plot of gmp/gms versus grid bilas for a particular
tube, type 6AKS, is given in Fig, 5. The curve indicates
that it 1s possible to pick a range of operation where the
ratio of the plate and screen transconductances is constant.
However, it is doubtful if other tubes exhibit precisely the
same constant. This condition 1s necessary 1f the galn is to
be independent of individual variations in tube characteristics.

In the amplifier of Filg. 3 the use of the triode is not

2 particular hardship. The anode load R, 1s made sufficlently

L
small so that the galn of tne stage 1s less than 2, resulting
in a tolerable input capacitance to the tube.

The cireuit in Fig. 4 represents an attempt to elimi-
nate the shortconings of the circuit in Fig. 2a. Placing the
tubes in cascade makes 1t possible to operate them at appro-

priate supply potentials, and the configuration results in a

5/ 2~7
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net decrease in the number of components. The gain of the

loop is given approvimately by

K, ® Ry (2)

In most designs Ry, is of such a size as to have little effect
on the unfedback gain of Tl’ ®

Since the c¢ircuits in Figs. 3 and 4 appear to utilize
two~tube feedback advantageously, an analysis leading to de-
sign criteria is worthwhile. The anolysis willl first be made
with the intention of obtaining a flat gain frequency charac-
teristic. Then will be derived the circuit conditions nec=-

egsary to obtaln a monotomic rige* of the output pulse when

the input is subjeclted to a unit step-function,.
@

Steadv-gstate Analvsis

The equivalent high-frequency circuit of a two-stage
feedback loop is shown in Fig. 6. In the figure the circuit
block labelled B 1s the feedback network which in this case
will be a frequency independent attenuator. Mathematically
B carries the usual notationj; i.e., it is the ratic of the
voltage fed back to the outpur vcltage. Tl and T2 are pent-
odes with a ratio of transconductance to input and output
capaclity. The unfedback gain of an amplifier such as this at

any frequency [ 1is
y rreateney gn Ry Ry

S f*)é*" ) “
1 ~ gmf.-+ Jf(%_ + l.)

* A rise with absolutely no overshoot,

V2 g



8 AECU-194

where
1 1
£y = 21 R0y fy = 27 RLCo

Ky & g RjRy = mid~band gain

and where both tubes are assumed to be operating with the same

gm. It is convenient, mathematically, if we let

£
L =z n and L = m
f2 fl
then
K

K = z (4a)
1l - nm24»jm {(1+n)

Combining equations (2} and (4) we obtain

1

| e e (aee) T | @

Tris equation is the rationalized expression for the

gain of the feedback amplifier. If the quantity in the brack~
et of equation (5) is plotted as a function of m for various
values of n, the set of curves given in Fig. 7 results. The
curves indicate that as n 1s increased, the peaking becomes
successively less pronounced and the point of maximum gain
moves to a lower frequency. It follows that if this point
of maximum gain is made to occur at zero frequency, there
willl be no peaking whatsocever.

To obtain the value of m at which the gain 1is a maxi-
mum, the quantity under the radical sign in the denominator

of equation (5) is differentiated with respect to m and the

¢74-9
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result equated to zero, This manipulation results in

1 -6K (L+n)°
me + —tll - i (G
WJ n 2n

If then, m is set equal to zero, the relationship between n
@
and (1= AK) is determined which will produce a flat responses

vizs

2
1- A%, = (1+n) (73

When SK>>1 and n>>1 this becomes (neglecting the negative
sizn)
n = 28K, (&)
Further analysis shows that the upper half-power fre-~
quency fc of an amplifier designed with n = 2 8K, will be

Jﬁ; where n>>1 (9)
2

by

i 1

8}

These relationships make it possible to formulate
certain design criteria for amplifier circuits such es are
illustrated in Figs. 3 and 4.

1 fo is specified, Rl nay be computed from the formi=-

la below

1
12wty T 242mely (10)

Since

then
Ry = 24Ky Ry (‘é_l;> (1)

&fﬁfgﬁ,mvaﬁﬁ



10 AECU-19%

The unfedback mid~band gain will be

{

Ky = gnd BBy = gn© By° 2,8Km( 2)

O[H 4

Therefore
1

- (12)
# = 2emp? \ Ty

&

—~~
[
S o

As an example of design, it is desired that an ampli-
fier of the type shown in Fig. 3 have an upper half=-power
frequency of 1% megacycles and a stability factor K of 20,

Using & type GAKS tube, the following constants may
be obtained:

Cy = 11 upf

Co = 16 pui (greater than C, since T3 is
connected as a triode)

gnm 5 ma/v

From equation (10)
1

% 2 %304 %15% 100 x 11 x 10722 750 onms
Therefore
Ry z 2 x 20 x 750 x(%)&'201{
and
& = 0.05
In this circuit fe= gm3ﬂk. Therefore if gm3 equals 6 ma./volt,
then
0.05
Rk = __;9;0—3 Z 9 ohms
Any mid-band gain may be obtained by adjustment of
RL. However, the limitations imposed by the input capacitance

§VE-p)-



ARCU-194 11

of TB and by the frequency response of the anode circuit of
T3 necessitate the use of a load resistor less than 500 ohms.
This latter qualification is, of course, dependent upen the
amount of capacitive loading that there is on the plate. In
this particular design a 270 ohm load is a good compronise
and will give a gain of 30.

A circuit using the constants derived above 1s pre-
sented in Fig. 8, and its measured gain-frequency character=
istic is given in Fig, 9. It is seen that the measured
response has an upper half-power frequency of 15.% megacycles,
closely aprroximating the 15 megacycles for which the ampli-
fier was designed.

The design for the circuit of Pig. 4 1is somewhat dif-
ferent. In this case, the value established for @& determines
the ratio of == and the mid-band gain of the amplifier

Ra‘f‘R’b
will be simply the reciprocal of & (where SAK>>1).

In this case the galn obtainable is
1 2 01)

en 2 Cq
= (ZTTI'OC]) (‘5—2) (13)

If £, is the band~width of the amplifier, the gain-
bandwidth product of the amplifier is

o = (%)’ (&) ()

It 1s seen from this that the galn-bandwidth product is pro-
portional to the square of the ratio (%%%) « Hence 1t is

\Sw/ﬁm/&



12 ARCU-19k4

exceedingly drrertant thet the tulLes be operated with a maxi-
nunm transconductance :nd that the stray wirdng capacitance

be ninimized. For instance, type 6AKS tubes usually are
operated at a gm of 5 ma/volt. Hovever, it is possible to
obtain 6 ma/volt fron them without exceeding the dissipation
linits of the tube, If this change is made in the operating
peint, the gain-bandwidth produet will be inecreased by (6/5)2,
or nearly 50 per cent. Furthernore, if the wiring capacitance
is decreased by 1 ppf, or 10 per cent, the product of KL and
fo will be increused by 20 per cent. Hence, the importance
of the figure-of-merit is greatly emphasized in these cir-

cuitse.

Ine Transient Analysis

The transient analysis of the system is most convene
iently effected through the use of nethods based on the
Leplace Transfarmation4’5. This technique permits determina=-
tion of the transient response directly from the steady=-state
anolysis.

From equation (4) we obtain the following complex ex-

pression for gain

¥
K e Timry L+ wly)
where
Tl = Rlcl T2 = R202
Replacing jw by the complex variable s, the system function
is obtained. K ’
K(s) = £ (14)

(1+~sT13 (1 +sTp)

s/2-13
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Combining equations (2) and (14) the gain with feedback becomes

Kpp(s) = y=dp e L T ~| a»
1(%f3§5)8*<€ ~ﬁx€)s

In order that this amplifier may have a response corre-
sponding to critical compensation; i.e., a transien®t response
with minimum rise time but with no overshoot, the denominator
of the bracketed expression must have two real and equal roots,
Hence it is necessary thot

( T\ T 4nT,
1 = BKp 1 =4Ky

fLnd therefore

=

¢}

N

+ 2+

5 M

= 4(1 -BK,)

=3

1

Reverting to the notation used in the steady-state analysis

%+2+n- 4(1 ~8Ky) € n
which is just twice the value for n required to prcduce a flat
frequency=-gain characteristic.

Substitution of =~A4LK = % into equation (5) and subse-
quent numerical solution results in the upper half-power fre-
quency fo being f1/3. Il can be shown® thal sn amplifier with

an upper half-power frequency of fl will have a minimum rise vime

of RT = oo = =23
3t T,

Therefore, the rise time that can be expected from this ampli-

fier is

1

-
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As an 1llustration of design, if f. is made equal to

1
30 megacycles, the rise time will be 0.03 mseconds. Using
the same tubes as before (6AK5), Ry will be 500 ohms and R2
is a function of the stability factor #K, as before. However,

in this case,

= B2Co

R0 % 75R

Hence Cq
And

2
1 Co Bﬂfgcn,) Co
£ = Z(gmky)? (q) = ( gn Ty
Therefore, the gain bandwidth product is

k£, = fo ofam Y (%) (L
o 8 3TTC1 Cl fo

Hence, 1t 1s seen that the KLfo product is(%)of the value ob-
tained for the steady=-state responss.
It was seen in both steady-state and transient analysis

that the high frequency performance is a function of £, which,

1
in this analysis, is the upper half-power frequency of that
stage, having the shortest time constant in the anode circuit.
This being the case, considerable improvement can be obtained
by compensating the f3 stage with L = 312 01/4. This increases
fl by rpproximately 1.5, resulting in a like improvement in

the response of the loop. If one stage is compensated, the

time constant in the other stage must be adjusted accordingly.

§1 a1
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ihe Output Stace

In nmost amplifiers the bottleneck limiting the over-all
frequency response lis most likely to be the output stage where
large voitage swings are required. The exact analysis of out~
put stages 1s not convenient because the tubes cannot be con~
sidered as linear devices over the wide range of operating
conditions. For this reason, the design is best done enpiri-
cally.

Fig., 10 shows a modification of the circuit in Fig. 4
which has proved to be & successful output stage., The cir-
cuit will deliver 50 volt pulses with rise times of the
order of C.03 mseconds. The output impedance of the ampli-

fier is given by the relation

1
Z ey
O = 2 ,5K1

where

&

245}

Ky

gn of T2

gain of Tl

As the frequency is increased, the gain of Tl will be reduced.
And it is evident from the above expression that as the gain
of Tl decreases, the output irpedance increases at the same
rate, Hence, the effectiveness of voltage feedback as an
irpedance transformer is reduced at the high frequencies
where a low output impedance 1is most desirable. For this
reason it is important to minimize the capacitive losding on

the plate of Tz. If only positive pulses are to be amplified,

é?é@fé



16 AECU-194

this stage should be followed by a cathode follower. Critical
compenswtion is achieved by the adjustnent of the trimmer C
and should be done under actual operating conditions with

step signals applied to the input.

Unity=gain Arpiifier

The circuit of Fig. 4 nedified to function as & unity-
gain anplifier is given in Fig., 1l1. Such a circuit is exceed-
ingly useful as an output stage for pulsers, signal generators,
etc., where an exceedingly low ocutput impedance over a wide
frequency range is desirable. The circuit is particularly
adapted for driving coaxial cables and low impedance delay
lines., The signal level that can be handled 1s determined
by the permissible current change in T2 and by the value of Rz.
The permissible output voltage swing may be increased by
meking T2 parallel combinations of similar tubes. Rz nay
take tiie form of a terminated coaxial cable or delay line,
as well as a resistsnce. The circuit has a mid-band output
impedance of

YA} :-—-...]:...-.
gy Ky

In the circuit shown this is approximately 1.5 ohms.

S/ A-17.
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