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DEFINITIONS OF SYMBOLS USED

Coupling condenser.

Effective capacltence to ground of grid plus socket and
wiringe.

Cathode by-pass condenser,

Effective capacitance to ground of plate plus socket
and wiring.

Total shunting capacitance of interstage.

Input signel voltage to stage.

Output voltage of stege.

Any frequency 1n the high end of the video band.
The "eritical" frequency, a design parameter.
Resonant frequencye.

Bandwidth

The dynamic transconductance.

Voltage gain at a frequency f.

Mid-frequency voltage gain.

A design parameter.

A design parameter,

The dynamic plate resistance.

Reslstance of series peaking coil.

Demping resistor in parallel with an inductance.
Grid leak resistance.

Cathode resistance.

Plate load resistance.
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Damping resistor in series with an inductance.
Parallel combination of rp, Ry, and Rg.

Impedance of a two-terminal coupling network at a
frequency f.

Parallel combination of rp and Z.
enf.

Phase deley in radians csused by reactance in plate
load circuit.

Time delay in seconds (t = $/w).

Departure from constant time delay in seconds.

The meanings of symbols not defined here are clearly

indicated on the diagrams to which they refer.



TRANSIENT RESPONSE OF COMPENSATED
VIDEO INTERSTAGES

INTRODUCTION

eneral Considerations

The usual function of an amplifier is to magnify the
signals applied to its input without altering their wave-
forms in any way.#*

This 1s no problem in the case of sine waves since
they cannot be dlstorted by a linear device. A resistance-~
coupled voltage amplifier in which the tube 1s operated
linearly is such a device. All frequencies are not ampli-
fied equally, but this cannot produce distortion if only a
single frequency 1is present.

The amplification of non-sinusolidal waves is e dif-
ferent proposition since these consist of component fre-
quencies which must be amplified equally and with unaltered
relative phase angles 1f the wavefarms are to be preserved.

The resistance-coupled circult is the basic one
which is used to amplify complex waves because 1t may easily
be modified to make 1ts response uniform over a wide range

of frequencles.

#83peclal wave-ghaping circuits in which non-linear
operation is utilized to produce non-sinusoidal waves are
an exception which will not be considered here.



The galn reduction at high frequencies, a major fac-
tor in the production of distortion of complex waves, 1is
due to the presence of stray capacitances in shunt with the
load circult of the amplifier tube. These capacltances con-
sist of the interelectrode cepacitance of the tube and soc-
ket, plus the shunt cepacitance in the wiring of the inter-
stage network and the input capacitance of the next tube
and 1ts socket. The strays may be minimized by careful
construction and a judicious cholice of tubes, but they can
never be completely elimlinated,

A video* amplifier consists of the basic resistance-
coupled eircult, compensated to produce uniform response
over a very wide band of frequencies. 1Its function is the
amplification of pulse signals, often of a transient nature,
and the wide-band characteristics are necessary to insure
uniform amplification of as many of the frequency components
present in these signals as possible.** The high-frequency
response, which is of prime importance, is usually improved
by the addition of inductance to the coupling network in an
attempt to cancel the effects of the stray shunt capaclitance.

The problem of video amplifier design has assumed a

#These amplifiers were first developed for television
applications, hence the term "video" which 1s derived from
the Latin "videre" (to see).

#%It 1s well known that a pulse may be resolved, by
Fourier methods, into a great number of sinusoidal compo-
nents, a sharp pulse having infinitely many.



new end greeater importance since the advent of radar and
numerous other electronic devices in which pulse amplifica-
tion 1s essentisal.

Summary of Video Amplifier Requirements

It has been pointed out that an amplifier, in order
to faithfully reproduce a pulse, would have to be capable
of preserving the relative amplitudes and phase angles of
all of 1ts frequency components. These are the ideal
characteristics, expressed in "steady-state" terms.

The ideal amplifier would have an infinlte bandwidth,
which is not physically realizable. It 1s possible, however,
to secure acceptable performance with practical amplifiers
having finite bandwidths. The minimum bandwidth required
for acceptable performence depends upon the application for
which the circult is designed. 1t may be shown that the
required bandwidth increases as the duration of the pulse
to be amplified decreases,’

A video amplifier must exhibit both a constent time
delay and a uniform amplitude response. The amplitude re-
sponse 1s generally considered uniform over a band if the
gain varistion is not more then =+1 db. (10 per cent
variation in amplitude). The time delay, t, is defined by

lGeorge B. Hoadley and William A. Lynch, "Transients
in Coupling Circuits," Communications, 23, June, 1943 and
July, 1943; Ernst A. Gulllemin, Communication Networks,
Vol. II (John Wiley & Sons, 1935), p. 486.




t = &/2nf, where & 1s the phase angle of the amplifier at
the frequency f. If ¢ is expressed in radiens and f in
cycles per second, t 1s given in seconds. It 1is evident
that if t 1s to be the same at all frequencies, the neces-
sary condition for the preservation of the phase angles
between the Fourler components of a pulse, # must be pro-
portional to frequency. The actual value of the time
delay is not importent, the only requirement being that it
be 1lnvariaent with frequencye.

As an example of video amplifier requirements in
television applicatlions, Zworykin and Morton® state that
the transmission of a 441 line picture with an aspect ratio
of 4 x 3 at 30 frames per second requires a bandwidth of at
least 3 megaecycles. However, a 4.5 megacycle bandwidth with
the low-frequency limit below frame frequency (30 ecycles per
second) is preferred.

The requirements which must be met in other spplica-
tions of video emplifiers are often even more exacting.
Amplifiers with 10 megacycle bandwidths (gain constant to
within +1 db.) have been developed.®

The Compensation Problem

The bandwidth limitatlions of resistance-coupled

%Y. K. Zworykin and G. A. Morton, Television (John
Wiley & Sons, 1940), p. 397.

SEllsworth D. Cook, "A Wide-Band Oscilloscope,"
Proc. IRE, 31:410ff., August, 1943.



stages are well known? and numerous schemes have been devis-
ed to compensate for poor response at both the high and low
ends of the band. High frequency and low-frequency compen-
sation are essentially separate problems, However the for-
mer 1s usually considered first In design becasuse certain
constants fixed by high-frequency requirements also tend to
determine the low-frequency reaponae.5

The choice of tubes is important in the deslign of a
compensated interstage and 1t 1s found that pentodes are,
in general, the most satisfactory in view of their high
ratio of transconductance to interelectrode capacitance.s
A high transconductance is necessary to obtain sufficient
gain and low interelectrode capacitances help to minimize
the stray shunt capacltance, the factor which limits the
high-frequency response of the amplifier.

According to Seeley and Klmball,7 low=-frequency
compensation 1s required below about 200 cycles and highe

frequency compensatlon becomes necessary at frequencles

4Donald G. Fink, Principles of Television Engineer=-
ing (MeGraw-H111, 1940, Pp 210-210.

5p. L. Jaffe, "Wide-Band Amplifiers and Frequency
Multiplication," Electronics, 15:561f,., April, 1942,

SFink, op. cit., p. 238; Zworykin and Morton, op.
Git., De 403,

TStuart W. Seeley and Charles N. Kimball, "Analysis
and Design of Video Amplifiers," Part II, R.C.A. Review,
3:290ff.’ January, 1959.




above 100 kilocycles. This statement is not to be consider=-
ed a hard and fast rule, the frequency limits mentioned being
intended only to bring the reader into focus on orders of
magnitude.

High-frequency compensation presents more difficulty,
in general, than low-frequency compensation and consequently
recelves more attention in the literature. This is probably
due, in part, to the fact that any high-frequency compensa=-
tion system must be designed to combat the effects of stray
shunt capacitance, a factor which can be minimized, but
never completely eliminated. The low=-frequency limitation
is 1mposed by circult elements which are actually selected
by the designer, and are therefore better under his control.
It also happens to be true that the important pulse trans-
mission characteristics of an interstage are largely govern=
ed by its high-frequency response. The term "compensated
interstage" is generally understood to mean "high-frequency
compensated interstage" unless otherwlse specified.

Seeley and Kimball® point out that the compensation
problem is complicated by the fact that an interstage which
1s designed to produce a constant time delay throughout the
video band generally exhibits a non-uniform gain characterise-

9

tice They state in a more recent article” that a network

83tuart W. Seeley and Charles N. Kimball, "Analysis
and Design of Video Amplifiers," R.C.A.Review, 2:171ff.,
October, 1937.

9
Same as footnote 7.



which is effectively corrected for flat high-frequency am-
plitude response usually produces a tolerably uniform time
delay and added time delay correction expedients are, there-
fore, unnecessary. This statement 1s not intended as a
general rule, but merely as an approximation leadlng to per-
formance which is satisfactory in manﬁ cases but unsatisfac-
tory in others, depending upon the requirements. If a large
number of ldentlcal stages are in cascade it 1s likely that
a careful compromise between amplitude and phase response
correction measures will have to be made. The overall gain
characteristic 1s the product of those of the individual
stages and the total time delay is the sum of the individual
stage time delays, therefore each stage must be compensated
as well es possible.

The Translient Point of View

The discussion, thus far, has outlined the video am-
plification problem in terms of amplitude end phase response,
the so-called "steady-state" characteristics. Measurements
of these quantities may be performed, using sine wave signels
of constent amplitude, and the information galned will be of
considerable value in predicting the amplifier's transient
performance. Most interstage designs, particularly the more
complicated ones, are based on these criteria.

High~-frequency compensation systems generally involve
the addition of inductances to the circuit. These tend to

resonate with the cepacitences present and oscillations



often result when transient signals are applied. Such
troubles may be expected to reach distressing proportions
in complex networks. A steady-state analysis does not ac-
count for these effects.

Furthermore, the steady-state point of view 1s not
adequate for a consideration of the network response to sig-
nals which are not repetitive. Most television pleture sig-
nals belong in this category. Evidently a more advanced
type of analyslis is required, specifically a transient solu-
tion of the amplifier's response.

As Finkl0 puts it, "If the amplifier response to a
generalized transient signal 1s determined, the performance
of the amplifier for video amplification is more fully known
than if reliesnce 1s placed simply on steady-state responses.”

The commonly used generalized transient signal 1s the
"Heaviside unit voltage" which 1s zero until e time T when
it rises to unit amplitude instantly and remains there inde-
finitelys. Uniform amplitude and phase responses from zero
to infinite frequency are required for the completely undis-
‘torted passage of such a pulsee.

Theoretical transient analyses are to be found in the

11teraturo,11 particularly for the simpler networks, end

Opink, op. cit., p. 245

111p34,, pp. 245-260 for & good summary. Guillemin,
ope ¢it., pp. 461-506; N. W. McLachlan, "Reproduction of



will not be given here. They are quite tedious and the ex-
perimental approach is favored.12

Bedford and Fredendalll5 present a method of transient
responsé analysis which 1s simpler than the approaches of the
other authors. A recurring square wave of sulitable period
i3 used as the applied voltage rather than the unit pulse,
permitting the use of a Fourler serles rather than the more
formidable Fourler integrale. The distorted output waveform
of the network being studied is approximated, not by a se-
ries of harmonic sine waves, but by a series of displaced
square waves, all having the original period.

The use of the square wave may be Justified by the
fact that the leading edges of both the square wave and
unit pulse are distorted in essentially the same way by the
amplifier, Thet 1s, the output pulse has a non-zero rise |
time or rounded corner. The sharp fall at the end of the
square wave 1s dlstorted in the same way as the 1lnitial
rise. This type of distortion 1s due almost entirely to
non-uniform high-frequency gain and phase responses. The

period of the square wave used should be jJust long enough

Transients by Television Amplifiers," Wireless Engineer, 13:
519ff., October, 1936; Eric A. Walker, "Iransient Amplifier
Analysis," Electronics, 12:39ff, November, 1939.

12Hoadley and Lynch, op. cit., for some experimental
resultse.

13&. V. Bedford and G. L. Fredendall, "Transient

Response of Multistage Video-Frequency Amplifiers," Proc.
IRE, 27:277ff., April, 1939.
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to insure that the principael transient effects will be over
before the polarity reversal at the end of a half-period
takes place. This provision sets the lower limit on the
period.

The analyals is carried out over the time interval
during which the output pulse 1s changing in value from zero
to a steady amplitude equal to 1ts final value.

Low=-frequency distortion of the unit pulse 1s evidenc-
ed by a gradual drop in amplitude a considerable time after
the initial rise. This is eliminated from the analysis by
limiting the period of the square wave so that the low-fre-
quency effects do not have time to occur. Low-frequency
analysis can be carried out separately if desired,

It will be shown that the use of a square wave to
approximate a unit pulse 1s most advantageous in the labo=-
ratory as well as in a mathematical treatment.

The Scope of the Thesis

It is the purpose of this thesis to present the re-
sults of square wave tests on most of the high-frequency
compensated interstage networks which appeer in the litera-
ture.

To simplify the experimental work it was decided to
start with an amplifier capable of faithful reproduction of
the square wave used, Distortion was deliberately intro-
duced by the addition of accurately known amounts of shunt

capacitance. The use of relatively large shunt capacltances



2

made 1t possible to use signal frequencies low enough to
eliminate the effects of all actual stray capacitances
existing in the amplifier, Thus all factors involved in
the problem were accurately controlled.

A brief outline of the train of thought followed in
designing the networks is first presented and the values
of circult constants recommended by several suthors are
sumnarized. An illustration of the interpretation of
square wave test results is given in terms of steady-state
characteristics.

The experimental work is then described and the re-
sults are presented in the form of osclllograms. Finally
the results are reviewed and conclusions are drawn regard-
ing the relative merits of the networks tested.

From the osclillograms it 1s possible to select a
network to meet a given set of engineering requirements.
Simple means for obtaining the numerical values of the

required circult elements are presented.
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INTERSTAGE DESIGNS FROM THE LITERATURE

Background
It has been common practice to base interstage designs

on steady-state criteria, so the information presented in
this section will be expressed in those terms. The following
statements by Sarbacher and Edsonl? will direct subsequent
thinking along the proper channels: "It should be emphasized
that the only practical limitation on the upper frequency
which may be amplified by a video amplifier is set by the
shunting capacitances. If 1t were somehow possible elther
to remove or to annul these capacitances it would be possi-
ble to obtain a very large amplification per stage and to
extend the amplification to frequencies at which lead induc-
tance or transit time effects become important."

In this same connectlon, Wheelerl® has derived the
relation that the maximum uniform gain obtainable with one

tube 1s

G —
max Ve
wirprg

14Robart I. Sarbacher and William A. Edson, Hyper and
Ultra-High Frequency Engineering (John Wiley & Sons, E§Z5),
Pe 2750

15Harold A. Wheeler, "Wide-Band Amplifiers for Tele-
vision," Proc. IRE, 27:429ff., July, 1939.
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where fw is the beand-wldth.

Consider the resistance-coupled circult shown in
Figure 1(a). At high frequencies the equivalent circult of
Figure 1(b) represents the prevailing conditions. All net-
works described will be drawn in the form of high-frequency
equivalent clrcults. |

Referring to Figure l(b),l6 the output voltage, 95

is given by R,
e,
°2 " C18ly = 18m T
t T Yo,
or
- Ry — JWOgRy”
62 = €18y .

_:?‘T"‘z
1+ C4“Ry¢

The high~frequency geln, G, is then

G = "tém
Vi+ u1’3%2111.,§

with a phase angle @ --—taﬁ'lﬁdctﬂt).

It 1s convenient to define a "ecritical frequency",

fos by

£, = geuit
(o] §Eﬂ;§' .

At this frequency the reactance of Ct is equal in magniltude

162woryk1n and Morton, op. cit., pp. 398-402.



(a) Schematic
diagram

(b) High—frequency
equivalent circuit

< ——— O

P =9I
= N
i 0 o= R Re
_ 'i T re R +eR.R Re
C RT CT’-‘ 6‘2

FIG. .= UNCOMPENSATED RESISTANCE—COUPLED STAGE
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to Rye The mid-frequency galn, Gy, 1s given by Gy = gmﬁt
since C¢ 1s neglected at these frequencies. It 1s easily
verified, by substitution, that the gain will be 0,707G; at
the frequency f,.

It may also be shown that the amplifier phase angle,
P, 1s 45'degrees at the frequency foe Since time delay 1s
given by t = &/2nf, the time delay at f, is 0.125/f,. This
value would hold for any frequency in an amplifier having
uniform phase characteristics. In the uncompensated stage,
however, the tlme delay decreases with decreases of frequen-
cy so that a time delay error exists. Seeley and Kimba11l7?
state that the time delay error At is approximately equal
to 0.034/f, at the frequency f,. Zworykin and Mortonl® say
that at a frequency f = 0.48f° the gain is 90 per cent of
G, and the time delay error 1s 0.005/f .

1t is evident that G = gnZy. In a pentode r, 1s very
large so that Zg 1s approximately equal to the lmpedance,
Z, of the coupling network. Therefore, G = g Z and ¢ 1s
essentlally the angle of Z.

If the frequency range 1s to be extended, without
adding any elements to the circult, f, must be increased.

Cg is fixed, so the only recourse ls to decrease Rys. This

must be done by reducing Ry because rp 1s fixed and a

17Same as footnote 7.

187 worykin and Morton, op. clte., p. 409.
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reduction in R_ will degrade the low-frequency raaponse.l9

g
A reduction in R; produces a proportional decrease in galn
8o the method has serious limitations.

It 1s obvious that the simple resistance-coupled
interstage 1s not ﬁdequate for video applications. More
complex networks mast be considered. In all cases Rg will
be very large compared to Ry so its effect will be neglected.

It 1s important to distinguish between two-terminal
and four-terminal interstages. The former 1s a network in
which Cp and Cg are lumped. In the latter, Cp and Cg are at
opposite ends of the network; they are separated by compen=-
sating elements, a single indutctance in the simplest case.

The problem of maintaining a constant galn over a
wide band of frequencies with a two-terminal network re-
solves 1tself into designing a coupling network such that
Z does not vary with frequency over the band. To maintain
zero time delay error the angle of Z must be directly pro-
portional to frequency. |

There are two general polnts of view concerning the
design of compensatl on networks. They will be treated in
detaill later, but may be mentioned briefly here. The first
method consists of selecting a 1ogica1 network configuration

from previous experience. For example, to compensate for

an impedance which decreases as the frequency increases 1t

19Fink’ 22. cito, PDs 216"217.
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is reasonable to lnsert an inductance, which exhiblts the
opposite behavior. The desired interstage characteristics
are then obtalned by imposing suitable conditions on mathe=-
matlical expressions which relate the governing factors to
the performance. Solutions of the resulting equations
yleld the required design information.

A more recent and generallzed approach involves the
application of two-terminal and four-terminal filter theory.
Wheelerzo hes done considerable work on this aspect of the
problem. A coupling network designed by this method con-
sists of a low-pass filter terminated in R;y. The shunt
are included in the network. The

g
filter method 1s of considerable advantage, particularly

capacitances Cp and C

in four~terminal designs. The objectives sought are the
same, regardless of the method. In the two-terminal case
the 1dea 1s to make the magnitude of the self-impedence, Z,
of the network constant over the video band and the angle
of Z directly proportional to frequency. In the four-ter-
minal case these same properties should be exhibited by
the network transfer impedance.

The fllter approach facllitates the design of com-
plex interstages which are Beyond the scope of the other
me thod. Improved performence 1s to be expected as more

elements are added but this process cannot be carried on

ZOWheeler, op. clt.
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indefinitely.sl

Two-Terminal Interstages

Network l., a simple compensated two-terminal inter-

stage 1s 1llustrated in Figure 2(a). As indicated on the
diagram, this system is referred to as "shunt compensation."
The analysis will be outlined rather briefly.22 The impe-

dance, Z, 1s given by

R
m%‘; i 3@% — 4m2£212 —RLfl

. (1)
2nfCy I:RLz + @ML — ﬁ%ﬁ;) :I

7 =

The gain may be written as

47 fQCt

)
E!‘- — anPr212 RI?)
G=gnZ2 = gn s S (2)
2MECy %I? + (znﬂ. —z—ﬂg,c—t)
with an angle
4= — 4n2r212 — Ry2

$ = tan~1 Zt (3)
Ry/2nfCy

2l p1a

2236e E. W. Herold, "High-Frequency Correction in
Resistence-Coupled Amplifiers,"” Communications, 18:11ff,.,
August, 1938. Also Zworykin and Norton, op. cit., pp. 405-
409, Equations and numerical results were taken from the
latter.
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For ease of manipulation, substitute f, = l/énCtRL,

K = L/CR;? and G4 = gyRy. Gy is the stage gain at mode-
rately low frequencies where the effect of Cy 1s negligible.
It is often referred to as the "mid-frequency" gain. The

gain as a functlon of frequency becomes

G =/ K2(£/f5)%+ 1

(4)
Gy sztr/ro)‘*— (2K — 1) (£/£,)%+ 1

and
-3 £ £2
é. = tan T;I:(K— 1) — K° ngl (5)

If K= 1/2 when £ = f,, Equation (4) gives G/G4 = 1.
This value of K gives 100 per cent amplitude response at f,
but the gain ratio is greater than unity at frequencles
slightly below f, and then falls rapidly. The time delay
is not constant either. A more satisfactory value for K
may be determined as follows:

The square of the network impedance 1s expressed as
a rational fraction in which numerator and denominator are

power series of the frequency:

1+ a1f2 + aprdp--n-
) i b1f2+ b2f4+-""'"'

2 = |2(0)2

Z(f) (6)

If a3 = by, ag = by, etc., the response does not vary with



L
(a) Network L.— Simple T gou

"shunt compensation’ £ T &
iﬁ :

O

(b)Network 4.—Modified dl

shunt compensation.

O,
Note: Networks 2 and 3 are described in the texi.
O S8y
L
(c) Network 5. -~ CZT = <:2T e R
Or

FIG.2—- THREE BASIC TWO-TERMINAL
INTERSTAGE NETWORKS
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frequency.l Similerly, 4%/df may be expressed as a ratio of
two polynomials and made constant by making coefficients of
like terms 1n numerator and deﬁominator equal.,

In effect, Equation (4) has been reduced to the form
of (6)s Since the denominator contalns (f/f,)4 while the
numerator does not, this type of coupling can never give
1deal performance. However, if (f/fo)4 can be neglected in
comparison to (f£/f,)2 the response will be constant if
K& = 1 —2K or K = 0.414. This approximation is acceptable
over a conslderable range of frequencles. If K = 0,414,
the reletive gain at f = f, 1s theoretically 92 per cent.

If Equation (5) is differentiated with respect to
frequency end coefficients of like terms are equated, con-
stent deley is obtained when K94 3K —1 = O or K = 0,32,
Obviously a compromise value of K must be used., If
K = 0.37, the response at f5 is 90 per cent Gy and
6t = 0.003/f, up to fqe

Other authors give simllar information,2® sometimes
expressed in different terms. Several seem to favor condl-
tions corresponding to K = 0.414, particularly from constant
time delay considerations, although the reduction of K from

0e5 t0 04414 produces about 15 per cent less galn in the

2SSeeley and Kimball (see footnote 7); William H,.
Freeman, "Shunt-Peaking Compensation," Electronics, 13:35ff.,
January, 1940; Alexender B. Bereskin, "Improved High-Fre=-
quency Compensation for Wide-Band Amplifiers," Proc. IRE,
32:608ff., October, 1944,
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reglion of'fo.

Network 2. 1s not 1llustrated, but consists of ordi-

nary resistance-coupling with a rather small condenser, Cg,
placed in shunt with the cathode resistor Ry.™

At low frequencles the parallel impedance of Cy and
Rg 1s essentially Rk, but at high frequencles 1t 1s negli-
glble. Therefore, negative current feedback?? which de-
cresses as the frequency rises is employed. The voltage
applied to the coupling network is larger at the higher
frequencies and this tends to compensate for the effect of
Cge The value of Cx was tentatlvely chosen so that the
time constant RgCyx would be equal to RyCi.

Network 3.2° 15 a combination of Networks 1 and 2s

that 1s 1t consists of Network 2 with a compensating induc=-
tance edded in serlies with Ry, _
Network 4., Figure 2(b), is s form of shunt compensa-

tion in which the performance is improved by the use of a
parallel IC combination instead of a simple inductance. The
object 1s to produce the effect of an inductance whose value
increases with increase of frequency. The IC combination

behaves 1n this manner at frequencies below its naturasl re-

*
Referring to Filgure 10, Rx is the 1000 ohm resistor
in the cathode circult of the 6SJ7.

24Zworyk1n and Morton, op. cit., pp. 412-413.

294clachlen, op. cit.
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sonance. Such behavior 1s desirable because a larger value
of compensating inductance 1s needed at frequencies above
fo than at the lower fraquencies.26
Deslgn recommendations:
(a) Terman®7
Relative impedances at fo:
Ryt 1.2 Cg: 1.0 L: 0,54 Cgz: 1.5
(b) Hero1a®®
2nf CiRy = 1426 L = 0.38C4R;° Cz = 043C4
Herold claims that these conditions produce
a relative gain of 90 per cent at f, with a time
delay variation, At, of 0.008/f, up to that fre-
quencys
(¢) Bode2®
Values are given on a per unit basis (See
Appendix I). They were derived from filter
theory.
Ry, = 1.0, Cg/2 = 1,0, Cz = 1,335, L = 0,75
The next four networks (5, 6, 7 and 8) are described

®63arbacher and Fdson, op. cit., p. 481

27Freder1ck E. Terman, Radio Engineers' Handbook

(MeGraw-Hill, 1943), p. 418.
28

29

Hendrik W. Bode, Network Analysls and Feedback
Amplifier Design (D. Van Nostrand, I§Z§J, p. 212.

Herold, op. cit.
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by Bode+30 The method of obtaining actual element values
from the numbers given 1s explained in Appendix I. Filter
terminology 1s used to some extent. The application of
filter theory to interstage design wiil be outlined later
and reference to pertinent material in the literature will
be made at that time.

Network 5§ 1s illustrated in Figure 2(c).
Ry, = 1.0, C4/2 = 1.0, Cz = 1.0, L = 1.80 or 1.70

Network 6, Figure 3(a), 1s described by Bode as a
conventional filter network in which matching to the load
resistor, Ry, 1s accomplished by a single m-derived termi-
natione
Ry = 1.0, C¢/2 = 1,0, L = 1.60(1.50 by cut-and-try),
Ly = 1.067, Cgz = 0.600

Terman®l and JaffeS2 give essentlally the same values
for this network.¥

Network 7, Figure 3(b), 1s a filter configuration
which was designed by "cut-and-try methods." Two sets of

SOLoc. cit.
51Torman, Loc. cit.
%23asfe, op. cit.

*Ths network was first encountered in Terman's hand-
book and the diagram was redrawn, in modified form, from his
Figure 51(d)s. This explains why a single terminating capa-
citance, Cy, 1s shown rather than two of value Cy/2 each as
in the other diagrams in this groupe.
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values are glvene.

(a) Ry = 1.0, Cg/2 = 1.0, Iy = 2.000, L, = 0,600,
Cz = 1.800, C4 = 1.067

(b) Ry = 1.0, Cy/2 = 1.0, I; = 1.9314, L, = 0.600,
Cz = 14593, C4 = 0.8645

Network 8, Figure 3(c), 1s a filter network in which
matching to Ry 1s obtained with a double m-derived termina-
tione.
Ry, = 1.0, Cg/2 = 1.0, Iy = 1.732, L, = 0.4670,
Ly = 0,2089, L, = 043292, Cz = 1.022, C4 = 1.45
Two~-Terminal Interstage Networks Considered as FiltersSd

It has been pointed out that a two-terminal compen-
sated interstage network must exhibit a self-impedance of
constant magnitude and angle directly proportional to fre-
quency over the band to be amplified. It is possible to
approach such performance with speclally designed low-pass
filters. From another point of view, networks designed by
other methods to meet the requirements may be considered as
filters. The values of the circult constants will be essen=-
tially the same regardless of the point of view adopted in

executing the deslgn.

33Wheeler, op. clt.; Bode, op. ¢lt., Chapter XVII;
See Terman, op. clt., pp. 423-426 for a a good summary. The
diagrems of Figure 4 were redrawn from Terman's Figures
55 and 58(a). For a review of filter theory, consult
T. E. Shea, Transmission Networks and Wave Filters (D. Van
Nostrand, 1929), Chapter Vil.
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The basic two-terminal configuration used in compen-
sated interstages conslsts of a modified constant-k m sec-
tlon which 1s matched, on an image impedance baslis, by an
m-derived half section (m = 0.8), to a load consisting of
Rye+ Three of the networks which have been described are
redrawn as fllters in PFigure 4. It is seen that the terml=
nating half section is omitted in Network 1 and a constant-k
half section, rather than a full section, 1s used in Network
6.

The modification to the constant-k section consists
of shunting an auxlillary ecapaclitance, Cy, across the input
terminals, The'total shunting capaclitance across these
terminals will be the same as the full shunt capacitance of
a constant-k section if Cy is equal to Cy, the normal fil=-
ter input capacitance. Terman shows that 1f the filter were
perfectly matched to Ry, thls value of Cy would give an im-
pedance which 1s precisely constant to the cut-off frequency
of the filter and a fairly constant time delay. Compromise
values of Cy may be used to reduce the time delay variation.

It should be emphasized that capacitance 1s not ac-
tually added to the iInterstage, but that CM consists of a
portion of the capacitance, C., which 1s already present in
the eircult.

Four-Terminal Interstages

Network 9, Figure 5(a), is the simplest four-terminal
interstage, and the compensation which 1t provides 1s known
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as "serles peaking." The following analysis and numerical
results are teken from Seeley and Kimball.®%

Referring to Figure 5(a), & constant-current genera-
tor 1s indicated, 1ts output being Bmege The voltage, ej,
acrose Ry and Gp in parallel is given by

- EmgL
V1 + (2nfCpRp)<

|

This voltage 1s applled to L and cg In series and
the voltage drop across Cg tends to remain constant due to
resonance effects in the series IC circuilt,.

The design procedure given by Seeley snd Kimball
will now be presented. First, let Cg/'cp = m, The m used
here 1s not the parameter used in filter work. The capa-
cltances should be adjusted so that m= 2, but 1t is not
deslrable to add capacitance to the network for this pur-
pose since a loss of gain would result. The blocking con-
denser, C,, which has appreclable capaclitance to ground
(Figure 1), may be placed at either end of L to facilitate

the adjustment of m.

Iet
1
2WVIC..
P
34

Same as footnote 7.
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This 1s the resonant frequency of L and Cpe Choose L so
that £, = VBf,, where f_ 1s defined as before by

S
(o]
21R1C¢

This gives

L= 1
2(2nf,)2cp

With m = 2 and £, = £,/VZ, let

Ry = 2RNf. L = el
- o 2lenty)C,
Then
T = 1.5

RL-

2 (21u-°) (GP T Cg) 2l Oy

Should m = 1/2, the network 1s reversed, that is, Ry,
is connected across the output terminals or across the
smaller terminating capacitance. Thls condition does not
occur in the usual amplifier.

In general, the design equatlions, when f, = V2 fp
are:

RL = 1 E ]:,2 L _,_1_____
VER 2nf,C,, 2(2nf,)2C,
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It 1s stated by Seeley and Kimball that the following
design will result in gain and time delay which are essen-
tially constant out to the frequency fg:

- - e leB - 2
Cg/cp 2, Rj m' L 0.57CtRL

The Q of the coll should be greater than 20. They claim
that the gain 1s 50 per cent greaster in this circuit than
in a shunt peaking circult having the same Cy. The:time
delay is greater 1n a series peaking circult than in a shunt
peaking circuit, but this 1s of no consequence since it 1s
more constant over ths-band. The meximum departure from
constent time delay exhibited by the circult Just described
is given as At = 0.0113/'1‘o up to f, cycles.

Herold®® glves the following design equations for
this network:

2MfoCtRE = 1423, L = 0.56CtRp®, Cp = 0.20Cy, Cg = 0.80C%

He says that the time delay variation, At, is 0.008/f, and
that the gain 1s 90 per cent of Gy at the frequency f e
Network 10, Figure 5(b), is a combination of series

and shunt peaking. Seeley and Kimball®® pecommend the

following design:

55Hero1d, op. cit.

56Samﬁ as footnote 7.
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= 1.8 = “ = 2 B
Ry, m, Iq 0.120';3]; ’ I? 0.52C¢R1", Cg/cp 2

They clalm that, due to an increase of about 80 per cent in
the value of Ry, thls circult gives 80 per cent more gain
than Network 9 gives over the same band. The At figure
given 1s 0.015/f, up to f, cycles.

Herold®7 gives practically the same design equations,
the only difference being a very slight one in the capaci-
tance ratio. He recommends cp = 0.34C; and Cg = 0.66C;.
The performance claimed is 90 per cent relative gain at fo
and a time delay variation of 0.009/f,.

The next six networks (11, 12, 13, 14, 15 and 16)
were not found in the literature. They consist of modified
forms of Networks 9 and 10.

Network 11, Figure 5(c), is a modified form of Net-
work 9 in which two load resistors, each of value 2Ry, are
used, one at each end of the network. The total effective
load resistance 1s, therefore, still Ry,

Network 12, Figure 6(a), consists of Network 10 with

the same modificatlion which was made to Network 9 to form
Network 1l.

Networks 13, 14, 15 and 16 are nothing more than
Networks 9 and 10 with damping resistors added. The object
is to find a method of increasing the circult damping so

5Hero1d, op. cit.
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that large amounts of series peaking inductance could be
used without producing oscillations iIn these networks.

Network 13 consists of Network 9 with a damping re-

sistor, Rg, in serles with L.
Network 14 consists of Network 9 with 2 damping re-

sistor, R3, 1n parallel with L.
Network 15 consists of Network 10 with a damping re=-

slstor, Rg, in series with Lo.
Network 16 conslists of Network 10 with a damping re-

sistor, Ry, in parallel with Lo.
Network 17, Figure 6(b) 1s a combinatlion of Networks

4 and 9. Te.r-nnza.n"58 gives the following values for the rela-

tive impedances at f,:
Rp: 1eS Cp: 1e25 Cg: 1e0 L3z 0,675 ILp: 225

Cz: 1.875

He claims that the galn of this circult is 2.25 times as
great as that of a shunt compensated stage (Network 1) with
K= 1/2. It is also stated that the gain variation over
the band 1s 4 per cent and that the meximum time delay
error 1s 0.055/f,.

Bode®® and Jarred0 glve the same deslign values for

SBTerman,‘gp. cit., pe. 422.
39
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Bode, op. cit., p. 430.
Jaffe, 220 cit.
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this network. The former points out that, in this circuit,
a mid-shunt derived helf section is used to mateh the re-
sistance Rj.

Network 18, Figure 6(c), 1s presented by Terman4l
with the following relative impedances at f,:

Ry,s 15 Cp: 1.0 Cg: 1.0 Iy: 2425 Io: 1.8 Lz: 1.2
053 3633

Bode42 makes the same recommendations and describes the net-
work as a fllter structure in which the mid-shunt image im-
pedance presented by the input terminals of the driven tube
(grid to cathode) is matched to Ry by a mid-gseries derived
half section with m = 0,6,

Four-Terminal Interstage Networks Considered as Filtars45

Many of the remarks made in connection with two-ter-
minal filter interstages alsoc apply here. However, in the
four-terminal networks it is the filter transfer lmpedance
which must exhiblt the characteristics previously described.
The transafer impedance may be defined here as the ratio of
the signal voltage delivered to the second tube to the
plate current of the first tube.

413ame as footnote 5.

4230da, ope. cit., p. 429.

458ame references as footnote 33. The dlagrams of
Figures 7(b) and 7(c) were redrawn, with modifications,
from Terman's Figures 58(e) and 58(f).
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Modified constant-k sectlons, properly matched to Ry,
are used as in the two-terminal cases. Three of the net-
works previously described are redrawn as filters in Figure
7 to 11llustrate the applications of these principles.

Comparlson of Performances of Two-Terminal and Four-Terminal

Interstages

Wheeler44 concludes from filter considerations that
the ldeal four-terminal interstage gives a band of uniform
amplification which 1s twice as wide as that obtainable
with the ideal two-terminal interstage having the same total
shunting cepacitance. A theorem given in more recent work
by Bode4® may be interpreted to indicate that a figure of
72/4 for relative bandwidth is more plausible.

A four-terminal system gives much more phase shift
than a two-terminal system due to the interpolation of a
filter sectlion between the tubes in the rormer.46 This 1is
not usually objectionable in 1tself, the important thing
being that the phase shift be proportional to frequencye.

The ratio of the capacltances Cp and cg is an impor-
tant factor in the design of four-terminal interstages. 1In
most physical circults the ratio is approximately two, with
Gg the larger. Many network designs are based on a Cg to

44Whaeler, op. clt.

4sBoda, ope cit., p. 442

461114,, p. 428
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Cp ratio of preclsely two and physical adjustments are some-
times made to produce this condition. Terman?’ claims that
"when Cg = 2Cp, the four-terminal system has a possible am-
plification that 1s 3/2 times the theoretical possible gain
for a two-terminal network.,"

Terman also states that the most favorable ratio of
capacitances 1s unity (Cg = Cp), resulting in twice as much
gain from the four-terminal system as is obtainable with a
two-terminal network over the same band. Applying the prin-
ciple of conservation of bandwidth,48 this improvement in
performance 1s seen to be equivalent to the doubling of the
bandwidth which was previously mentioned.

- It should be pointed out that the conclusions which
have been stated here are all expressed in steady-state
terms.

It 1s to be anticipated that, in view of thelr supe-
rior bandwidths, four-terminal interstages will exhibit
faster rise-time characteristics than the two-terminal va-
rieties when passing sharp pulses. However, the sharp
cut=-off characteristics of four-terminal interstages may

lead to undesirable translent effects.

4'?T°I'mn, OPe. clt., p. 421.

Brnig principle amounts to the fact that the pro-
duct of voltage emplification (numerical ratio) and band-
width in cycles per second is a constant independent of
Ry. See Sarbacher and Edson, op. cit., p. 487,
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SQUARE WAVE TESTI NG

UWility of the Method

The val ue of square wave test signals in theoreti cal
consi derations has al ready been discussed and it was al so
poi nted out that such signals are very useful in |aboratory
testing*

Square wave testing is of practical inportance from
two points of view (a) It provides a direct neasure of the
ability of an anplifier to reproduce a sharp pul se; (b) the
results may be interpreted in terns of steady-state charac-
teristics.

If steady-state characteristics are of primary inte-
rest, as is often the case, it is possible to avoid the
tedious process of plotting response curves if one is skill-
ed in the art of square wave testing* Al so, since video
Interstage designs are usually based on steady-state criteria,
interpretation of square wave test results in these terns
furnishes a correlati on between actual perfornmance and the
desi gn predictions.

Interpretation of the Results

The information presented here, including Figure 8,

_ *Tre di agrans were redrawn, not reproduced from the
article. The captions are essentially direct quotes.



