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PREFACE

THis is the second volume of a textbook on television engineering
written primarily for the engineering staff of the British Broadcasting
Corporation and intended to provide a comprehensive survey of
modern television principles.

This volume describes the fundamental principles of video-
frequency amplifiers and examines the factors which limit their
performance at the extremes of the passband. A wide variety
of circuits is described and particular attention is paid to the use of
feedback. There is a section dealing with the special problems of
camera-head amplifiers.

Because of the nature of the subject, the text is necessarily more
mathematical than in Volume 1 but, whenever possible, self-con-
tained mathematical derivations have been included as appendices
at the ends of the chapters.

The text of the present volume was written by S. W. Amos,
B.Sc., AAM.LLE.E., of the Engineering Training Department, in
collaboration with D. C. Birkinshaw, M.B.E., M.A., M.LLE.E,,
Superintendent Engineer, Television, and is based on an internal
BBC manual written by the same authors in collaboration with
J. L. Bliss, A.M.LLE.E., of the Designs Department. This volume
was edited by L. F. Ostler, Assoc. I.E.E., of the Engineering Training
Department.
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PRINCIPAL SYMBOLS USED

(i) In general, gain of an amplifier
(ii) Internal gain of a feedback amplifier
External gain of a feedback amplifier

Angy Amgs Ay Gain of an amplifier at high, medium and low frequencies

respectively

Any’y Ams’s Ay’ External gain of a feedback amplifier at high, medium and

low frequencies respectively

Auee Maximum value of gain

C
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LR

Capacitance
Capacitance decoupling bias resistor
Anode-decoupling capacitance
Capacitance in feedback circuit
Grid-coupling capacitance
Input capacitance of a valve
Capacitance in cathode circuit
Output capacitance of a valve
Screen-grid decoupling capacitance
Total shunt capacitance at anode of a valve
Effective value of C, when feedback is applied
Delay
Passband of an amplitier
Change in screen-grid current per volt change in control-grid voltage
Change in screen-grid current per volt change in screen-grid voltage
Current
Anode current
Current due to shot etfect
Screen-grid current
Ratio of C; to C,
(i) In general, inductance
(ii) Number of lines per picture
Inductance values used in anode line of a distributed amplifier
Inductance values used in grid line of a distributed amplifier
Resistance
Anode load resistance
Resistance of R, and R, in parallel
Bias resistance
(i) Terminating resistance of nctwork or line
(ii) Resistance in parallel with C, in d.c.-coupled circuit
Anode-decoupling resistance
Resistance in feedback circuit
Grid resistance
Cathode resistance
Resistance of R, and r; in parallel
13
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PRINCIPAL SYMBOLS USED

Load resistance for camera tube

(i) Equivalent noise resistance of a valve

(i) Reduced value of anode load resistance in a multi-valve amplifier
to keep the bandwidth the same as that of a single stage

External resistance in screen-grid circuit of a valve
Resistance of R,, and r,, in parallel
Periodic time of an oscillation
Voltage

Anode-cathode voltage

Feedback voltage

Grid-cathode voltage

Input voltage

Noise voltage

Initial voltage

Output voltage

. Screen grid-cathode voltage

Voltage after a time 7

Impedance

Impedance in anode circuit of a valve

Impedance in feedback circuit

Impedance in cathode circuit of a valve

Load impedance

Input impedance of a network when the output is open-circuited
Input impedance of a network when the output is short-circuited
Impedance of the screen-grid circuit of a valve

Factor expressing the magnitude of the inductance in & shunt-
inductance amplifier

Factor expressing the magnitude of the inductance in a series-
inductance amplifier

Frequency

Cut-off frequency

Frequency at which the reactance of C, equals R,

Frequency at which the reactance of C; equals R;’

Turnover frequency, i.e. frequency at which the reactance of C,
equals R,

(i) In general, maximum frequency

(ii) Frequency at which the gain of a valve falls to unity

Resonance frequency of series and parallel LC circuits in phase
equaliser

Frequency at which the reactance of C,, equals R,,’

Mutual conductance of a valve, i.e. change in anode current per
volt change in grid voltage

Effective value of g,, when feedback is applied

Change in anode current per volt change in screen-grid voltage

Ratio of the two inductance values in phase equaliser

Number of stages in multi-valve video-frequency amplifier
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PRINCIPAL SYMBOLS USED

Factor equal to R,/R, or g, R .

Anode a.c. resistance of a valve

Internal cathode resistance of a valve (=1/g,,)

Screen-grid a.c. resistance of a valve

(i) Time in general

(ii) Risc time of a pulse

Normalised frequency in amplifiers, i.¢. variable directly proportional
to frequency (=f/f.)

Variable inversely proportional to frequency (=£,/f)

Normalised frequency in phase equalisers, i.e. variable directly
proportional to frequency (=f[f;)

Real part of feedback fraction

Fraction of output voltage fed back (= V;,/V,.,)

Imaginary part of feedback fraction

Amplitication factor of a valve

Phase shift

Angular frequency (-=2=f)

Angular frequency at which the reactance of C, equals R,

Angular frequency at which the reactance of C, equals R,

Angular turnover frequency, i.e. frequency at which the reactance
of C, equals R,

Angular resonance frequency of serics and parallel LC circuits in
phase equaliser

Angular frequency at which the reactance of C,, cquals R,,’

15



[World Radio Histor



PART I: FUNDAMENTAL PRINCIPLES OF
VIDEO-FREQUENCY AMPLIFICATION

CHAPTER 1
AMPLITUDE AND PHASE CHARACTERISTICS

1.1 INTRODUCTION

In Volume 1 the fundamental nature of the television waveform is
described and it is shown to contain a number of frequencies
which, in the British system, occupy the range from zero to 3 Mcs.
We shall now consider the problem of amplifying television signals
and will show that the amplifiers used for this purpose (termed
video-frequency amplifiers) must have a level amplitude-frequency
response over this band and, in addition, must have a phase-frequency
responsc which satisfies certain stringent requirements.

1.2 FREQUENCY RANGE OCCUPIED BY VIDEO SIGNAL

Although the frequency components of a picture signal occupy a
wide frequency band, thé spectrum is not continuous, the com-
ponents being spaced at intervals as shown in Fig. I, which represents
the spectrum of a stationary picture.

As indicated, there is a strong component at line frequency (taken
as 10 kcfs) and components at multiples of this frequency. There
is also a strong component at frame frequency (50 c/s) and com-
ponents at multiples of this frequency. If there are details which
are scanned in one frame but not in the next there is, in addition,
a component at the picture frequency (25 c/s). Finally there is a
zero-frequency component representing the average brightness of
the picture. The amplitudes of the various components depend on
the composition of the picture, and if there are a number of large
arcas of substantially uniform tonal value, the low-frequency har-
monics are pronounced but if there is a wealth of fine detail the
high-frequency harmonics are pronounced.

If the picture contains movement, the spectrum becomes more
complex due to the addition of further components. In effect,

B 17



TELEVISION ENGINEERING PRINCIPLES AND PRACTICE

some of the components corresponding to the stationary picture
develop systems of sidebands symmetrically disposed about the
frequency of thc component.

Although thcoretically the harmonics of the line and frame
frequencies extend to an infinite frequency, it is impossible to transmit
such a wide spectrum and no signals are transmitted above a certain

DC LINE 2 X LINE
COMPONENT FREQUENCY FREQUENCY
-
»
.- W . /
T ) W } 1
§ 307 X LINE
= 50cls FREQUENCY
£ /~INTERVALS
< \
/ 25c/s \ )
1 e / INTERVALS '\ -
dddl” - Thid n B v a4 j’ N
o) 10,125¢/s 20,250 cls
Frequency ———>

Fig. 1—Typical spectrum of the picture signal of a stationary scene

upper-frequency limit. In Volume 1 it was shown that a practical
upper limit for the video-frequency bandwidth of a television system
is given by the expression

a(L — Sy
Smax = 2(T, — S .. .. oD
in which @ = observed aspect ratio,
2 number of lines per picture,

S, = total number of lines per picture suppressed by the
frame-suppression periods,

T; = time of one line,

S; = line-suppression period.

The derivation of expression (1) is given on p. 25 of Volume 1. In
the British television system a@ = 4/3, L = 405, S, = 28, T; = 98-7
psec and S; = 18 usec, giving an upper frequency limit of 3-11 Mc/s.
This implics that the highest harmonic of the line frequency

18



AMPLITUDE AND PHASE CHARACTERISTICS

(10-125 kc/s) present in the video signal is the 307th corresponding
to a frequency of 3-108 Mc/s.

The video waveform contains sync signals in addition to picture
signals and these also occupy a certain frequency band. The
spectrum of the sync signals is similar to that of a picture signal; in
fact the waveform of the line-sync signal is such that if it were applied
to the input of a cathode-ray tube during the normal scanning period
it would produce on the screen a vertical black bar with sharply
defined edges. Similarly the waveform of the frame-sync signal is
such as to produce a horizontal black bar. It follows that the sync
signals also have frequency components which are multiples of the
frame and line frequencies and theoretically extend to an infinite
frequency. In practice the harmonics need only extend to a certain
upper frequency limit, the value of which can be assessed by con-
sidering the purpose of these signals. They are required to syn-
chronise pulse generators and for this purpose the most important
property of the sync signals is the time of rise of the leading edge
which should be short to ensure precise operation of the generators.

MAX
90°/°

Voltage

RISE TIM.C
1O%,
(o]

!
— M

Time
Fig. 2—Rise time of a pulse

The meaning of rise time is illustrated in Fig. 2; it is defined as
the time taken for the amplitude of a pulse to rise from 10 per cent
to 90 per cent of its final value and it is related to the frequency
range according to the expression.

I

S = 2 .. .. .. )
in which J = uppermost frequency
t = risc time of the pulse.

If the pulscs were truly rectangular, the rise time would be zero and
the frequency range occupied by the pulse spectrum would extend
to infinity. In practice rise times must be finite because of the
limited passband and in the line-sync pulses in the British television
system the rise time is 0-2 psec which, from (2), corresponds to a
frequency limit of 2-5 Mc/s.

19



TELEVISION ENGINEERING PRINCIPLES AND PRACTICE

Summarising the previous few paragraphs, we may say that an
amplifier to reproduce the picture signal without distortion must
have a satisfactory frequency response extending from zero frequency
to 3 Mc/s, approximately. Any amplifier with such a response is
also capable of amplifying sync signals without distortion.

1.3 RELATIONSHIP BETWEEN PHASE AND TIME

The phase response of a video-frequency amplifier is quite as
important as its frequency response because deficiencies in either
can cause distortion of the picture. In the circuits normally used
in amplifiers, attenuation and phase distortion usually occur together
but there are certain types of circuit in which phase distortion alone
occurs.

Any deficiencies in frequency response can be made good by the
use of compensating networks in the amplifier but these inevitably
introduce phasc distortion. The latter can be reduced by the
inclusion of some of the specialised networks mentioned above;
these, if properly designed, do not affect the frequency response but
give phase distortion offsetting that introduced by the amplifier;
such networks, known as phase equulisers, are extensively employed.

The concept of phase is important in television enginecring because
it is a method of stating time. It is essential, to avoid distortion,
that details should be displayed at the right places in a reproduced
picturc and this necessitates the arrival of the video signals repre-
senting details at the right time to enable the details to take up their
correct positions in each horizontal and vertical scan.

If a signal of frequency f is applied to an amplifier, the output
has the same frequency but is not, in general, in phase with the input.
This is because the signal takes a finite time, usually termed delay,
to pass through the amplifier. It is immaterial whether this pheno-
menon is expressed in terms of the phase lag of the output relative
to the input signal or as a time delay because these two quantities
are related by the following simple expression.

If the output signal lags on the input signal by ¢4°, the phase lag
is ¢4/360 of a cycle equivalent to

Pl e
where T is the time of one cycle. The periodic time T is given by
1/f, f being the frequency of the signal. Thus

_p_.te
delay = D = 360fsec

If the phase shift is ¢, radians, the delay is ¢, 27 of a cycle equiva-
lent to
20



AMPLITUDE AND PHASE CHARACTERISTICS

T
Y, S€C
Substituting T = 1/f we have
—p= %
delay = D = 2af
— ¢"sec
w

Combining thesc two expressions for delay

b _ da .
D—w— 3607 .. .. .. 3)
in which D = delay in seconds,

¢ér = phase lag in radians,

¢éa = phase lag in degrees,

w = angular frequency in radians per sccond,
and f = frequency in cycles per second.

For a single-frequency signal the delay is of no particular signi-
ficance but video signals have a large number of harmonics all of
which should take the same time to pass through the amplifier,
i.e., delay should be independent of frequency. From (3) this
requires that the phase lag in the amplifier should be proportional
to frequency.

Any departure from strict proportionality between phase angle
and frequency implies a variation of delay with frequency and causes
distortion known as plase distortion or delay distortion. Delay in
itself does not imply distortion.

Summarising, to avoid distortion a video-frequency amplifier
should have a level frequency response and phase shift proportional
to frequency over the entire video band.

In general, when the scanning agent in a television system moves
along a scanning line it encounters a number of picture details
each with its particular value of brightness. The picture signal
generated as a result of this scan has a number of different levels
corresponding to the tonal values of the elements as shown in Fig. 3.

If two neighbouring elements have markedly different brightnesses,
corresponding to a sharp vertical edge in the picture, the video signal

* In this expression the phase lag ¢ must be positive to give a positive
delay because f is necessarily a positive quantity. 1t is unfortunate that this
does not agree with the convention usually adopted in vector diagrams.
In such diagrams vectors are assumed to rotate in an anticlockwise direction
and lagging phase angles have a negative sign.  This sign should be ignored
in calculations of delay.

21
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contains a large and sudden change of level as shown in Fig. 4.
Such a step signal is a transient and its frequency components
extend over the whole frequency band from zero to infinity. For
this reason such a signal is useful for test purposes, any short-comings
in the frequency or the phase response of an amplifier causing dis-

HE B

o ‘ L

' '
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|
!
—- -~

White level ) -
1
T
)
| 1 .
| ‘ : !
L4 —
o | | _]
o
2 \
g |
|
Black level -L S — L
Distance
Fig. 3—Part of a line of a television picture and the corresponding
video signal

tortion of the signal. In general, deficiencies in the response at
frequencies well above the line frequency (say above approximately
100 kc/s) cause distortion of the vertical edge of the waveform whereas
deficiencies at frequencies well below the line frequency (say about
the frame frequency) cause distortion of the horizontal sections of

VOLTAGE STEP

\____

Voltage

Time
Fig. 4 —An infinitely-steep transient

the waveform before and after the transition (see Fig. 5). Atten-
uation and phase distortion will now be considered in more detail.

1.4 ATTENUATION AND PHASE DISTORTION AT HIGH FREQUENCIES

If a transient such as that shown in Fig. 4 is applied to an amplifier
having a level frequency response and zero phase shift over an
infinite frequency band, there is no delay and the output transient

22



AMPLITUDE AND PHASE CHARACTERISTICS

is a perfect copy of the input, occurring coincidentally with it as
shown in Fig. 6.

If the amplifier has a perfect frequency response and phase shift
is proportional to frequency over an infinite bandwidth, the step

l

THESE PARTS AFFECTED BY LOW-—
FREQUENCY DISTORTION
o THESE PARTS
o AFFECTED BY
o HIGH - FREQUENCY
= DISTORTION
>
T T T Time T - N
Fig. 5—Portions of a step waveform affected by attenuation and
phase distortion at high and low frequencies
INPUT STEP
> b
g .
3
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B {
QUTPUT STEP QUTPUT
STEP
& \ B2
b o INPUT STEP
o = |
> 2
b1
a Al
A —lL |
. Time | ]
Time prt——— DELAY —————y

(Left) Fig. 6—Voltage step as reproduced by an amplifier with
a level frequency response and zero phase shift over an infinite
frequency range. (Right) Fig. 7—Voltage step as reproduced
by an amplifier with a level frequency response and phase shift
proportional to frequency over an infinite frequency range

waveform is reproduced as shown in Fig. 7; there is no distortion
but the output is delayed by a time D after the input, D being related

to the phase shift according to equation (3).
Figs. 6 and 7 both represent the performance of amplifiers with
responscs extending to an infinite frequency. This is an unattainable
23
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ideal and in practical amplifiers attempts are made to securc a level
frequency response and phase shift proportional to frequency up to
the limit of the video band.

1.4.1 Rise Time

Fig. 8 illustrates the effect of passing the step wave of Fig. 4
through an amplifier with such a limited passband; it is assumed
that the frequency response is perfect and that phase shift is strictly
proportional to frequency over this band. The output pulse is
delayed by an interval D, related to the phase shift as indicated in
expression (3), and has a finite rise time (r), dependent upon the
passband as indicated in expression (2).

If the passband of the amplifier includes the whole of the video-
frequency band, the finite rise time of the output waveform will not

l
|
|
OUTPUT :
STEP (

o
o I
0| INPUT STEP | 1
p 1 1
s Pt
10°% l |
i ]

Time i !

| * 3 1

Fig. 8—A voltage step as reproduced by an amplifier with a level
frequency response and phase shift proportional to frequency
over a limited frequency range

obviously degrade the quality of reproduced pictures. Sometimes,
however, the passband of the amplifier is not adequate and at the
upper end of the video-frequency range the response falls off and
proportionality between phase shift and frequency is no longer
maintained. As a result picture components above, say 2 Mc/s,
may be delayed with respect to those around 100 kc/s. A step wave
reproduced by such an amplifier has an appearance similar to that
shown in Fig. 8. Because of the restricted passband the rise time
is now long enough to have an appreciable effect on picture quality.
This is illustrated in Fig. 9 which should be compared with Fig. 10
which shows a substantially undistorted reproduction of the same
test card. In Fig. 9 there is a loss of fine detail and a lack of sharp-
ness of vertical cdges, the overall effect being that of a blurred
picture.
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TELEVISION ENGINEERING PRINCIPLES AND PRACTICE

1.4.4 Ringing

If the correction circuits included in an amplifier to extend the
frequency response give a sharp cut-off at the upper-frequency limit
of the passband, the effect shown in Fig. 15, known as ringing, may

UNDERSHOOT OF
TRAILING EDGE

UNDERSHOOT
OF LEADING

EDGE z

Voltage

Time

Fig. 14—Waveform of a pulse with undershoot of the leading and
trailing edges

be produced. This may be regarded as an extreme form of over-
shoot in which the transient overswing persists as a damped oscilla-
tion. Alternatively overshoot may be regarded as ringing in which
the oscillation is critically damped.

The effect of ringing on a picture is illustrated in Fig. 16. Vertical
edges are reproduced with vertical black and white bars to the right,
the bars becoming fainter as their distance from the edge increases.

OVERSHOOT \\}_ _

3=

TPUT
Ul DAMPED
\ OSCILLATION
INPUT STEP

Voltage

Time
Fig. 15—Input and output waveforms for an amplifier giving
transient oscillations after transition

The effect of ringing on a reproduced image can be made negligible
if the frequency of the transient oscillations is made so high and
their amplitude so small that they cannot be properly reproduced
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1.4.2 Overshoot

The performance of the amplifier can be improved by including
in it certain circuits, described later, which have the effect of levelling
the frequency response at the upper end of the video band. Although
these have the beneficial effect of decreasing the rise time, thus
improving definition, the consequent disturbance of the phase
relationships frequently causes the phenomenon of overshoot
illustrated in Fig. 11. This is an effect which can be compared
with that of inertia in mechanical systems and causes the voltage,
after executing the transient, to exceed momentarily the final
steady value.

The effect of overshoot on a reproduced picture is illustrated in
Fig. 12.  Although the definition is better than that in Fig. 9, the

OVERSHOOT OF LEADING EDGE

OVERSHOOT OF
TRAILING EDGE

Voltage

Time

Fig. 13—Wavcform of a pulse with overshoot of the leading and
trailing edges

picture is marred by white borders on the right-hand side of black
vertical lines and black borders following white lines.

Overshoot may be defined as a momentary exaggeration of the
amplitude of a step signal in which the exaggeration is in the same
direction as the step. When it occurs on the leading and trailing
cdges of a pulse, the reproduced signal has the form shown in Fig. 13.

1.4.3 Undershoot

Sometimes inthe reproductionof a stepsignal, there is a momentary
cxaggeration of the amplitude in which the increase in amplitude is
" in the opposite dircection to the step and occurs before it. This is
known as wundershoot and is illustrated in Fig. 14 which shows
undershoot of the leading and trailing edges of a pulse.
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Fig. 11—Step voltage as reproduced by an amplifier with overshoot
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Image of test card C as reproduced by a video-frequency
amplifier giving overshoot at high frequencies



(Above) Fig. 9 An image of test card C as reproduced by a video-frequeney amplifier with
phase lag and amplitude loss at high frequencies.  (Below) Fig. 10 -An image of test card C
as reproduced by a video-fregqueney amplitier which is reasonably free from distortion




Amplifier input & output voltage

16

An image of test card C as |ep|0duu,d by a video-
frequency amplifier in which there is ™ ringing ©

INPUT OUTPUT VOLTAGE
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I AMPLIFIER | AMPLIFIER

Fig.

DELAY OF
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T“AMPLIFIER

~«DELAY OF EQUALISED AMPLIFIER—s{

Time

Effect of phase equalisation on the response of amplifier
to a voltage step input



(Above) Fig. 18 An image of test card C us reproduced by a video-frequency amplifier giving
short-term streaking.  (Below) Fig. 19 Image of test card C as reproduced by a video-frequency
amplitier giving long-term streaking
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because of the aperture distortion of the scanning beam; the initial
overshoot may even improve reproduction by exaggerating the
contrast of the step signal.

The phase disturbance caused by a correcting circuit in an amplifier
may be reduced by use of a phase equaliser and Fig. 17 illustrates
the effect of such an equaliser. The overall delay of the amplifier
is increased but the amphtude of the transient oscillations after the
transition, and the rise time, are both reduced. The equaliser also
has the effect of introducing transient oscillations before the
transition.

1.5 ATTENUATION AND PHASE DISTORTION AT MIDDLE FREQUENCIES

1.5.1 Streaking

Attenuation and phase distortion can also occur at much lower
frequencies, e.g. of the order of the line frequency. Signals at such
frequencies have an appreciable variation in value during the line
period and the effect of distortion is to cause irregularities in back-
ground tone along the scanning lines. Such distortion causes
incorrect illumination of elements immediately following details in
the scene. Fig. 18 illustrates the effect of overshoot at such fre-
quencies; every important black area is followed by a white streak
and every white area by a black streak. In Fig. 18 the streaks are
of relatively short duration, lasting for a fraction of a line length,
but it is possible for the streaks to last longer than this. They may
cqual or cxceed the line length, giving streaks right across the picture,
as shown in Fig. 19.

The streaksillustrated in Figs. 18 and 19 were produced by attenua-
tion and phase distortion in an amplifier but similar effects can be
produced by other causes. Streaks can be obtained, for example,
from overloading of amplifiers and as a result of the afterglow in a
flying-spot scanner.

1.6 ATTENUATION AND PHASE DISTORTION AT LOW FREQUENCIES

Attenuation and phase distortion commonly occur at frame
frequency or below, picture components being advanced or retarded
in phase with respect to signals at say 100 kcfs. The line period
represents such a small fraction of a cycle at such low frequencies
that there is practically no change in tonal value during a period.
Low-frequency components thus have little effect on picture defini-
tion and can only affect the tonal value of the picture over athme 1.
of several lines. In other words these components control the back-
ground tone of the picture and when distorted they cause irregularities
of shading from the top to the bottom of the picture.
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Since low-frequency components are not concerned with details
of the picture, the type of distortion caused by low-frequency
deficiencies in an amplifier can most easily be appreciated by con-
sidering the reproduction of a scenc without detail, for example a
uniform white area. The video-frequency signal generated by
scanning such a scene has a uniform level which is interrupted by the
sync signals as shown in Fig. 20 (a). This illustrates a sample of
the signal taken over a period of a few lines.

1.6.1 Sag

If the amplifier has a falling frequency response and a leading
phase angle at low frequencies (as frequently occurs) such a video
signal is reproduced as shown in Fig. 20 (b). Although the signal
level does not change appreciably during the period of any particular
line, there is a gradual drift towards black over the duration of a

0y
1 I

b
]
]

h
| 1
i H LINE SYNC SIGNALS
1 ]

--WHITE LEVEL

~—---BLACK LEVEL
- -SYNC LEVEL

- ~TRUE WHITE LEVEL

S
S

Fig. 20—Video signal corresponding to a uniform white scene

over several line periods (a) undistorted and (b) after distortion

in an amplifier with amplitude loss and a leading phase angle at
low frequencies

I (b)
1 LINE PERIOD I=—

——

number of lines. The precise form of the distorted waveform is
perhaps better illustrated in Fig. 21. The wave shown at (a) is that
corresponding to a uniform white scene over a period of several
frames; line-sync signals are omitted for sake of clarity and the
frame-sync signals and frame-suppression periods are shown in
diagrammatic form only. After distortion by the amplifier the
wave has the form shown at (b).

It is assumed that the high-frequency response of the amplifier is
perfect and thus the vertical edges of the wave arc perfectly repro-
duced. There is a sag in those parts of the wave which should be
horizontal, these curves being, in fact, exponential. The picture
corresponding to the waveform of Fig. 21 (b) is white at the top but
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(Above) Fig. 21— Video signal corresponding to a uniform white scene over

several frame periods (a) undistorted and (b) after distortion in an amplifier
with amplitude loss and a leading phase angle at low frequencies

(Below) Fig. 22-—Image of test card C as reproduced by a video-frequency
amplifier with distortion at frame frequency
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gradually shades to grey at the bottom. Although this effect has
been described in respect of a uniform white scene, it occurs no
matter what the nature of the scene and the variation in background
shading is superimposed on any details the picture contains. This
is illustrated in Fig. 22.

1.7 SIGNAL INVERSION

When a signal is applied to the grid of an amplifying valve with a
resistive load, the signal generated at the anode is inverted with
respect to the input signal as shown in Fig. 23. This process has

(a)

A symmetrical
wave

(b)
Wave (a) phase- — -
shifted by {80°

(<)
Wave (a) phase-~
inverted

Time —
Fig. 23—A sine wave is shown at (a), the effect of phase-shifting
it by 180° at (b), and inverting it at (c)

been described as phase-shifting the signal by 180°. This expression
arose because, in the particular case of a sine wave, the processes of
inversion and phase-shifting by 180° yield waveforms of the same
shape, as illustrated in Fig. 23. The valve does not, in fact, introduce
any phase shift; it cannot do so because, in an ideal valve, there is
no inductance or capacitance to cause such phase shift. Moreover
the action of a valve, at the frequencies with which we are concerned,
may be considered as instantaneous; the output is not delayed to

an extent equivalent to 180° phase shift.
These points are also illustrated in the waveforms of Fig. 24.
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The wave shown at (a) is unsymmetrical and is of the general form
of a video signal. At (b) is shown the effect of putting wave (a)
through a device having phase shift proportional to frequency (to
avoid distortion), the phase shift at the fundamental frequency of
the wave being 180°.  Wave (c) shows the output of a valve amplifier
when input (a) is applied to the grid. The difference between (b)
and (c) confirms the point made above that the valve cannot be
regarded as a source of phase shift; its effect is simply to invert the
wave without introducing time delay.

(o)
An unsymmetrical
wave

()
wave (a) phase-
shifted by 180°

(<)
Wave (a) phase—
inverted

Time —

Fig. 24—An unsymmetrical wave is shown at (a), the effect of phase-
shifting the fundamental component by 180° at (b), and of
inverting it at (c)

The effect of adding a second valve amplifier is, of course, to
restore the signal to its original (upright) form and, in general, we
can say that the output signal of an amplifier with n amplifying
stages of the conventional earthed-cathode type is inverted when »
is odd and upright when » is cven.

1.8 GrouP DELAY

To avoid distortion in a video-frequency amplifier, the phase shift
must be proportional to frequency, this being the condition for
constant delay at all frequencies, as described in 1.3. 1f the
relationship between phase shift and frequency for such an amplifier
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is displayed graphically, it has the form of a straight line passing
through the origin (Fig. 25). A feature of such a straight line is that
its slope is constant at all points, being related to the delay thus

tana:‘i_—-D .. .. .. 4)

Phase
shift,

Angular frequency, w
Fig. 25--Phase-frequency characteristic of an ideal amplifier

The phase-frequency curve for a real amplifier may take the form
shown in Fig. 26. This is approximately linear for frequencies up
to a certain value, indicating nearly constant delay and low distortion
at such frequencies. Towards the upper end of the passband, how-
ever, the curve falls short of the ideal (shown dotted). A curve of
this shape is typical of an amplifier having undesirably long rise
times (Fig. 2) in its step response.
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shift, ;
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[e] wy

Angular frequency, w

Fig. 26-—One possible form for the phase-frequency characteristic
of a practical amplifier

The delay of the amplifier is still given by expression (4), in which
a is the slope of the chord from the origin to the curve at the point
which corresponds to the frequency in question (not the slope of the
curve itself). For example, the delay at the angular frequency w,
in Fig. 26 is given by tan a, where «, is the slope of the chord OP.
At high frequencies the slope of this chord is less than that of the
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ideal straight line OA indicating that the delay is less at these than
at lower frequencies, this implying distortion.

Another form the phase-frequency curve may take is that shown
in Fig. 27; this is approximately linear up to a certain frequency
but then departs from linearity, the curvature being of opposite

Phase
shift,

o

Angular frequency, w

Fig. 27—Another form of a practical phase-frequency curve

sign to that of Fig. 26. A curve of this shape usually implies that
the amplifier has overshoot (Fig. 11) in its step response. The
delay at a high angular frequency w, is given by tan a, where a, is
the slope of the chord OP and this is greater than the delay at lower
frequencics, implying the presence of distortion.

[

Phase shitt,

//
P - 5
fﬁ)ﬁm

Angular frequency, w

Fig. 28— Phase-frequency relationship of a type giving scrious
distortion but little variation in delay over the passband

If the amplifier introduces delay which varies over the passband,
itinevitably distorts the waveform of complex signals passing through
it. The variations in delay are not, however, a very sensitive indica-
tion of the seriousness of the distortion. For example, Fig. 28
shows a phase-frequency relationship which departs from strict
proportionality quite markedly between the angular frequencies
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w, and w,. An amplifier with such a characteristic would givc
serious distortion even though the departure from linearity is
confined to a small frequency range. There is, however, very little
difference between the slopes a, and a, of the two chords which
measure the time delay at the two frequencies. Even a small change
in delay may indicate considerable distortion.

A more sensitive indication of the seriousness of any phase
distortion is given by the slope of the curve itself, usually measured
by the slope of the tangent to the curve at the point representing the
frequency in question. In general, for a given non-linear curve,
the slope of the tangent shows greater variations than thc slope of
the chord, particularly when the observations are taken over a re-
stricted frequency range. In confirmation of this point, the slope
of the chord in Fig. 28 varies from 1-2 at w, to 10 at w,, a change
of I partin 5. The slope of the tangent is 1-2 at w, and —0-35
at w,, a much greater change.

Group
delay,

dw IDEAL RESPONSE

Angular frequency, w

Fig. 29—Group-delay-frequency characteristic of an amplificr
tending to give overshoot in its step response

The slope of the tangent is the envelope delay or group delay
and is given by dé/dw. This should be compared with the delay D
(known as the absolute delay or total delay) which, as already shown,
is given by ¢/w. Group delay is so-called because it represents the
delay of a small group of frequencies relative to that of frequencics
immediately below the group.

For an ideal amplifier, group delay is constant, i.e. independent of
frequency, as shown in the dotted lines in Figs. 29 and 30, the
numerical value of the group delay being of no particular significance.
If, however, the amplifier is imperfect, group delay departs from a
constant value and the shape of the group-delay-frequency curve
indicates the type of distortion introduced by the amplifier.

For example, if the group delay varies with frequency as in Fig. 29,
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this indicates that the slope of the phase-frequency curve increases
with frequency; the phase-frequency curve has the form shown in
Fig. 27, which is that of an amplifier tending to produce overshoot
in its response to a step input. If, on the other hand, the group
delay-frequency curve has the form shown in Fig. 30, this indicates
that the slope of the phase-frequency curve decreases with frequency.

Group IDEAL RESPONSE

Angular frequency, w

Fig. 30--.-Group-delay-frequency characteristic for an amplifier
tending to give appreciable rise times in its step response

The shape of the corresponding phase-frequency curve is as shown
in Fig. 26, which is that of an amplifier giving a slow build-up,
i.e. appreciable rise time in its step response.

It is not impossible for a phase-frequency curve to have a region
of negative slope; a characteristic with such a region is shown in
Fig. 31. For such a curve the group delay has a negative valuc

REGION OF NEGATIVE SLOPE

Phase
shift,

Angular frequency, w

Fig. 31-—A phase-frequency characteristic with a region of negative slope

over a limited frequency range. This does not imply that there is
an absolute phase advance or that the output occurs before the
input but that the delay for the band of frequencies for which
d/dw is negative is less than for the frequencies immediately below.
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Measurements of phase response are not usually made at fre-
quencies below a certain middle frequency such as 100 kc/s because
the performance of an amplifier at such low frequencies is more
casily assessed in other ways (e.g. by stating the sag in a reproduced
square-wave testing signal). For this reason the phase-frequency
characteristics in Figs. 26 to 31 are shown dotted over the low-
frequency range.

Summarising the previous few pages, we may say that the con-
ditions for distortionless video-frequency amplification are that the
amplitude-frequency and the group delay-frequency curves should
both be level over the video-frequency range.

In general, video-frequency amplifiers consist of two or more
valves coupled by circuits containing inductance, capacitance and
resistance. Some of these components control the frequency and
phasc response of the amplifier at the high-frequency end of the
band whilst others control the low-frequency response. These two
groups of components function to a large extent independently
and it is possible to describe them separately. In Chapters 2-9 the
various circuit techniques used to obtain the desired high-frequency
response are described; those used to give the required low-frequency
performance are considered in Chapters 10-14. An amplifying
stage can incorporate any one of the high-frequency circuits together
with any one of the low-frequency circuits, making possible a large
number of different arrangements for each of the stages of a video-
frequency amplifier.

APPENDIX A
Test CARD C

The BBC test card C (Fig. 10) has been designed to give an
indication of the performance of a television chain and includes
the following patterns each intended to assess a particular charac-
teristic of the system. Although the card serves as a good check on
the performance of video-frequency amplifiers in the chain, many of
the patterns are of course intended to test other aspects of the
system.

1. Aspect Ratio. The concentric black and white circles surround-
ing the five-frequency gratings appear circular when the
width and height of the picture are adjusted to give the standard
aspect ratio of 4 : 3.
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Resolution and Bandwidth. Within the circles there are two
groups of frequency gratings each consisting of five gratings
with vertical black and white stripes corresponding to funda-
mental frequencies of 1-0, 1-5, 2-0, 2-5 and 3-0 Mc/s. In the
left-hand group the 1-0 Mc/s grating is at the top, the fre-
quency increasing towards the bottom and in the right-hand
group the order is reversed.

Contrast. At the centre of the card is a 5-step contrast wedge
of which the top square is white and the lowest black. The
three intermediate squares should be reproduced as pale,
medium and dark grey.

Scanning Linearity. The background of the card is a middle
grey and has a network of white lines. The areas enclosed
between the lines should be reproduced as equal squares.

Separation of Picture and Sync Signals. The border of the
test card consists of alternate black and white rectangles. If
the reproducing equipment does not separate picture and
sync signals properly, this chequer board will show up the
defect.

Low-frequency Response. At the top centre of the card is a
black rectangle within a white rectangle; in a perfect system
this is reproduced as a rectangle of uniform black on a clean
background. Any streaking in the system will show up
against this white ground.

Reflections. Reflections may occur in propagation or in the
receiving installation and are indicated by two single vertical
bars, one white on a black ground and the other black on a
white ground which should be reproduced without images on
the right-hand sides. These bars also show up overshoot or
undershoot.

Uniformity of Focus. In the corners of the card are scts of
diagonally-disposed black and white stripes corresponding to
a frequency of approximately 1 Mc/s. All four sets should
be uniformly resolved.



PARTII: VIDEO-FREQUENCY AMPLIFICATION:
HIGH-FREQUENCY CONSIDERATIONS

CHAPTER 2

SIMPLE RC-COUPLED CIRCUIT

2.1 INTRODUCTION

THE simplest type of amplifier which can be used for video
amplification is the simple RC-coupled amplifier, the circuit of
which is given in Fig. 32. This diagram illustrates the principal
components required in such an amplifier but does not indicate all
the components that exist in the circuit and which can affect the
high-frequency performance. For example, Fig. 32 does not show
the capacitance between the anode of the valve and h.t. negative:

OHT+

|
I
| |
INPUT Rg l] Rg  ouTPUT
]
C

|
: !
! Br-

Fig. 32—Fundamental circuit of RC-coupled amplifier

this capacitance is important becausc it is effectively in parallel
with the anode-load resistor R, and controls the frequency and phase
response of the amplifier at high frequencies.

2.2 SOURCES OF SHUNT CAPACITANCE

The total capacitance C; in parallel with R, has a number of
sources but the principal ones are indicated by the dotted lines in
Fig. 33 (in which the valves may be pentodes). These are:

(a) The output capacitance C, of valve V1. This is composed
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of the anode-cathode, anode-suppressor grid and anode-earth
capacitances of the valve but the valve-holder and associated
wiring also make a contribution.

(b) The input capacitance C; of valve V2. For a pentode of the
type commonly used in video amplifiers this is chiefly the
grid-cathode capacitance c¢gx and control grid-screen grid
capacitance ¢g,g, of the valve. For a triode valve, however, the
input capacitance can be many times the physical grid-cathode
capacitance because of feedback, known as Miller effect, from
the anode circuit to the grid circuit via the anode-grid capacit-
ance ¢y,. For a pentode cqg is commonly 1/1,000th of that
for a triode and Miller effect need not usually be taken into
account in video amplifiers employing pentodes.

———¢———oHT +

Fig. 33—Chief sources of capacitance shunting the anode resistor
of an RC-coupled amplifier

(c) The capacitance C of the coupling capacitor C, to h.t.
negative. C, is commonly 0-1 uF but is sometimes as large
as 1 uF. Such capacitors must generally be rated to stand
350 volts and are large enough physically to have a capacitance
of several picofarads to h.t. negative.

The total shunt capacitance C, can therefore be expressed as the

sum of the above sources thus:

Ce=Co+C;: +C .. .. .. (5)

2.3 EFrecTt OF SHUNT CAPACITANCE ON FREQUENCY RESPONSE

Fig. 34 shows the complete circuit of a stage of RC-coupled
amplitication which employs a pentode valve. At middle frequencies
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such as 100 kc/s the reactance of the anode-decoupling capacitor Cy
(which is in series with Rg) is negligible compared with R,. More-
over, the reactance of C;, which is in parallel with Rq, is very large
compared with R,. Thus R, is the effective anode load and the
gain is approximately g, Re. As frequency is increased the reactance
of Cy falls and becomes comparable with R,. reducing the effective
value of anode load and the gain. At still higher frequencies the
reactance of C, becomes small compared with R4, and 1/wC,
becomes the effective load. Since the load is now inversely pro-
portional to frequency, the gain is also inversely proportional to
frequency and the frequency-response curve at high frequencies
falls at the rate of 6 db per octave. The ideal frequency response
is, of course, a level one and the effect of shunt capacitance is

~aHT+
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<
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b OHT—

Fig. 34—RC-coupled amplifier with all decoupling components

undesirable. The circuits described subsequently are for the most
part designed to offset the shunting effect of C; and thus to extend
the high-frequency response.

2.4 EFFeECT OF SHUNT CAPACITANCE ON PHASE RESPONSE

The way in which the shunt capacitance affects the phase response
is best illustrated by vector diagrams. At middle frequencies, where
Cs and C: both have negligible effects, the load is predominantly
resistive and the phase relationship between grid potential, anode
current and anode potential is as illustrated in Fig. 35. The
alternating component of the anode current I, is in phase with the
grid-cathode voltage Vyi; the alternating anode potential Ve is in
antiphase to the anode current and the grid voltage.
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At high frequencies the reactance of C; is comparable with R,
and the load is appreciably capacitive. The voltage generated
across such a parallel RC network lags on the current passing
through it and thus the output voltage of the RC-coupled amplifier
at high frequencies lags relative to its phase for a resistive load.
The vector diagram now has the form shown in Fig. 36. The
dotted line represents the phase of the output voltage for a resistive
load and Vg indicates the phase for a capacitive load. The angle
of lag is ¢ which varies from zero at middle frequencies to a maxi-
mum of 90° at very high frequencies.

If ¢ is proportional to frequency, this variation of phase angle
is not important because it indicates delay, but not distortion, of

DIRECTION OF
VECTOR ROTATION

t N
\

Vak'
ok I

Vak
—— —o—

Fig. 35—Vector diagram illustrating the phase relationships in
an RC-coupled amplifying stage at middle frequencies

OUTPUT WHEN DIRECTION OF
CAPACITANCE  VECTOR ROTATION
PRESENT pmmeff
Vﬂk\\“‘\i “
.
- - — e
[
OUTPUT WHEN
CAPACITANCE
ABSENT

Vgk la

Fig. 36— Vector diagram illustrating the phase relationships in an
RC-coupled amplifying stage at high frequencies

the signal. If, however, the relationship departs from proportion-
ality, distortion is inevitable. The initial part of the ¢-f curve for
a simple RC-coupled amplifier is, in fact, a good approximation
to the ideal straight line as shown in the following description.

2.5 GAIN

If the valve in Fig. 34 is replaced by its equivalent generator, the
circuit has the form shown in Fig. 37(a) at high frequencies. The
effective anode load is composed of R, and (; in parallel and is
given by
- /R(l/‘,('t
24 . .
“ Ra +_/Xcl
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where X, is the reactance of Cy. Replacing Xe by —1/wC; and
rearranging we have

- Ra
24 = | 4 jwCiRe ©)
From Fig. 37(a) we have
Vg
1= Pk . a
ra + Za o

in which p and r, are, respectively, the amplification factor and
anodec a.c. resistance of the valve, and / is the alternating component
of the anode current. Fig. 37(a) also shows that the output voltage
Voue is given by

Vour = 1Z¢ .. .. .. (8)

Fig. 37—The equivalent circuit of an RC-coupled stage with the
valve regarded (a) as a constant-voltage generator and (b) as a
constant-current generator

Combining (7) and (8) to obtain the gain A4 of the valve, we have

l/out l‘«Za

A .
Vyk ra + Za

9)

At low frequencies the shunting effect of the reactance of C; is
negligible and expression (9) becomes

Vout . 1Rq (10)
ng Ia + Ra

Since u, Ry and r, are all essentially positive quantities, ¥oue/Vyx
must also be positive. This implies that Vo, and Vi are in phase
whereas in fact they are in antiphase. A minus sign is generally
introduced into expressions such as (9) to indicate the phase
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relationship between Veue and Vyi. The expression we shall use
is thus
. Vout
Vor
IJ-Zn
= = o .. .o (1
e + Zu (b
In video-frequency amplifiers the impedance Z, of the anode load
is usually small compared with the anode a.c. resistance of the
valve and cxpression (11) may be rewritten

A=~ -t z

Ta

= —nga oo .. o o (12)

where gy, is the mutual conductance of the valve. Substituting for
Zq from (6) we have

Vout
A =
Vi
_ gnRa
= | CeRe R (& §'

Because Z, is small compared with ry, the valve can be represented
as a constant-current generator as in Fig. 37(b). Expression (12)
follows directly from consideration of this equivalent circuit.
Expression (13) may be rewritten

Vo ut

A =
Vak

gmRa
= — . .. . . 14
|+ jofosy $he
in which w, = 1/R.C, i.¢. w, is the angular frequency at which the
reactance of Cy equals Rq.

2.6 FREQUENCY RESPONSE

Expression (14) gives the gain of the amplifier at any frequency.
In order to assess the shunting cffect of C, we shall compare the
gain at frequencies for which C, has an effect with the gain at low
frequencies when the effect of (i is negligible. The effect of C;
is usually negligible at frequencies below approximately 100 kc/s
and we shall take this medium frequency as a reference frequency.
The gain at medium frequencies A, is cqual to the gain at low
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frequencies and can be obtained by putting w equal to zero in
expression (14); this gives
Amf = —gynRa . oo 0o (15)

Expression (14) gives the gain at high frequencies (4zs) and com-
bining this with expression (15) we have

Any _ 1
Amy 1 4+ jx
in which x = wjw, and is directly proportional to frequency. In

(16) Ans/Amys is a complex quantity, the numerical value of which
is given by

(16)

Ay
Amg (L +x?)

Thus the frequency response of the amplifier may be calculated from
the expression

a7

A),f
Amy
=20 log,o 1/4/(1 + x?)
= — 20 log V(I + x?)

= — 10 logo(1 + x?) .. .. .. (19)
If x = I the high-frequency response is —3 db relative to the medium-

frequency response. The frequency at which x = 1 is easily obtained
from the relationship x = wf/w,. We have

response in db = 20 log,,

w

|
Wy
w = Wy
1
- RaCt
AP |
J= 20recy (1)

At the frequency given by this expression the frequency response is
3 db down; this frequency is sometimes known as the turnover
frequency. Expression (19) can be made the basis of a method
for measuring the total shunt capacitance of an amplifying stage.
A reasonably low value of Ry is chosen (say 2 k) and the output
voltage is noted for a certain input at a low frequency (say 1 kc/s).
The frequency is then determined for which, with the same input
amplitude, the response falls to 71 per cent (corresponding to 3 db
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loss). The total stray capacitance can then be determined from the
expression
I
C = .. .. .. (20
' = R, (20)
For example if the turnover frequency is measured as 5 Mc/s with
Ra cqual to 2 kQ. the total shunt capacitance is given by

1

=6-284><5><10“><2><103F

G
— 159 pF

Expression (18) is plotted in Fig. 38; this is a universal frequency-
response curve applicable to all RC-coupled stages provided w, is
taken as the turnover frequency, i.c. the angular frequency for
which the reactance of C; equals Rq,. As already shown mathe-
matically the loss of the circuit is 3 db when x =1 (i.e., at
the turnover frequency); the loss is 7 db one octave higher at
x =2 and is 10 db when x = 3. For higher values of x the curve
tends to become linear with a slope of 6 db per octave. In fact at
high frequencies the curve becomes asymptotic to the line (shown
dotted in Fig. 38) having a slope of 6 db per octave and passing
through zero loss at the turnover frequency.

Numerical Example

A numerical example will make clear the use of the curve.
Suppose an RC-coupled stage is required to have a frequency re-
sponse level within 1 db up to 3 Mc/s. The total shunt capacitance
is 25 pF and the valve has a g of 8 mA/V. What value of anode
load must be used and what is the stage gain?

From Fig. 38 the response is —1 db when x¥ = w/w, = 0-5. But
w = 2af =27 x 3 x 10° rad/sec.

wy, = 27 X 6 x 108 rad/sec

i.c., the turnover frequency for this circuit is 6 Mc/s.
Since wy = 1/RaC:
1
Re = w0 Ct
1
ap 610 25 x 100
:= 1.060 Q
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The stage gain is given by
A = gmRq
=8 x 1073 x 1,060
- 85 approximately
This is the greatest gain possible with the given valve and for
the required frequency response. If a greater value of R, is used,
the gain at low frequencies is higher but the loss exceeds 1 db at

3 Mc/s; if a lower value of R, is used the loss is less than 1 db at
3 Mc/s but the gain is less generally.
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Value of x
D E—— S = S S P i i i = 1
5 2 2530 4050 70 10 15

Frequency, Mcfs for fo=6Mc/s

Fig. 38—Universal frequency-response curve for simple RC-coupled
amplifier

Fig. 38 can be used to give the frequency response directly for
any values of C; and R, by placing a logarithmic frequency scale
along the horizontal axis. The length of one cycle, i.e., the interval
corresponding to a 10 : I change in frequency on this scale must
equal that for 1 cycle on the original graph and the turnover
frequency on the new scale must coincide with the point where
x = 1 on the original graph.

In Fig. 38 the logarithmic frequency scale for the numerical
example has been included. On this scale 3 Mc/s locates with
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x =0-5 and 6 Mc/s with x = 1. From the curve the response can
be seen to be —3 db at 6 Mc/s and —9 db at 15 Mcfs.

2.7 PHASE RESPONSE
Expression (14) can be written in the form

ZmVykRa
Vour = — .. .. .. 2
o'ut ] +j'€ ( 1 )

and. from the concept of the constant-current gencrator, g,V is
cqual to /, the alternating component of the anode current

IR
Vout = 1 +‘},\‘ . (22)
Rationalising this we have
Vour _ N Rq JXRaq 9
I 1 +x? T + x? (23)

This is of the form (R + jX) and the phase difference between Vg,
and [/ is given by tan ~1X/R, i.e.

¢ =tan~! —x

= — tan—lx .. .. .29

The negative value of ¢ implies that the phase angle between Voue
and 7 is between 90° and 180° when the angle is measured in an anti-
clockwise direction; the vectors thus have the same relative positions
as Var and I, in Fig. 36 and this indicates that Vg lags on the
anode current by a phase angle which is larger than for a purely
resistive load. Thus a negative value of ¢ implies a lagging phase
angle.

Expression (24) is plotted in the form of a curve in Fig. 39.
This shows that the relationship between phase shift and frequency
is substantially linear up to a value of x of approximately 0-5.
This was the frequency limit chosen in the numerical example and
the constants evaluated for that example would therefore give a
rcasonable performance in a videco-frequency amplifier.  For valucs
of x above 0-5 the ¢ —x curve shows curvature of the form which
indicates appreciable rise time in a simple circuit.

The slope of the curve in Fig. 39 can be determined in the following
way: If the negative sign of ¢ is ignored, the cquation to the curve
is given by

¢ = tan-x .. .. .. (25
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which may be written

x =tan ¢ .. .. .. {26)
From this
dx N
= sec?
dp ¢
1 4+ tan®¢
=14+ x2
-80 X
/ IDEAL CHARACTERISTIC
r L
s
70 Il/
7
/ //
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/ /
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Fig. 39—Universal phase shift-frequency curve for simple
RC-coupled amplifier

The slope of the curve is thus given by
dp 1
dx = 14 x? .. .. .. @n

At the origin (w — 0) the slope is equal to unity if ¢ is expressed
in radians but 57-3 if, as in Fig. 39, ¢ is expressed in degrees. If
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this slope had been maintained for all values of v, the curve would,
of course, be a straight line passing through the origin. Phase
shift would then be directly proportional to frequency, which is
one of the ideals aimed at in video-frequency amplifier design.
Thus a straight line passing through the origin with a slope of
57-3 may be regarded as the ideal phase-frequency characteristic for
a simple RC-coupled amplifier and any imperfections in the phase
responsc can be measured by the deviations of the practical ¢—f
curve from this straight line. The practical ¢—f curve agrees well
with the straight line at low frequencies (small value of x) but
departs from it more and more as frequency increases.

Numerical Example

At x = 0-5 the practical characteristic differs from the ideal by
2865 — 26-57 = 2-08°. 1If, as in the numerical cxample quoted
carlier, the upper passband limit is 3 Mc/s, this phase shift
corresponds to a variation in delay given by

_ ¢
D= 3601
from expression (3). Substituting for ¢ and f
2-08 .
D=""360 x 3 x 100 **
208

360 x 3 1°
= 0-002 psec approximately

A variation in delay as small as this will have ncgligible effect on
the quality of the reproduced picture. In fact the variation can
approach 0-1 usec before the quality of a picture becomes noticeably
affected. Thus approximately 50 such RC-coupled stages can be
used in cascade before the overall variation in delay approaches
the limiting value. The gain per stage is, however, quite low (85
approximately).

2.8 Groupr DELAY

The group delay d/dw of a circuit gives a more sensitive indication
of phase distortion than the phase-frequency characteristic itself.
A generalised group delay curve for a simple RC-coupled stage is
given in Fig. 40. This shows the variation in d/dx with x and
thus does not give valucs of group delay directly; the ordinates arc.
however, directly proportional to group delay because dg/dx is
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cqual 10 wy.dd/dw. To obtain group delay, the ordinates should
be divided by w, Gouriet* has termed dé/dx, normalised group
delay. Since a negative phase angle implies a positive time delay,
dé/dw and deé|dx are positive quantities.

The normalised delay is 1 at x =0, 0-8 at x — 0-5 and 0-5 at
x = 1. Ideally, group delay should be constant and a good
approximation to constancy can be obtained by making the upper
frequency of the passband correspond to a small value of x. Since
X = w/w, and w is fixed by the passband limit, this can only be
done by choosing a high value of w,. As wy, = |/RyCs and C; is

N T T
JEIN

N
) I N AN
N

Normalised group delay, d $/dx

0-2
——_]
)

[o]

[] (o213 -0 15" 2:0 25 3-0

Vatue of x
r—t T T T
o1 2 3 6 9

Frequency, Mc/s for fy=6 Mc/s

Fig. 40—Universal normalised group delay-frequency curve for
simple RC-coupled amplifier

fixed for a given valve, a larger value of w, implies a low value of
Rq and hence low gain. Thus for a given valve the phase response
can only be improved by sacrificing gain.

Numerical Example

As already shown, if an RC-coupled stage is required to operate
up to 3 Mc/s, a satisfactory performance in respect of phase shift
can be obtained by making w, correspond to 6 Mc/s. The upper
frequency limit then occurs at a value of x of 0-5, for which the
normalised group delay is 0-8 compared with | at x = 0.

*G. G. Gour{ct, “ V.FM. Amplifier Couplings.”” Wireless Engineer,
October—November 1950.
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As examples of the calculation of group delay we will calculate
the value of dp/dw for this particular amplifier at two frequencies.
In general

b _ L4 09

dw — wy dx

If w, corresponds to 6 Mc/fs, the group delay at zero frequency is
given by .
Gy 1 sec
do 6284 x 6 x 108
= 0-0265 x 10~ sec

= 0-0265 usec
At 3 Mc/s (x = 0-5) the group delay is given by
dd _ 0-8 sec
do 6284 X 6 x 108
= 0-0212 usec

The difference in group delay at the two extremes of the band is
thus 0-005 usec, representing a very small departure from constancy.

2.9 RESPONSE TO VOLTAGE STEP

The performance of a video-frequency amplifier has so far been
expressed in terms of the steady-state amplitude-frequency response
(e.g., Fig. 38), and the steady-state phase-frequency response (e.g.,
Fig. 39); both curves can be obtained from the results of tests
using sinusoidal input signals. From the information contained in
these curves the response of an amplifier to a step signal can be
deduced.

There is, however, an alternative method of investigating the
performance of a video-frequency amplifier and that is by observing
the waveform of the output when a square-wave input is applied
to the amplifier. A recurring square-wave signal can be regarded
as a succession of alternate positive and negative step signals.

When a voltage step is applied to the grid of a valve, a corre-
sponding current step is applied to its anode load. If the load has
the form of an RC circuit as in Fig. 34, the voltage developed
across the load has an exponential rise given by the expression

Vout = IRq(1 — (’_t/RaC‘) X .. (29

in which 7 is the amplitude of the anode-current step. This
expression is derived in Appendix B, page 52.
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As ¢ increases, the term in e decreases and ultimately reaches
zero. Thus the final amplitude is /R, and (29) may be rewritten
amplitude at time ¢

= — —t/R c
final amplitude I — e - (30)

From this expression a generalised curve can be prepared to
illustrate the output waveform for all simple RC-coupled amplifiers.
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Fig. 41—Universal curve showing step response of a simple
R C-coupled amplifier

In this curve, given in Fig. 41, ¢ is expressed in terms of R.(y, the
time constant of the anode load. When ¢t = R,C: (30) gives

amplitude at time ¢
final amplitude
=1—1l/e
=1-037
= 0-63
i.e., the output amplitude is equal to 63 per cent of the final
amplitude at a time equal to the anode time constant after the
application of the input step; this, of course, is one of the ways
in which the term time constant can be defined. This simple

relationship is very useful, for it can often be used to give a quick
guide to the performance of a circuit.

=1—e

51



TELEVISION ENGINEERING PRINCIPLES AND PRACTICE

Numerical Example

Fig. 41 shows that the rise time, i.e., the time taken for the output
to increase from 10 per cent to 90 per cent of its final amplitude
is approximately 2:2R,Cy; in the numerical example mentioned
earlier this is equal to 2-2 x 1,080 x 25 X 1012 sec = 0-06 psec.
As shown in Fig. 41 the curve can be made to apply to the numerical
example by placing a time scale along the horizontal axis so that
the time constant (R.C: = 1,080 x 25 X 10-12sec = 0-027 psec)
coincides with ¢/R,Cy = 1.

The dotted curve in Fig. 41 shows how the anode potential falls
when a positive voltage step is applied to the grid; the curve is
similar in shape to the solid one but is inverted. The negative
voltage step is assumed applied at a time given by ¢ = 5/R,Cy and
fall times should therefore be measured from this point. The
combination of the two curves gives the response of the amplifier
to a single square input pulse.

Fig. 41 thus illustrates the step response of a simple RC-coupled
amplifier for an infinitely-steep transient input. In practice, input
transients are not infinitely steep but have a finite risé time. The
output of a simple RC-coupled amplifier for an input pulse with a
finite rise time is similar in form to that illustrated in Fig. 41 but,
of course, the rise time of the output depends on the rise time of
the input signal and that of the amplifier (for an infinitely steep
transient).

APPENDIX B

CHARGE AND DISCHARGE OF A CAPACITOR IN A RESISTIVE CIRCUIT

THE circuit in Fig. B.1 shows a capacitor C and a resistor R
connected in series. When such a circuit is connected to a source
of steady e.m.f. as illustrated, the capacitor acquires a charge and
the voltage across C rises until it equals the source e.m.f. It is
the purpose of this appendix to deduce the law connecting the
voltage across C and time when the e.m.f. is suddenly applied. If
the c.m.f. is short-circuited when C is fully charged, the capacitor
discharges through R and the voltage across it falls; the law of
this fall in voltage is also deduced in this appendix. The problems
are most easily solved if ¢ (the charge on the capacitor plates) is
treated as the variable.

If the charge on the capacitor plates is g, the voltage across C
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is ¢/C. The voltage across R is given by R.i where i = dqy/dt.
Thus equating voltages in the circuit

_p 49, q

V_R'dt+C
from which

dg qg _V

dt+CR_R

This equation is most readily solved by multiplying by e A/%¢ j.e.,
et/RC. We have

t/RC q ' b
aq IRC t/RC — t/RC
dt -’ ¢ CR" € R ¢

which may be written

gt (q.€t/RC)y = ; _et/RC

i R
o
|
Fig. B.1—Circuit of capacitance and resistance 'l th
connected to a source of e.m.f. v c
) -9
|
!
Integrating
q.et/RC = CV et/RC L 4
where A is the constant of integration. Thus
q = CV + Ae URC .. .. .. )

Let ¥ = V, and suppose ¢ = 0 when # = 0. This is true when the
capacitor is initially discharged and when a steady voltage V, is
suddenly applied to the circuit. Putting ¥ = V, in equation (1)

q =CV, + Aet/iC
Substituting ¢ = 0 and ¢ = 0 gives
0=CV, + A4

A= —CV,
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Substituting for A4 in (1)
q=CVy(l —e¥RC) | .. .. )

This equation shows that ¢ approaches CV,, as t approaches infinity.
Thus CV, is the limiting value g, of the charge on the plates.

The voltage across C at any instant ¢ is given by ¢/C and from
expression (2) is given by

V— g = V(1 — et/RC) . 0

This equation shows that the voltage V approaches the applied
value ¥, as ¢ approaches infinity.

If the source of external voltage is short-circuited when the
capacitor has finally acquired the applied voltage, the ensuing
relationship between g and ¢ can be obtained by putting ¥ =0 in
expression (1). We have

q = Ae t/RC .. .. .. .. “

Moreover suppose the charge on the capacitor is CV, when t = 0.
Substituting in (4)

CVy=4A4
Thus the final solution is given by
q = CVye tIRC

and the variation of the voltage across the capacitor is obtained by
dividing by C thus

1% g Ve t/kC
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CHAPTER 3

SHUNT-INDUCTANCE CIRCUIT

3.1 INTRODUCTION

IN the previous chapter we have shown that a simple RC-coupled
circuit can be used as a video-frequency amplifier but, to obtain
satisfactory amplitude-frequency and phase-frequency charac-
teristics, the anode load and hence the gain must be kept low.
It is possible to design circuits to give higher gain for the same
frequency response or, alternatively, a better frequency response
for the same gain; the first of these circuits to be described is that
shown in Fig. 42 (a), known as the shunt-inductance circuit.

The circuit is similar to that of a simple RC-coupled circuit
(Fig. 34) but has an inductor L, connected in series with the anode
load resistor R;. Although in series with the valve and anode
resistor, this inductor forms part of the shunt arm of the equivalent
network (Fig. 42b) coupling the valve to the next stage and this fact
gives this circuit its name.

At low frequencies the circuit of Fig. 42 (a) behaves as a simple
RC-coupled amplifier having a gain of gmRe, the reactance of L,
being negligible at these frequencies.

The value of L, is so chosen that its reactance is appreciable (thus
maintaining gain) at those frequencies where the simple RC-circuit
begins to show a fall in gain.

In the equivalent circuit given in Fig. 42(b), the valve is represented
as a constant-current generator.

3.2 GAIN

The gain of a shunt-inductancc stage may be expressed by the
general formula

V
A= out
Vi
= — gnZa . .. ... (3D

in which Z, is the impedance of the network L, R.C¢ and is given by
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. |
_(Ra +ij1) Jth

Zy = :
Ra + jol, + jCi
= Ra + joL, (32)
jwCiRe — w?L,C;y + 1 -
Combining (31) and (32)
V
A = out
Vyk
g1n(Ra -‘;—ij,) 0o (33)

" jwCiRy — w?L,Cy + 1

This can be more conveniently expressed by making the following
substitutions:—

wy = 1[RC: .. .. .. (34
x = wjw, 39
L, = aR2Ci .. .. .. (36

Substitutions (34) and (35) were also used in the analysis of the
simple RC-coupled circuit. From substitution (36) we can deduce
that a is a numerical factor which expresses the magnitude of the
inductance in terms of the anode resistor and the shunt capacitance.
Making these substitutions in (33) we have

Vo ut
Vyr

_ gmRa(l + jax)
o I + jx — ax?

A =

3.3 FREQUENCY RESPONSE

The gain of the circuit at medium frequencies (Amy) is given by
— gmRaq and we can thus say

Ans | + jax +
Ay l + jx —ax? .. 50 37)

from which

Ay (71—{—a2x2 > 38

Amf B \/ (1 —a.\'2)2 + S o ( )

which gives the relative frequency response in terms of x (directly
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proportional to frequency) and a, the size of the inductor. The
response may be expressed in decibels thus:
. . 5 Anys
response in decibels = 20 log,,
Amf
| + a*x*
= 201lo ( o 5
E10 /\/ (I —ax?? + &2
1 + a®x*
= 1010 - o 39
Lo (1 — ax?)? + x2 (39
+8 - -
lo=2 /L INCREASING
+6 —
N/
+4 t A——1
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Fig. 43—Universal frequency response curves for shunt-inductance

amplifier

The response for various values of g is given in Fig. 43 in which
for comparison the response of a simple RC-coupled circuit is

shown in dotted lines.

simple RC-coupled circuit.

This curve is labelled @ =0, for if a = 0
in expression (36) it follows that L, = 0; if a is put equal to 0 in
expression (37) it reduces to the corresponding expression (16) for a

Fig. 43 shows that increase in the value of a, i.c., increase in
1., gives an increase in the relative response at frequencies near the
value for which x = 1, i.e., near the frequency at which the reactance
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of ('t equals Rq, the turnover frequency for the simple RC-coupled
amplifier. For values of a greater than approximately 0-5, the
response has a peak which becomes more marked as a increases.
When a is very large, the inductance is large and its reactance is
great compared with the anode-load resistance over a wide frequency
band. Thus the circuit tends to take the form of a valve working
into a parallel-tuned circuit, and has a sharp peak at the resonance
frequency of the load. Such a response is necessary in a tuned
amplifier but is undesirable in a video-frequency amplifier. By
using a low value of L, the reactance/resistance ratio (i.e., the
Q-factor) in the anode circuit is made very low and a substantially
aperiodic response is obtained. Generally the value of a in video-
frequency amplifiers is less than 0-5.
Nwmerical Example

We will calculate the values of Rq, L, and the gain for a stage of
amplification in which g, =8 mAJ/V and C; =25 pF. The
frequency response is required to be level up to 3 Mcfs. The
design is based on @ = 0-5 and x = 1 at 3 Mc/s.

Since x = wlwy, w = w, = 2af where f = 3 Mc/s
L wy = 27 x 3 x 10° rad/sec
1
Re = w,Ct

= : Q
T 27 x 3 X 10% x 25 x 10712

2,120 Q
aR*Cy
0-5 X (212 x 1032 x 25 x 10-1* H
56-2 uH
A = gmRe
= 8 x 1073 x 2:12 x 10?
= 17 approximately

P
[

The gain is thus 17 up to 3 Mc/s and from Fig. 43 the response
is 1 db down when x =12, i.e,, at 3-6 Mc/s. This is a marked
improvement over the simple RC-coupled stage, the parameters of
which were calculated in the numerical example on page 44; the
simple RC circuit had half the gain and was 1 db down at 3 Mc/s.
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3.4 MAXIMAL FLATNESS

3.4.1 Introduction

The response curve for a simple RC-coupled amplifier is given by
expression (17) which can be written in the form

Apy 2 |

Ay 1 . .. .. .. . (40)
The corresponding expression for the shunt-inductance circuit is,
expanding the denominator of (38),

Ans® _ 1 + a>x? )
Amf I 4+ (I - ga)xz + a2y .. .

Expressions (40), (41), and the corresponding expressions for other
circuits not yet encountered, are all of the type

Angr g+ ayx? 4+ oanxt 4 e (42)
Auwy Bo + Bix% + Baxt 4 ... B xim o =

in which x is a variable directly proportional to frequency, ay, a,
a,, etc., and B,, B, B2, ctc., being constants dependent on component
values and independent of frequency.

These constants generally become smaller with ascending powers
of x and are often zero beyond a certain power. The numerator
usually has the same number of terms as the denominator or one
less, i.e., m = nor m = n -+ 1. The constants can be expressed in
terms of component values by equating the coefficients of like powers
of x in expression (42) and the expression for the circuit in question.
For example, comparison of expressions (40) and (42) shows that
for the simple RC-coupled amplifier

ag 1 )
a,, a, a, etc. 0
f | .. .. .. (43)
g — |

/32; ﬁ:}’ ﬁ.]’ etc. 0 '
Similarly, by comparing expressions (41) and (42) we can show, for
the shunt-inductance circuit:—

ay 1 )

(O a*
@ uy, ay, ctc. =0
0 1 ac a0 (44)
B (1 2u)
B. a

B3, By, Bss €lC. 0 !
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The curve of expression (42) may have a number of maxima and
minima and may thus show large departures from the ideal response
which is a straight line parallel to the frequency axis and having
the equation

4, 2
ST aconstant L. .. .. .. (45)

Amf
It was shown by Landon* that if the constants «,, a,, etc., and
By, B,. etc., satisfy a certain relationship, the expression (42) reduces
to the form

Any ®
Amf

where p is a constant. The significant feature of expression (46) is
that it contains only a single term in frequency. The curve of
expression (46) has no maxima or minima and, for small values of x,
approximates to the ideal straight line. This curve is said to have
maximal flatness* and the conditions necessary to achieve it are as
follows. They are deduced in Appendix C.

= a constant -+ x» .. .. .. (46)

ag a, a, Uy
8 B @ oo 8 .. - 47)
If the constants in expression (47) are replaced by their equivalents
in terms of the circuit constants, a relationship between the circuit
parameters is obtained; if the circuit parameters are adjusted to
this relationship a maximally-flat frequency-response curve is
obtained.

Though it is a useful guide to choice of component values, the
condition of maximal flatness does not necessarily give a curve with
least deviations from the ideal response. Up to a given frequency
limit a curve with one maximum may have less deviations from the
ideal than the maximally flat curve. An example of this is provided
by Fig. 54 in which the curve labelled K = 0-6 is a nearer approach
to the ideal than the maximally-flat curve which is also shown.

3.4.2 Counditions for Maximal Flatness of Frequency Response
For maximal flatness we have, from expression (47)

Gy _ 4y _ G2
Bo B B

The values of these constants for the shunt-inductance circuit are

*\/. D. Landon,m‘-‘ Cascade Amplifiers with Maximal Flatness.”” R.C.A.
Review, January and April 1941,
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given in expression (44). Substituting these in (47) we have
1 a
1 1 —2a
which may be written
a® + 2a | = .. .. .. (48)

The positive root of this quadratic equation is

a=+2—1
= 0-414

The frequency response for a = 0-414 is given in Fig. 43 and
represents a close approximation to the ideal response, which is a
straight line parallel to the frequency axis.

We will now calculate the value of inductance required to give a
maximally-fiat frequency response over the video band. We must
first decide what loss is tolerable at the upper frequency limit,
3 Mc/s. 1faloss of 1 db can be accepted, the maximally-flat curve
can be used up to x = 1 as shown in Fig. 43. The same limit was
used in the previous numerical example and from this we have that

w, = 27 X 3 < 108 rad/sec
From (34)

1
Ra = woC¢

and if C¢ is 30 pF

Ra 1

" 6284 % 3 % 106 x 30 x 1012
= 1770 @

Q

The value of L, for maximal flatness is given by (36), putting
a = 0-414. We thus have
Ll =i aRazct
0-414 > 1770 = 30 = 1012 H
38-8 uH
The stage gain depends on the mutual conductance and, if this is
taken as 8 mA/V, is given by
A ZmRa
8 103 1770
= 142
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If a level amplitude-frequency response were the only criterion to
be satisfied in a video-frequency amplifier, the design could be
based on the conditions for maximal flatness, although, as pointed
out above, a slight deviation from the component values for maximal
flatness may sometimes be desirable to give a nearer approach to the
ideal response. Unfortunately an amplifier with a satisfactory
amplitude-frequency characteristic may have a poor phase charac-
teristic or an unsatisfactory step response and as much attention
must be paid to these properties as to frequency response.

3.5 PHASE RESPONSE

The phase response can be deduced in a manner similar to that
used for the simple RC-coupled amplifier. From expression (33)
we have

Vout
A =
Vo
_ gn(Ra + joL,)
JwCiRq — 3L ,Cy + 1

from which

Em Vak(Ra‘+ JjoLy)

Vour = — jwCiRq — w?L,Cy + 1

But g, Vg, = I, the alternating component of the anode current

Vout Ra +ij1
" = — .. .. 49
1 JjwCiRy — w?L,Ce + | E2)

_ Ra(l 4 jwL,/Ra)
| 4+ jwCiRy — wiL,C;
Putting w, = 1/R«Ct, X = wfwy and L, = aR,*C; as before, we have
Vour Ra(l + jax) 5
I T T l4jx—ax .. .. .. (50)
Rationalising this expression

Vout Ra jXR(l(a - 1 - a2x2) (51)

I T T (=) +xr (I —ax)P4x?
which is of the form (R 4+ jX). The phase difference between
Vour and I is given by tan “1X/R, i.c.,

¢ = tan x (¢ — | — a*x? .. .. .. (52)
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This expression is plotted in Fig. 44 for the same values of a as
in Fig. 43; the dotted curve shows the response of a simple RC-
coupled amplifier. Low values of a give the best approximations
to the ideal linear response and the curve for a = 0-5 (chosen for
the numerical example) gives quite a reasonable approximation.
The delay distortion of an amplifier having @ = 0-5 can be
assessed in the following way:—

Expression (52) may be written
tan¢ = x(u — 1 —a®x® .. .. (53)
= ax — x — a*x*
Differentiating with respect to x

sec?d :;‘f = a — 1 — 3a%*

Substituting (1 + tan2¢) for sec2¢

agy 4 ] 242
(1 + tan3¢) dx = ¢ 1 — 3a%x

Substituting for tan ¢ from (53)
dé

M+ —1—a)] o o= a—1—3u
from which
dé @ — 1 — 3a2x®
dx 1 4 x2 (@ — 1 — a%x?)? (54)

This is a general cxpression for the slope of the curves in Fig. 44.
The slope at the origin is obtained by putting x = 0 and gives

d¢
dx

whena = 0-5 theslopeis — 0-5.  If the sign of this slope is neglected,
the slope of the a =0-5 curve is 0-5 at the origin provided ¢ is
plotted in radians; when ¢ is in degrees as in Fig. 44, the slope is
57-3/2, i.e., 28-65. If this slope had been maintained for all values
of x the curve would, of course, be a straight line passing through
the origin. For such a curve, phase shift is proportional to fre-
quency which is one of the ideals aimed at in video-frequency
amplifier design. Thus a straight line passing through the origin
with a slope of 28-65 may be regarded as the idcal phase-frequency
64
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characteristic for a shunt-inductance amplifier having @ = 0-5 and
any imperfections in the phase response of such a circuit can be
measured by the deviation of the practical ¢ — f curve from this
straight line. The practical curve agrees well with the straight line
at low frequencies (small value of x) but departs from it more and
more as frequency increases.

-90 /4:’___ T T ee2 [ ]
~80 — = T
/ et
|

oTa

™N
A

N
\

[}
w

_— EEE_AL RESPONSE

FOR a:0°5

o ases

Phase shitt, degrees (lagging)

I-5 2:0
Value of x
T 58 T S S S —
o) ! 2 3 4 s 6

Frequency, Mcfs for fo=3Mc/s

Fig. 44—Universal phase shift-frequency curves for shunt-inductance
amplifier

Numerical Example

At x = | the practical characteristic differs from the ideal by
37 — 28-65 = 8:35°. If, as in the numerical example, quoted
earlier, the upper passband limit is 3 Mc/s, this phase shift corre-
sponds to a delay given by

¢
D= s
from expression (3). Substituting for ¢ and f
8-35
D= 360 3 . 108 %
8-35
= 360 3 /LSCC

0-008 psec approximately.
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This is approximately 4 times the variation in delay obtained with
the simple RC-coupled stage of the previous example but the gain
is double due to the use of the characteristics up to x = 1. This
can be shown as follows:—In the previous example the passband
limit, 3 Mc/s, corresponds to a value of x of 0-5; thus w, corresponds
to 6 Mc/s. In this example the same passband limit corresponds
to a value of x of 1; thus w, corresponds to 3 Mc/s. The value of
w, for the shunt-inductance circuit is half that for the simple RC-
coupled circuit; since wy = 1/RaCs, provided C; is the same for
both circuits, Rq for the shunt-inductance circuit is twice that for
the simple RC-coupled circuit.

If the deviations of the two circuits from the ideal phase response
are compared for the same values of x, it will be found that the
LCR circuit gives a better performance. This is illustrated in the
following table.

Deviations from ideal response
(degrees)
X RC circuit LCR circuit
{(a = 0-5)
I U VU e

05 2-08 1-40
1-0 12-30 8-35
1-5 2965 14-80

For a given upper frequency limit, the deviations are directly pro-
portional to the variation in delay and are compared for the same
values of x which, for a given value of (%, implies the same valucs
of R, and hence the same gain.

The comparison applies when @ = 0-5 but this is not the value of
a which gives the nearest approach to the ideal phasc-frequency
characteristic; this particular value of a can be calculated as shown
below.

3.6 Group DELAY
Group delay, dé/dew can be written as

dp 1 d¢
dow w, = odx

and, substituting for d¢/dx from expression (54)

dp 1 (¢ — 1) — 3a>?

dw w, A xHa — 1 — atx®) (55)
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The variation with frequency of the normalised group delay
d/dx for a shunt-inductance circuit is illustrated in Fig. 45 for
values of g of 0, 0:32, 0-5 and 1. The curves were plotted from
expression (54) the value of which is taken as positive, since negative
phase angles imply positive delay. To obtain group delay from the
curves, the ordinates must be divided by w, Ideally the group
delay should be independent of frequency and the ideal characteristic
is a horizontal straight line. To obtain a reasonable approximation
to such a performance, the value of a must clearly be less than
approximately 0-5; the curves of @ = 1 and above represent most
unsatisfactory phase responses.

20 B

o's SN S AN
N2 %
€074
MO, S~ \
a=! LIFgs P

° o5 (e} -5 2-:0 2:5 30
Value ot «x

Normalised group delay,dp/dx

T T T T T 1
| 2 3 ¢ 4 -] 6

Frequency, Mc/s for f,z 3Mc/s

Fig. 45—Universal normalised group delay-frequency curves for
a shunt-inductance amplifier

3.7 CoONDITIONS FOR MAXIMAL FLATNESS OF GROUP DELAY CURVE

Expanding the denominator of expression (54) we have

d$ (@ 1) - 3ax?

» 5
dx I+ (a — 122 — 2a%a — Dx! + a'x® (56)

This expression is of the same type as expression (42), that is to say
it has the same form as the expressions previously derived for the
square of the frequency response (sce for example expressions 40
and 41). The concept of maximal flatness can be applied also to
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expressions for group delay and by use of the condition of expression
(47) a relationship between the circuit parameters can be obtained
for which the group delay-frequency curve is maximally flat; for
these circuit parameters the phase-frequency curve will be a close
approximation to the ideal linear response.

For maximal flatness of group delay characteristic we have,
applying the rules set out on pages 60 et seq.

a—1 — 3a?
| (a — 1)

Cross-multiplying we obtain the cubic equation

(@ — 1) = — 3a*
which simplifies to
a® + 3a — 1 0

This equation has, of course, three roots but the only one which
interests usis « — 0-32, and this is the value of @ which gives maximal
flatness of the group-delay characteristic.

As Fig. 45 shows, the phase response of a maximally-flat shunt-
inductance circuit is better than that of a simple RC-coupled circuit
(a = 0). For example, the group delay of the shunt-inductance
circuit varies from 0-75 to 0-65 between x = 0 and x = 1; over the
same frequency range the group delay of the simple RC-coupled
amplifier varies from 1-0 to 0-5, a much larger variation. This
bears out the results in the table on page 66.

3.8 RESPONSE TO VOLTAGE STEP

The response of a video-frequency amplifier to a voltage step is
perhaps the most useful criterion of its performance. As already
shown, both frequency and phase characteristics must be good in
order to obtain good reproduction of such a signal. When a
voltage step is applied to the grid of a shunt-inductance amplifier,
a corresponding current step is applied to the LCR anode circuit
and the voltage across this circuit grows according to the curves
given in Fig. 46. The expression from which these curves were
plotted is somewhat complex and is not given here; although it
can be obtained by methods similar to those used in the appendix
to Chapter 2, this expression is more conveniently derived by
Heaviside’s operational calculus. Some books giving details of
these methods are listed in the bibliography at the end of this book.

FFor comparison, the dotted curve shows the response of a simple
RC-coupled amplitier: « — 0 implies that £, — 0. The curves
show that the addition of the shunt inductance to the simple RC
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circuit improves the transient response by decreasing the rise time;
in fact the rise time for @ = 0-5 is approximately 1-1 R,C; compared
with 2:2R,C; for the simple RC-coupled amplifier. Unfortunately
the addition of inductance causes pronounced overshoot if carried
too far and the largest value of inductance which can be used without
causing overshoot corresponds to a = 0-25. When a = 05 the
overshoot amplitude is approximately 7 per cent of the final pulse
amplitude and when a = 1, it is nearly 30 per cent.

140
a=1
Y
120 / ™
/ a=0.5 \
& r
g 100 A ez0.25 -
3 g T
g | /6=O
3 80 <
£ /5//
s /:
o
§l 60 F t
c ]
s [
S ‘AN
a 40 v i
{ [
/ ]
i
20 J +—
U rise |
- time-em
i for 3=0.51
o! [ 2 3 a s 3 7 8
] i Value of t/R,Ct
! 1
1
m l‘% T T T T T L 1
[¢] Ol 02 O3 o4

Time, microsecs for RgCy= O-O53 microsec (o= 3Mc/s )

Fig. 46—Universal curves showing step response for shunt-
inductance amplifier

In certain circumstances a small percentage of overshoot may be
tolerable; for example, when only one or a small number of stages
are used in cascade or when the interpreting device (usually a
cathode-ray beam) is unable to reproduce the overshoot because of
aperture distortion. But cven a small percentage of overshoot
can be very troublesome when a large number of stages are used in
cascade; the amplitude of overshoot increases with each successive
stage and may become intolerable at the final stage even though the
overshoot per stage is very small.
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The frequency of the ripple constituting the overshoot is approxi-
mately the resonance frequency of L, and C;.

Numerical Example

The time scale in Fig. 46 applies to the numerical example given
earlier. For this particular circuit «, corresponds to 3 Mc/s and
R,C: is therefore given by
I

Wy

Ra&t =
1

— SO

= . sec
27 % 3 X 108 ¢
= 0-053 pscc.

The rise time for this value of R,C; is approximately 0-06 usec as
shown in Fig. 46; this is thc same as for the simple RC-coupled
circuit used earlier as a numerical.example but the shunt-inductance
circuit gives double the gain. On the other hand the shunt-induc-
tance circuit gives overshoot and the RC-coupled circuit does not.

3.9 DESIGN OF SHUNT-INDUCTANCE CIRCUIT

A shunt-inductance circuit cannot be designed to give maximally-
flat frequency and group-delay responses at the same time: maximal
flatness of frequency response is obtained when a = 0-414 and
maximal flatness of group delay when a = 0-32. Provided an
overshoot of the order of 3 per cent can be tolerated, a compromise
value of a such as 0-37 can be adopted; if no overshoot can be
accepted, the value of @ must not exceed 0-25.

The value ascribed to w, determines the gain of the stage and
depends on the degree to which departures from the ideal response
can be tolerated. If the response must be near the ideal, as when a
large number of stages are to be used in cascade, w, must correspond
to a high frequency, say 2 or 3 times the desired upper limit of the
amplifier. The amplifier response is then given by the initial
portions of the curves in Figs. 44 to 46; for example, if w, corre-
sponds to 6 Mc/s and the amplifier limit is 3 Mc/s, the response
extends up to X = wjw, =0-5. For a given value of Cy, Rq is
inversely proportional to w,: high values of , thus imply low values
of Rq and hence low gain. If the response need not be so close to
the ideal, as when only a few stages are used in cascade, w, can be
made lower, possibly below the desired amplifier upper limit, and
higher gain per stage is possible. In practice values of x up to
0-85 or 1 are commonly used.
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3.10 4-ELEMENT SHUNT-INDUCTANCE CIRCUIT

We have shown that the frequency response of a simple RC-
coupled circuit can be extended by use of shunt inductance and, to a
first degree of approximation, the extension is greater as the in-
ductance is increased. Unfortunately a large inductance causes a
peak in the frequency-response curve, a poor phase response and
excessive overshoot. To give a reasonable performance in these
respects the inductance must be limited and the maximum extension
of frequency response is not obtained.

The performance can be improved by use of a circuit with an
effective inductance which increases with frequency. One circuit
with such a property is that shown in Fig. 47, provided the resonance
frequency of L,C, occurs above the video-frequency band. The
effective reactance of L, in parallel with C, is given by

1
" JjwC, JoL,

= e (38)

JoL,

. 1
sl + JoC,
When C, is omitted, the reactance is, of course, jwlL, as can be
shown by putting C, = 0 in
expression (58). s

At very low frequencies
oL C, is very small compared
with unity and the reactance is
approximately joL,, that of L,
alone; at low frequencies
thercfore the effect of the
added capacitor is negligible.
At high frequencies, however,
wlL,C,; becomes appreciable
compared with unity and the
effective reactance is greater
than jwL,; the circuit thus
behaves as though the induct- !
ance increases with the fre- |
quency. C, cannot be made \
too large otherwise the re- i
sonance frequency of L,C; will
occur within the band it is
desired to amplify; the voltage 4 O HT-
dCVCIopcq across pam“c.l- Fig. 47— our-element shunt-
tuned circuit  shows rapid inductance circuit

Ra

Y
1 -

O
-~

-
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HT + changes in phase as the fre-
? quency of the current fed to it
is swung through the resonance
value. Such phase changes
would cause serious mutilation
0 of pulse shape and C, is there-
fore made small to keep the
resonance frequency high. The
optimum value of C; can be
calculated as follows:—
In expression (33) for the
I gain of the shunt-inductance
f
|

circuit, the inductance L, is
replaced by L,/(1 — «2L,C,),
the effective inductance of L,
OUTPUT and C, in parallel. It is con-
| venient to express C, as a
" fraction of Cy, and C, is accord-
ingly replaced by bC, where b
is a numerical factor expressing
the capacitance of C,. Thus
L, is replaced by
oHT - L,J(1 — w?L,Cy)
Fig. 48— Five-element shunt-inductance and the resu}tmg expression 1s
circuit arranged as in expression (42).
The conditionsfor maximal flat-
ness (expression 47) can then be applied; the result is that a = 0-414
(as for the simple shunt-inductance circuit) and b = 0-354.
C¢ is commonly about 30 pF and C, should thus be approximately
10 pF to give maximal flatness of frequency response. This is a
small capacitance which can be obtained without using a physical
component. For example, the capacitance can be provided by the
self-capacitance of L, by winding the coil in a suitable manner.
Alternatively the capacitance can be obtained by mounting the coil
near or within a conducting sheet.

The 4-clement shunt-inductance circuit has a better frequency
response than the shunt-inductance circuit but the step response
shows more ripple for a steep transient intput. The ripple is,
however, at a higher frequency than for the shunt-inductance circuit
and may not be visible on a cathode-ray tube screen.

!
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-
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2 S-FLEMENT SHUNT-INDUCTANCE CIRCULT

A further improvement in the shunt-inductance circuit can be
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obtained by connecting an additional inductor L', in series with C,
as shown in Fig. 48.

The process of compensation can be continued to higher orders;
the next step (6-element circuit) is to connect a fixed capacitor in
parallel with L’,. By continuing compensation the frequency,
phase and transient responses can be made as close as we please 1o
the ideal; the process is, in fact, onc of successive approximation.
In practice it is difficult to carry the process beyond the 6-clement
circuit because of the difficulty of making and adjusting the small
values of inductance and capacitance which are necessary.

APPENDIX C

CONDITIONS FOR MAXIMAL FLATNESS

Equation (17) in Chapter 2 gives the high-frequency response of
a simple RC-coupled amplifier as

in which x is a variable dircctly proportional to frequency. The
corresponding expression (41) for a shunt-inductance circuit is

Apg 3 _ 1 4+ a2y
Amy P+ (1 — 2a)x? 4 a3y}

in which a is a factor expressing the magnitude of the inductor.
These, and the corresponding expressions for other circuits not
yet encountered, have the form of a fraction in which the numerator
and the denominator are series containing even powers of x:
usually the denominator has more terms than the numerator. The
expressions for the group delay of the circuits are also of this type.
In general such expressions can be represented thus

ag + a2 4 axt4-. L. + apxr ()
B0 + Bl.\'2 + Bg.“.t"l— ...... + Bm.\'zm o o
in which ay, ap, ........ apand By, B, ........ B are all constants

and m normally excceds n. When x is zero expression (1) has the
vahie ay/B, but when x increases from zero the value of the expression
differs from a,/B, the extent of the difference depending on the
magnitude of the coeflicients in the numerator and denominator.
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1 is the purpose of this appendix to derive the relationship between
the coefficients which must be satisfied in order that expression (1)
shall give a maximally-flat curve, i.e., a curve the equation to which
has only a single term in frequency.

Dividing the numerator by the denominator in expression (1) we
have

0 + (a) aoBi/Bo)x? + (a, aoBs'B)x' + ...+ (a, a.,B,,/B,)_\‘Q" ﬂoBm-\‘Qm/Bu
8. B. + B[v\'2 4+ Boxt + .l + B,,,.\‘z'" 2)
(

in which it is assumed for convenience that m — (n - 1), a con-
dition found in practice. This expression can be made less
dependent on frequency by equating the coeflicient of x* in the
numerator to zcro.
We have then
. &g — aoB1/Bo 0
giving
@y Ay
Br B
The expression can be made even less dependent on frequency by
equating the coefticient of x* to zero; this gives

@y aoﬂ 2,150 0

)

from which
[0 3 a,

B, ~ By

This process can be continued for all the coeflicients in the numerator
up to that of x*# for which

C)

Ay Qg

Ba By 2
Combining equations (3), (4) and (5)
Q, a a., a
B:: B: /3 ........ B: . (6)
When these conditions are obeycd expression (1) becomes
ag agBmx?m /B, .
Bo Bo + Bix% -+ Boxt + ... B M

in which there is only one term in x in the numerator. A curve
having an equation of this type is said to have maximal flatness
and to obtain this condition the coefficicnts of x must satisfy the
condition of equation (6).
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CHAPTER 4
SERIES-INDUCTANCE CIRCUIT

4.1 INTRODUCTION

IN the circuits described in the previous chapter the inductor L,,
though in series with the anode resistor, forms part of the shunt arm
of the network connecting the valve to the succeeding stage. In
the alternative circuit shown in Fig. 49 (a) the inductor L, is a series
element in the network between the anode of V1 and the grid of V2.
The inductor thus separates the output capacitance C, of VI from
the input capacitance C; of V2 (Fig. 49a) and makes this circuit
capable of a better performance than the shunt-inductance type.
In the equivalent circuit of Fig. 49 (b) the coupling capacitor Cj is
omitted because its reactance is negligible at high frequencies.

A significant feature of the series-inductance circuit is that the
signal-frequency potential at the grid of V2 differs from that at
the anode of V1; in the shunt-inductance circuit of Fig. 42 (a) the
potentials at these two points are equal, the impedance between
the points being negligible at high frequencies. In other words,
Fig. 49 is an example of a 4-terminal network and Fig. 42 of a
2-terminal network ; this point is illustrated in Fig. 50.

As illustrated in Fig. 50 (b) the series-inductance circuit has the
form of a low-pass filter section and the practical values of C,, L,
and C; are usually such that the source impedance (Rq) is of the
same order as the iterative impedance of the 4-terminal network.
As illustrated in Fig. 50 (b) the circuit is an example of a network
.which is terminated at the sending end but it can alternatively be
terminated at the receiving end as shown in Fig. 52.

4.2 GAIN

The circuit of Fig. 49 (a) may be redrawn as shown in Fig. 51 in

which

R !

Z, = REY

1
Ra +'['w(‘o

Ry .
IR ey L9
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9mVgk L,

- I __?_

'

1= 9mVgk Ra COI Cj Vc;ut
(b)

Fig. 49—Series-inductance circuit (a) and its electrical equivalent at high
frequencies (b)
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Z, =julL, .. .. .. .. {60)
1
Z, =iji .. .. .. .. (61)

@ (b
Fig. 50—Basic circuits of (a) shunt-inductance and (b) series-

inductance amplifiers
From Fig. 51
Z(Z,+Zy)
"Zy+Z. + Z,

in which 7 is the alternating component of the anode current. The
negative sign indicates the antiphase relationship between V and 1.

V = —1

9mVgk
AN
7 ¥ Z2 i
' 1
] .
U 1
I= °m"9k® z, v Z Vout
, .
. )
t 3

.

Fig. 51—Equivalent circuit of Fig. 49 (b)

But / = g Vi

S, Z(Z,+ Zy)
-V—"&melk'Zl_*_Zz_*_Zs-- (62)
Moreover
Z
Vout = V-sz_z3
Substituting for V from (62)
Z,Z,

Vout EnVyr . Z, + 7, Z,
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from which
. Vout
Apy = Vi
[ LVAVA

T Z,+Z,+ 7,

This expression shows that Z, and Z, may be interchanged without
affecting the result; in other words the gain of the circuit is the
same no matter whether the anode resistor is situated on the input
side of the network as in Fig. 49 or on the output side as in Fig. 52.
If Co and C; are equal, a given value of R, gives the same performance
at either end of the filter; if, as is usual in practice, C, and C; are
not cqual, when R, is transferred from one end of the filter to the
other, its value must be changed to give the same performance.

Substituting in (63) for Z,, Z, and Z; from (59), (60) and (61)
respectively

(63)

Vout
Allf V::;{
Ra 1
Em | 4 jwCoRa®  juCi
R . 1
I +jwCoRe T 7L T juc,

4.3 FREQUENCY RESPONSE

Multiplying numerator and denominator by jwCi(l 4+ joCeR4)
and re-arranging we have

R
Ay = — Emia

1 + ja(Co 4+ Ci)Ra — w?L,Ci — jwdL ,ReCoCi

but —g, Ry = Any the gain at medium frequencies. Making this
substitution we have

A’If — l

Amf 1 +jw(Co + Cz')Ra *szzci _jwaszaCoCi .

This expression can be put into a more convenient form by three
substitutions similar to those used in the analysis of the shunt-
inductance circuit (expressions (34), (35) and (36) ). The first
substitution is

(64)

]

(UO — RaCt
and since C; = (Co 4 Cy)

|

Ru((.o + (l) (6§)

(l)“
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which corresponds to expression (34). The second substitution is

w
x =
Wy
and the third
Lg = L'Razct
Substituting (C, + C;) for C;
2 — CRa2(C0 J|_ Ci) o o o o o o (66)

which corresponds to expression (36).

. HT+
Ra
L,
I_'Y——
ve
g
c2=Fo Cigy
] =

it
et | | S

AAAAA
VWWWWY

(pemmeocconoooiifios cosooaos
WA '

-

Fig. 52—Alternative series-inductance circuit

For a given pair of valves C, and C; are fixed. Thus, from (65)
Rq is fixed by the chosen value of w,; the gain of the circuit is, of
course, given by gnRs. Expression (65) defines the value of R,
connected across Co, the input to the filter. If the anode resistor is
connected across Cy, the output of the filter, its value Rq’ should be
RaCo/C; to give the same performance. Thus R, is given by

Co

Ra’ = Ra . Ci

(jo. (}

:R"'Ct.a-

(67)
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This expression can be put into a neater form by the two substitutions

Ci

¢ K . . . .. (68)
and

C." (1 —K).. .. . L (69)

Ce

which follows from (68). K is a constant dependent on the valves
used. Substituting for Co/Cy and C;/Cy in (67) gives the value of
R, as

(70)

This value of resistor connected across the filter output gives the
same performance as a resistor R, connected across the filter input.
Once Ry is determined, the value of L, is fixed by the chosen
value of ¢ according to equation (66).
Expression (64) can be put into a simpler form by substituting
for R, from (65), L, from (66), C;/C; from (68) and C,/C; from (69).
The final form for the expression is

Anr I an
Amr 1 4 jx — ex?K — jxc*K(1 — K)
Expression (71) may be written
Ay 1
Ams \/{(1 — ¢x*K)? 4 [x — ex¥ K(1 — K)]'-’}
P ! (72)

Amp — (1 — ex®K)? + [x — ex®K(1 — K))?

The frequency response of the circuit is thus given by 20 log,, j”f
mf

Anp ®

10 log,, Ay

= — 10log,, j;"f’ )

— 10 logye 1 (1 — ex®K)? + [x — ex3K(1 — K)]* (73)

At a given frequency, i.c., for a given value of x, the response
depends on ¢ which mecasures the inductance L, and on K (which
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measures the ratio of the filter output capacitance to total filter
capacitance). For the type of valve which is commonly used for
video-frequency amplification C; is approximately double C,, corre-
sponding to a valuc of K of 0-67, and we shall first plot curves of
expression (73) for this value of K. The curves are shown in
Fig. 53 for various values of ¢. The dotted curve (¢ = 0) gives the
responsc of a simple RC-coupled stage. The curves show that
the effect of increasing ¢ from zero is first to extend and improve

+6

+4

|
+2 c:“’l \Ci' |

A=
R 3r c 067

_af ___L.____J_Lu,(?%%:\f\’_i_
C:

- INDUCTANCE INCREASING |  ° O
s -4
- C-O‘/\\~ \
o
-6
z N \
2 -8 . .
v [ S T
S -0 — — XX— —\\
y A\
o -12 = N
o R
S
. - 14
« VAR
- 16 — —r
K = 0-67 \
-8 J \ \
ol 02 03 04085 07 | rs 2 3 4
Value of x
r T i s T — T T 1
o5 ] 2 3 4 5 67

Frequency, Mc/s for f5= [-BMc/s

Fig. 53—Universal frequency-response curves for series-inductance
circuit showing effect of varying the inductance

the frequency response. If the useful frequency response is taken as
extending to the frequency at which the response is 3 db down, a
stage with ¢ = 0-67 covers approximately double the passband of
a simple RC-coupled stage. If ¢ is increased beyond 0-67, however,
the response becomes more peaked and the passband smaller.

The curves in Fig. 54 illustrate the effect on the frequency responsc
of varying K, keeping ¢ constant; in other words these curves
illustrate the performance of a circuit with a fixed inductor when
the ratio of (; to C, is varied, the total capacitance (C, -+ ()
remaining constant. The chosen fixed value of ¢ is 0-67 because,
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as will be shown later, this value gives maximal flatness of frequency
response. The response is shown for K = 0-5, 0-6, 0-67 and 0-75.
The curves show that the response at high frequencies can be
considerably modified by alteration of K and in gencral the high-
frequency response is increased by decreasing K; for example when
K = 0-75 the response is — 9 db when x = 2-5 but decreasing K
to 0-67 reduces the loss at this frequency to 6 db and when K = 0-6
the curve is level at x = 2-5. These curves illustrate one dis-
advantage of this circuit, namely that the high-frequency response
is sensitive to small variations in the value of C, or C;.

té I I T | L

+4 B | ||
Co INCREASING o

Ci DECREASING P 1k=0

1
fe) \\
I
-2 1
L tK20°67
. PO
MAXIMALLY -FLAT CURVE \ \\
-8 — \
|
© \

c:0-67

tK=0-75

Relative response, db
1
o

-14 —
O 02 03 0405 07 -0 15 20 30 40 50

Value of x

Fig. 54—Universal frequency-response curves for series-inductance
amplifier showing effect of varying capacitance ratio

4.4 COMPARISON WITH SHUNT-INDUCTANCE CIRCUIT

If the curves of Fig. 54 are compared with the corresponding ones
for the shunt-inductance circuit (Fig. 43) we can see that the series-
inductance circuit can be used to give a substantially level frequency
response up to higher values of x (i.e., higher frequencies) than the
shunt-inductance circuit. We can illustrate this statement by
comparing the useful extent of a certain frequency-response curve
of the series-inductance circuit with that of a similarly-shaped
curve for the shunt-inductance circuit. Suitable curves to compare
are those for ¢ =067 and K = 0-6 for the series-inductance
circuit and ¢ = 0-5 for the shunt-inductance circuit, the curves
representing possibly the best frequency responses of which these
circuits are capable.
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The series-inductance circuit is 3 db down at x = 2-5 whereas
the shunt-inductance circuit is 3 db down at v = 1-7. This means
that if both circuits are designed to be 3 db down at the same
frequency the series-inductance circuit will give a higher gain. This
can easily be shown in the following way: For the series-inductance
circuit the response is — 3 db when x = w/w,’ = 2-5 where w,’
1/Rs'Cy. The shunt-inductance circuit is 3 db down when
X = w/wy = 1-7 where wy = 1/RyCs.  Equating the expressions for
w, which is the same for both circuits, we have

25wy =17 w,

25 1-7
) Ru’Ct RnCt
~: 125
R =15 Ra

Thus R, is greater than R, in the ratio 2-5/1-7 and the gain of the
series-inductance circuit is greater by 20 log,, 2-5/1-7 = 3-35 db.
The shunt-inductance circuit may, however, have a superior phase
characteristic.

Numerical Example

A series-inductance stage has C, = 10 pF, ¢; =20 pF and
gm — 8 mA/V. Find the values of R, and L, to give a response
level up to 3 Mc/s.

For this particular example K — Ci/(C; + Co) = 20/30 = 0-67
and the response curves are as shown in Fig. 53.  From this diagram
¢ — 0-8 gives a reasonably level response up to x — 1-8 and the
design will be based on this value of c.

The frequency is 3 Mc/s when x = 1-8 and we have

fo
1-8
S Sy o 167 Mk,
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From cquation (65)
|

Ra woC

6-284 > 1-67 % 108 x 30 » 10-12 &

3,180 Q
From equation (66)
¢R.*Cy
0-8 > (3-18 x 10%* .2 30 » 10 H
242 uH

The stage gain = ¢,,Rq
8 103 .0 3,180
25 approximately

The frequency-response curve for these values of R4, C; and L, can
be exhibited by locating a logarithmic scale on Fig. 53 with 1:67 Mc/s
coinciding with x = 1 as shown.

4.5 CONDITIONS FOR MAXIMAL FLATNESS OF FREQUENCY RESPONSE

Expanding the denominator of expression (72), we find that the
frequency responsc of the series-inductance circuit is given by
Ars * s aes ; U e bs (74
A,.s I+ (1 2¢K)x® + [e2K® — 2¢K(1 K)jxt -+ e*K¥1 — K)*x®
The conditions for maximal flatness of this expression can be
obtained, as for the shunt-inductance circuit, by comparing
expression (74) with expression (42) to find expressions for the
constants ay, a,, By, 81, etc., which are then substituted in the
general expression for maximal flatness (47). Since o, = 0 and
a, = 0 this yields the results

1 —2cK=0
2K —2cK(1 — K) =10

But for expressions similar to (74) which have a numecrator of
unity, the conditions for maximal flatness can be derived directly
by inspection. The condition is that the expression should contain
only a single frequency-dependent term.  Expression (74) contains
three such terms and two must be equated to zero to give the
conditions for maximal flatness. It is usual to leave the term
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with the highest power of the variable and thus the coefficients of
x%and x* are made zero. We thus have, as before,

(I —2¢K)=0 .. .. .. (75
and
iK% — 2¢K(1 — K) =0 .. ... (76)
Expression (76) simplifies to
¢k —2(1 —-K)=0 .. .. (77)
From (75)
1
L——ZK .. .. .. (78)

Substituting for ¢ in (77)
05 —-2(1 —K)=0
L K=075 .. .. R VL))
Substituting for K in (78)
1
c—1‘5-~-067 .. .. .. (80)
The frequency response for ¢ = 0-67 and K = 0-75 is shown in
Fig. 54. The curve is 6 db down when x = 2 and a much better
approximation to the ideal frequency response is obtained with
smaller values of K. For example, when ¢ = 0-67 and K = 06
the response is maintained level within less than 1 db up to x = 2-3.
This illustrates a point made earlier, that the frequency response
can somctimes be improved by choosing values slightly different
from those giving maximal flatness. This can also be inferred
from cquation (75). For maximal flatness the terms in x* and x!
vanish, leaving the term in x®, but it is possible to find values of
¢ and K for which the net value of the terms in x2, x* and x8 is less
than the value of the x® term for maximal flatness. This condition
is obtained when ¢ = 0-67 and K = 0-6.

4.6 PHASE RESPONSE
If we substitute — g, R, for A, in cxpression (71) we have

Vout — gmRq
. - . .. 8
Ans Vor I+ jx — ex2K — jex3K(1 — K) (1)
But g,.V,r — I, the alternating component of the anode current

. Vout Ra

1 1 —ex2K +j[x — ex3K(l — K)] e
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When this is rationalised we have

Vout (1 —ex2K) —j[x — ex*K(l — K)]
;T TR ek £y — ekl — Ky @Y
which is of the form (R + jX). The phase differencc ¢ between
Voue and I is given by tan “1X/R, i.c.,
o l.\'—cx"K(I — K)
¢ = tan 2K — 1 (84)
This expression is plotted in Fig. 55 for ¢ = 0-8 and K = 0-67,
the values chosen in the numerical example. The second curve
is for ¢ — 0-48 and K = 0-833; as shown later these values give
maximal flatness of group delay-frequency characteristic. The
angles are all negative; as explained earlier this indicates a lagging
phase.

The delay of an amplifier using this circuit can be estimated in
the following way. Expression (84) may be written

x — ex*K(l — K)

tan ¢ K 1 (85)
Differentiating this with respect to x we have
oy P B 1 4 x2K [1 — 3(1 —K)] NIeERE(D — K) ,
=a dx (ex2:K — 1)? (14
Now
sec®p = 1 - tan’¢
and substituting for tan ¢ from (85)
s X — exX3K( — K)|*®
sectd = 1 [ oK 1 ]
Substituting for sec® ¢ in (86)
db 1+ x%K[l - 31 — K] ¢ x'eR¥ - K) o
dx (ex?K — 1) + [v — ev?k(] — K2 ¢

This is a general expression for the slope of the characteristics in
Fig. 55. The slope at the origin is obtained by putting x =0
which gives

dd

e I (8

The slope of the characteristics is thus - 1 and is independent of
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the value of ¢ and of K. All curves thus have the same slope at
the origin and if they continued with this same slope as frequency
increases to the limit of the video-frequency band, the phase
characteristic would be ideal. The ideal characteristic is thus a
straight line passing through the origin and having a slope (expressed
in radians) of unity. If the negative sign is ignored the slope ex-
pressed in degrees is 57-3 and the straight line with this slope is
shown in Fig. 55.

It can be seen that the two practical ¢ — x curves depart from the
ideal at high values of x although the agreement between the ideal
curve and the curve for ¢ = 0-48 and K = 0-833 is very good;
the latter curve represents the performance of a circuit with a
maximally-flat group delay characteristic.

- 250

g

o
o]

)
I}
[o]

!
v
o]

Phase shift in degrees (lagqinq)

S

Value of x

Fig. 55—Universal phase shift-frequency curves for series-inductance
amplifier

Numerical Example

The values ¢ = 0-8 and K = 0-67 are those adopted in the earlier
numerical example and from Fig. 55 it is possible to calculate the
variation in delay of such a circuit.

In this example the upper frequency limit occurred at x = 1-8
and from Fig. 55 the phase angle at this frequency is 136°. Ideally
it should be 1-8 x 57-3 = 103°; the departure is thus 33° which,
at a frequency of 3 Mc/s, corresponds to a variation in delay given
by expression (3) namely
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_ ¢(I
D= 360r

33

=360 x 3 x 105 >C

11
360 5°¢
= 0-03 usec

Thus only 3 such stages could be used in cascade before the overall
variation in delay approaches the value 0-1 psec quoted earlier as
the maximum tolerable before obvious distortion occurs.

For the maximally-flat characteristic the deviation from the ideal
at x = 1-8 is only approximately 1°, representing a very much
better performance.

4.7 Groupr DELAY

An expression for the group delay of the series-inductance circuit
can be obtained from expression (87)

de
dw
b dg

T w, dx
I 14 x2K[l — 3(1 — K)] + x'e2K¥(1 — K)

T Ty (K — 1) [x — e¥K( = K))? - ®9)

group delay =

The negative sign prefacing this expression is a consequence of the
negative (lagging) phase angle but since a negative phase angle
implics positive time delay, expression (89) is assumed to give a
positive result and is so plotted in Fig. 56. As in previous circuits
it is more convenient to plot values of d¢/dx (normalised group
delay) than d¢/dw and the curves of Fig. 56 show the variation of
dejdx for ¢ =08, K =0-67 (values chosen for the numerical
example) and ¢ = 0-48, K = 0-833 (values giving maximal flatness
of group-delay characteristic). To obtain group delay from Fig. 56
the ordinates should be divided by w,. These curves show more
convincingly than those of Fig. 56 the superiority of the phase
response for the circuit having ¢ = 0-48 and K =0-833. Thecurve
for ¢ ==0-8 and K = 0-67 has a marked departure from a level
response around x = 17 showing the phase response to be
unsatisfactory at such frequencies. This departure from lincarity
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of the phase characteristic is associated with the sharp cut-off of
the frequency response curve shown in Fig. 53.

4.8 CONDITIONS FOR MAXIMAL FLATNESS OF GRrouP DELAY

Expression (89) can be rewritten in ascending powers of x thus

dé b+ a1 = 31— K)] + veKH] — K)+ 1%KL — K)? (90)
dw w, [+ X3l — 2¢K) + xY[e*K? — 2cK(1 — K)) o

Applying the conditions of expression (47)

-1 - cK[l — 3(1 — K)] c2K¥(1 — K) o1)
1 1 2cK 2K —2¢K(l — K) 7
20— —— —————————
c20-8 K=0-67
s s ]
© |
> |
v _ | |
S rOrTETE i
H] K=0-833
5 (MAXCINJRA\lI_é_;-FLAT
¥ os t t >
3 ] =~
: |
3 1
ol 1 = | _
o 1 2 3 4
Vvolue of x

Fig. 56—Universal normalised group delay-frequency curves for
a series-inductance amplifier

Cross-multiplying the first and second fractions

1 —2cK = c¢K[l — 31 — K)] .. .. (92)
S 3eKE =1
oK = ; .. .. .. .o (93)

Cross-multiplying the first and third fractions in expression (91)
KA1 N) — *K?* — 2¢K(1 K)
JoeRE=2(1 — K)
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Substituting for ¢K? from (93)
1

— 9 — K
K _
K = 6= 0-833
Substituting for K in (93) gives
¢ =048

The conditions for maximal flatness of group delay-frequency
characteristic are thus

K =0-833 (94)
c =048\

4.9 RESPONSE TO VOIL.TAGE STEP

The response of an amplifier to a voltage step is a most useful
test of its performance as video-frequency amplifier. When such
a step is applied to the grid of a series-inductance amplifier, a
corresponding current step is applied to the anode circuit. The
voltage generated across the anode resistor, Ry, is not directly
applied to the grid of the next valve (as in a shunt-inductance
circuit) but is applied to the series circuit of L, and C, the voltage
across C; being the input to the next valve. The series inductance
delays the start of the output voltage as shown in Fig. 57; for
comparison, curves for a simple RC-coupled circuit and a shunt-
inductance circuit are included on the same diagram.

The rise time for the series-inductance circuit is approximately
15 R,C: compared with 11 R,C; for the shunt-inductance circuit
and 2-2 R,C; for the simple RC-coupled circuit.

4.10 DESIGN OF A SERIES-INDUCTANCE CIRCUIT

The conditions for maximally-flat frequency response are K = 0-75
and ¢ =0-67; for a maximally-flat group-delay characteristic
K = 0-833 and ¢ = 0-48. The circuit cannot, therefore, be designed
to give maximal flatness in both respects simultaneously. A
compromise solution is commonly adopted such as A =0-8 and
¢ =06. To make K =0-8, C; must equal 4 C, and normally
the input capacitance of valves of the type likely to be used in a
video-frequency amplifiecr is approximately double the output
capacitance (corresponding to K = 0:67). The required value of
K can somectimes be obtained by placing the coupling capacitor
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(which has appreciable capacitance to carth) on the grid side of
the inductor (where increased capacitance is wanted). It is
undesirable to add fixed capacitors to the filter output to increase
K because this increases (', necessitating a reduction in R, and
gain to maintain a given frequency response.

The value of ¢ must be kept low to avoid excessive overshoot.
As explained for the shunt-inductance circuit, a small amount of
overshoot may be acceptable when a small number of cascaded
stages is to be used or when the interpreting device does not register
the oscillations.

100
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SERIECSRI(%)¥C?ANCE‘
40
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RC-COUPLED

Lcmcun
]
SHUNT-INDUCTANCE
CIRCUIT
(a:0-25) l
| L |
(o] 50 100 150 200
Value of _t__
RgCt

.Fig. 57—Universal curves showing step responses of series-
inductance, shunt-inductance and simple RC-coupled circuits

Percentage of final amplitude

The tendency towards ringing can be reduced by connecting
a resistor in parallel with L,. The value of the resistor must be
chosen with care; if it is too high, its effect will be negligible whereas
if it is too low, it will degrade the performance of the circuit. A
typical practical value of such a damping resistor is 5Rq, i.c.. of the
order of 15 kQ.

4.11 COMBINED SHUNT- AND SERIES-INDUCTANCE CIRCUIT

Shunt- and series-inductance circuits can be combined as shown
in Fig. 58 this circuit gives a performance slightly superior to that
of the series-inductance circuit. Some indication of the order of
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component values required can be obtained by determining L,,
L, and K for maximal flatness of frequency response and group
delay. The method of determining these values has already been
shown for the shunt and series-inductance circuits and will not be

OHT +

I
1
i
I
]
>

OHT -

Fig. 58—Combined shunt- and series-inductance circuit

repeated for the combined circuits because the expressions involved
are somewhat unwieldy. The results are, however, set out below.

Condition ! L, [Ln K(=Ci{C)
Maximal flatness of fre-
quency response .. 0-14 R,2C, 0-60 R,2C, 0-6
Maximal flatness of group
delay characteristic .. 0-10 R,2C, 0-458 R2*C, | 072

The value of K likely to be obtained in practice is approximately
0-67; this value lies between the two quoted above and is a suitable
value to use. Values of L, and L, may differ slightly from the values
listed above; as shown for the shunt- and series-inductance
circuits, it is often possible to effect an improvement by slight
departure from the values for maximal flatness. Moreover, the
component values for maximal flatness sometimes lead to slight
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overshoot which, though acceptable in a single stage, may be
intolerable in a multi-stage amplifier.

The superiority of the combined shunt- and series-inductance
amplifier over the simple series-inductance type can be explained
in the following way: The series inductance together with the
capacitors C, and C; constitute a low-pass »-section network. The
iterative impedance of such a network is substantially constant at
low frequencies but rises rapidly as frequency approaches the
cut-off value. To obtain a good approximation to a level frequency
response the terminating impedance of the network should similarly
rise with frequency, to maintain matched conditions over as large
a frequency range as possible. In a simple series-inductance
amplifier the terminating impedance is R, which is constant and
matching is good only over a restricted frequency range. In the
combined circuit of Fig. 58, the terminating impedance is that of
Rq and L, in series. This rises with increase in frequency and by
correct design can be made to match the variations of iterative
impedance, thus maintaining good voltage gain over a wide frequency
band.



CHAPTER 5
CIRCUITS EMPLOYING CATHODE COMPONENTS

5.1 INTRODUCTION

IN the three circuits described in the previous chapters, a
satisfactory performance is obtained from a video-frequency stage
by arranging for the shunt capacitance at the anode to form an
essential component of the load impedance into which the valve
works. There is, however, an alternative method of design in
which the disadvantages associated with the anode shunt
capacitance are offset by including a corrective network in the
cathode circuit. Such a cathode circuit gives frequency-dis-
criminating current feedback which, by suitable design, can be
arranged to give the necessary level frequency response and
desired phase characteristics over the video band.

5.2 EFfFect OF CURRENT FEEDBACK

The simplest circuit employing such feedback is that shown in
Fig. 59. At medium and low frequencies the reactance of C; is
large compared with R and that of Cy is large compared with Rg;
thus the amplifier effectively performs as one with an anode load
of R, and an unbypassed cathode resistance of Ri. There is thus
some current feedback due to Ry and the gain is less at these
frequencies than if R; were decoupled. At high frequencies, when
the shunting effect of C; on R, is appreciable, the reactance of Cy
is comparable with Ry and reduces feedback to improve gain, and
maintain the frequency response.

5.3 CONDITIONS FOR MAXIMAL FLATNESS OF FREQUENCY RESPONSE

If the cathode circuit impedance is Z, the effect of the current
feedback is to reduce the mutual conductance from g, to g’ where

) Em
= .. .. .. 95
S 1 + gl ©3)

This is proved in Appendix D. The gain of the valve thus
becomes

. App = — en'Za
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in which Z, is the impedance of R, and C; in parallel. Substituting
for g, from (95) and putting Z, equal to Re/(1 + jowCtR,) we have

‘gm [ga,l(l 9 j(IJC[ R(')

Apr = — ) . 96
o I + guRi/(1 + joCrRy) (96)
Since Ay = — gnRa, this may be written
Amy . I + jwCiRy
Ay = 1 + joCiRq + gmRr. [ + jwCiR 97)

I
)
1
0
1
]

Fig. 59—Use of cathode capacitance to improve
high-frequency response

The condition for maximal [latness is that the expression for the
frequency response should contain only a single term in frequency.
As it stands, expression (97) has two terms in w but the third term
can be made independent of frequency by making R,(; equal to
RxCr. We then have

A .
Amf (1 ngIr) + jwCiRy
hf
from which
A 2
Y (1 gnRi)? + w*CPR>*

which is the equation to a maximally-flat curve. The condition
for maximal flatness is thus

RiCt = RiCy . (98)
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Putting RxCi = ReCy in (96) gives

8m Rnﬁ

Apg = — - .
" 1 4+ gmRk +_I‘-UCtRu

g;ﬁeu
_ 1 +_ngI£__
= " jwCiRa .. .. (99

1 4 gmRs

It is instructive to compare this expression with that for an
amplifier without feedback, i.e., an amplifier without Rz and Ci
(Fig. 59) or one in which Ry and Cj are present but Cy is so large that
its reactance is small compared with associated impedances at the
frequencies under consideration. As shown in expression (13) the
high-frequency gain of such an amplifier is given by

_ gmRa

1 +ijtRu
Comparison of this with expression (99) shows that the current
feedback has two effects:

(1) It reduces the effective g, of the valve to gn/(1 4+ gmRk);

Apy =

— &m
1 + gmRi

(2) 1t reduces the effective output capacitance C; in the same
ratio, i.c., to C¢f(1 4+ gmRy); this improves the gain at high
frequencies relative to that at medium frequencies (though
both are less than without feedback because of the reduction
in effective mutual conductance). Thus

N
1 + gmRe

where C, represents the effective anode-earth capacitance.
These two points are illustrated in Fig. 60 which gives the response
curves of an RC-coupled amplifier with and without maximal
current feedback. The application of feedback reduces the gain
at all frequencies but improves the frequency response. Without
feedback the amplifier is 10 db down at the frequency f; whereas
with feedback it is only 3 db down at the same frequency.

. ’
o 8m

C

Numerical Example
As a numerical example, suppose that an amplifier of the type
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shown in Fig. 59 is required to have a frequency response flat within
1 db up to 3 Mc/s. To give the correct grid bias the cathode
resistor Rz is 200 @ ; Cyis 30 pF and g,, is 8 mA/V. The values of
Rq and Cy and the stage gain are required.

From Fig. 38 the frequency response of a simple RC-coupled
amplifier is 1 db down when x = 0-5. Thus w/w, = 0-5 and ®
corresponds to 3 Mc/s; w, thercfore corresponds to 6 Mc/s.
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Fig. 60 —Effect of maximal current feedback on the frequency
response of a single-stage RC-coupled amplifier

From (99) the effective anode shunt capacitance is given by
I + gmRg

30 .
I +8 102 x200P

Cy

— 115 pF

The current feedback has effectively reduced the anode-shunt
capacitance to 1/2-6 of its rcal value. The valve behaves as though
it had an output capacitance of 11-5 pF and the value of the anode
resistor to give the desired frequency response can be obtained
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from the value of w, and C¢’ thus

1

Ra (U()Ct’

1
T 6284 % 6 5 10