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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.L.LE.E,,
Superintendent Engineer, Television, and is based on an internal
BBC manual written by the same authors in collaboration with
J. L. Bliss, AM.LE.E., of the Designs Department. This volume
was edited by L. F. Ostler, Assoc. L.LE.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

Ang, Amgy Ay Gain of an amplifier at high, medium and low frequencies

respectively

An’s Amy’s Ay’ External gain of a feedback amplifier at high, medium and

low frequencies respectively

Apae Maximum value of gain

C
Cy
G
Crs
G,
Cs
C
Co
Co
G,
Ct‘

o

E]
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- e

o>

L

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 amplifier

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 effect

Screen-grid current

Ratio of C; to C,

(i) In general, inductance

(i) 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 network 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
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PRINCIPAL SYMBOLS USED

Load resistance for camera tube

(i) Equivalent noise resistance of a valve

(ii) 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 ¢

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 a 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,

() In general, maximum frequency

(i) 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) Rise time of a pulse

Normalised frequency in amplifiers, i.e. variable directly proportional
to frequency (=f}fo)

Variable inversely proportional to frequency (=f/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,,/1’,.,)

Imaginary part of feedtack fraction

Amplification factor of a valve

Phase shift

Angular frequency (=2x=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 series and parallel LC circuits in
phase equaliser

wgy  Angular frequency at which the reactance of C,, equals R,,’
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PART [: FUNDAMENTAL PRINCIPLES OF
VIDEO-FREQUENCY AMPLIFICATION

CHAPTER |

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 Mc/s.
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
response which satisfics certain stringent requirements,

1.2 FREQUENCY RANGE OCCUPIED BY VIDEO SIGNAL

Although the frequency components of a picture signal occupy a
wide frequency band, the spectrum is not continuous, the com-
ponents being spaced at intervals as shown in Fig. 1, which represents
the spectrum of a stationary picture.

As indicated, there is a strong component at linc frequency (taken
as 10-125 ke/s) and components at multiples of this frequency. There
is also a strong component at field frequency (50 c/s) and com-
ponents at multiples of this frequency. If there are details which
ars scanned in one field but not in the next there is, in addition,
a component at the picture trequency (25 ¢/s). Finally there is a
zero-frequency component representing the average brightness of
the picture. The amplitudes of the various components depznd on
the composition of the picture, and if there are a number of large
areas of substantially uniform tonal value, the low-frequency har-
monics are pronounced but if there is a wealth of fine detaii the
high-frequency harmonics are pronounczad.

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

2 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 the component.

Although theoretically the harmonics of the line and field
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 FREOl/JENCY

TH 1 |

307 X LINE
50c/s FREQUENCY

-INTERVALS \
/ 25¢ls \ . S
» |¢/ ~INTERVALS .H‘ L
A1l I/ -.[T ' r [ : NN N .»"l——————;\_}ﬁ i
= e
o} 10,125¢/s 20,250¢/s 3108 Mcfs

Frequency ———>

Amplitude ——>

T

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

o a (L — Sp)
fma:t-—z(Tl_Sl) 56 oo .o (D
in which @ = observed aspect ratio,
L = number of lines per picture,

Sp = total number of lines per picture suppressed by the
field-blanking periods,

T; = time of one line,

S: = line-blanking 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 implies 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 field-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
field 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-
chronisc 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 fm—mm e = — —
S0 ——— ————
o
n
o
P=
o
= RISE TIME
| >
1O%|- — — —— /
i
o
— Ll
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.

1

V= 2 .. .. .. )

in which S = uppermost frequency

t = rise time of the pulse.
If the pulses 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 usec 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 vidco-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 phase 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 equalisers, are extensively employed.

The concept of phase is important in television engineering 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
picture 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

?gg sec
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

o $a
delay = D = §6Ofsec

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

20
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4T sec
2n

Substituting 7 = 1/f we have
delay = D = $r .

Combining these two expressions for delay

-
D_w_360f . .. N )
in which D = delay in seconds,
ér = phase lag in radians,

¢qa = phase lag in degrees,
w = angular frequency in radians per second,
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 phase 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 slements 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 de positive to give a positive
delay because fis necessarily a positive quantity. It is unfortunate that this
does not agree with the convertion 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



TELEVISION ENGINEERING PRINCIPLES AND PRACTICE

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-

Ll 1 1

h ) |

] ' 1

White level - —-——-i = g :
i

I

Voltage

Black level —L — J_ 4

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 ke/s) cause distortion of the vertical edge of the waveform whereas
deficiencies at frequencies well below the line frequency (say about
the field 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
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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

THESE FPARTS AFFECTED BY LOW-—
FREQUENCY DISTORTION

N N
THESE PARTS

AFFECTED BY !

HIGH - FREGUENCY :
DISTORTION

Voltage

Fig. 5—Portions of a step waveform affected by attenuation and
phase distortion at high and low frequencies

INPUT STEP
& \b .
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OUTPUT STEP OUTPUT___ |
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& 9
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2 s
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1
_ Time : |
Time r——— DELAY ———=

(Left) Fig. 6—Voltage step as reproduced by an amplifier with
a level frequency response and zero phase stift over an infin.te
frequency range. (Right) Fig. 7—Vcl:age step as reproducad
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
responses extending to an infinite frequency. This is an unattainable
23
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ideal and in practical amplifiers attempts are made to secure a level
frequency responsc 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 responsc 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), debendent upon the
passband as indicated in expression (2).

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

|

|

|

OUTPUT I

STEP |

o o | \

0| INPUT STEP | 1
-

~ | |

s .

10° | !

—

Time ) ]
| ‘ 3

e o -

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 kcfs. 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 cffect 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 edges, the overall effect being that of a blurred
picture.
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Fig. 12—Image of test card C as reproduced by a vidco-frequency
amplifier giving overshoot at high frequencies



AMPLITUDE AND PHASE CHARACTERISTICS
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 befter than that in Fig. 9, the

OVERSHOCT OF LEADING EDGE

OVERSHOOT OF
TRAILING EDGE

Voltage

Time

Fig. 13—Waveform of a pulse with overshoot of :he 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
edges of a pulse, the reproduced signal has the form shown in Fig. 13.

1.4.3 Undershoot

Sometimes inthe reproductionof a stepsignai, there is a momentary
exaggeration of the amplitude in which the increase in amplitude is
in the opposite direction to the step and occurs before it. This is
known as undershoot and is illustrated in Fig. 14 which shows
undershoot of the leading and trailing edges of a pulse.
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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 cffect shown in Fig. 15, known as ringing, may

UNDERSHOOT OF
TRAILING EDGE

UNDERSHOOT
OF LEADING

EDGE j

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 oscilia-
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 —-

S 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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Fig. 16 —An image of test card C as reproduced by a video-
frequency amplitier in which there is ™ ringing ™
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Fig. 17 —Effect of phase caualisation on the response of amplilier
to a voltage step input
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AMPLITUDE AND PHASE CHARACTERISTICS

because of the aperture distortion of the scanring 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 amnplifier
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 amplitude of the transient oscillations a‘ter the
transition, and the rise time, are both reduced. The equaliser also
has the effect of introducing transient oscilations 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 arca by & 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 strezks to last longer than this. They may
equal or exceed the line Iength, giving streaks right across the picture,
as shown in Fig. 19.

The streaks illustrated 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 & resul: of the afterglow in a
flying-spot scanner.

1.6 ATTENUATION AND PHASE DISTORTION AT Low FREQUENCIES

Attenuation and phase distortion commonly occur at field
frequency or below, picture components being advanced or retarded
in phasc with respect to signals at say 100 ke/s. The line period
represents such a small fraction of a cyele 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 a period
of several lines. In other words these componerts control the back-
ground tone of the picture and when distorted they causc 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 scene 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

I -WHITE LEVEL

h : \~L|J -—--- BLANKING LEVEL
] N

! ! SYNC LEVEL

(a)\\

TS LINE SYNC SIGNALS

& SN P T —
] ]
? TU oY

b)

1 N
—| 1 LINE PERIOD 1~

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

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
fields; line-sync signals are omitted for sake of clarity and the
field-sync signals and field-blanking periods are shown in diagram-
matic form only. After distortion by the amplifier the wave has
the form shown at (b).

It is assumed that the high-frequency responsc of the amplifier is
perfect and thus the vertical edges of the wave are perfectly repro-
duced. There is a sag in those parts of the wave which should be
horizontal, these curves being, in fact, cxponential. The picture
corresponding to the waveform of Fig. 21 (b) is white at the top but
28
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AMPLITUDE AND PHASE CHARACTERISTICS

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 gencrated 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 I80°

©)
Wave (a) phase-
inverted

| I I
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° yicld waveforms of the same
shape, asillustrated 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 outpuf 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 N /\

... unsymmetriccl \
ave
w \| \—[/
1
[
!

®)
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 gencral, we
can say that the output signal of an amplifier with »n amplifying
stages of the conventional earthed-cathode type is inverted when n
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. If 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=¢=D .. .. .. C))

w

Phase
shift,

1
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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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 a, 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
frequencies, implying the presence of distortion.

Phase shift, ¢

//
P -
‘ﬁ'quj

Angular frequency, w

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

If the amplifier introduces delay which varies over the passband,
it inevitably 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
32
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w, and w,. An amplifier with such a characteristic would give
serious distortion even though the departure from lincarity 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 scnsitive 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 the slope of
the chord, particularly when the observations arz 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 1-0 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.
Ll
dw IDEAL RESPONSE

Angular frequency, w

Fig. 29—Group-delay-frequency characteristic of an amplificr
tending to give overshoot in 1ts 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
(knownas 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 frequencies
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
dclay-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.c. appreciable rise time in its step response.

It is not impossible for the phase-frequency characteristic of an
amplificr to have a phase advance over a limited frequency range:
such a characteristic is that labelled a = 2 in Fig. 44 on page 65.
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Fig. 31-—A low-pass filter introduces a time lag T, and an amplifier can give
a time advance T, if it has an absolute phase advance over the pass-band of
the filter

This means that a signal whose components are limited to this
particular frequency range is advanced in time as it passes through
the amplifier. This point is worth considering in more detail.
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To measure the advance or delay of an amplifier a signal with a
distinctive feature such as a steep edge is necessary: the step shown
in Fig. 31 (a) is such a signal. To test the amplifier this signal
must be passed through a network such as a low-pass filter which
restricts the spectrum of the signal to the frequency range over
which the amplificr is to be tested. The output of the filter has a
form similar to that shown in Fig. 31 (b): the output is distorted
but the step is still obvious and is delayed by a time T, relative to
the initial input. This signal is now applied to the amplifier under
test which gives an output with a waveferm similar to that shown
at Fig. 31 (¢). There is a time advance of T, between the output
and the input of the amplifier but the output is still delayed relative
to the initial signal (a) and there is therefore no absolute time
advance in the system as a whole.

Measurements of phase response arc not usually made at fre-
quencies below a middle frequency such as 100 kc/s becatise the
performance of an amplifier at low frequencies is more easily
assessed in other ways (e.g. by stating the sag in a reproduced
square-wave testing signal). For this reason the phase-frequency
curves in Figs. 26 to 31 are dotted over the low-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
phase response at the high-frequency end of the band whilst others
control the low-frequency response. These two groups of com-
ponents function to a large extent independently and can be described
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 Carbp 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-trequency amplifiers in the chain, many of
the patterns are intended to test other aspects of the system.
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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,

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 shows 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 Z

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:

. SHT+

Fig. 32—Fundamental circuit of RC-coupled amplifier

this capacitance is important because it is effectively in parallel
with the anode-load resistor Rq 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 ¢y and control grid-screen grid
capacitance ¢, 4, of the valve. For a triodc 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 ¢gy. For a pentode ¢qy 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.
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Fig. 33—Chief sources of capacitance shunging the anode resistor
of an RC-coupled amplifier

(c) The capacitance C of the coupling capacitor C, to h.t.
negative. Cy is commonly 0-1 uF but is sometimes as large
as | pF. 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:

C=C,+C; +C .. .. .. (5)

2.3 EFreCcT OF SHUNT CAPACITANCE ON FREQUENCY RESPONSE

Fig. 34 shows the complete circuit of a stage of RC-coupled
amplification which employs a pentode valve. At middle frequencies
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such as 100 ke/s the reactance of the anode-decoupling capacitor Cy
(which is in series with Rg) is negligible compared with Rq. More-
over, the reactance of C;, which is in parallel with R, is very large
compared with R,. Thus R, is the effective anode load and the
gain is approximately gnRqs.  As frequency is increased the reactance
of C; falls and becomes comparable with R,, reducing the effective
value of anode load and the gain. At still higher trequencies the
reactance of (7 becomes small compared with Ry, and 1l/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

HT+

Nz

Rq

- -..-.._--_._o:.--_.-___ =
c
~

—  OHI-

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

andesirable.  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 EFFecT 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
C; and C: both have negligible effects, the loac is predominantly
resistive and the phase rclationship between grid potential, anode
current and anode potential is as illustrated in Fig. 35. The
alternating component of the anode current /, is in phase with the
grid-cathode voltage Vyi; the alternating anode potential Vg 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

Ay
Vak ng\\l e

Fig. 35—Vector diagram illustrating the phase relationships in
an RC-coupled amplifying stage at middle frequencies
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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 Rq and C; in parallel and is
given by

jRaXct
%8 = RetiXe
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where X is the reactance of C;. Replacing X by —1/wC, and
rearranging we have

Ra

Za= ~+ jwCiRq ©
From Fig. 37(a) we have
v,
1= N7k N ¢
re + Za ( )

in which p and s, are, respectively, the amplification factor and
anode a.c. resistance of the valve, and 7 is the alternating component
of the anode current. Fig. 37(a) also shows that the output voltage
Vour 1s given by

Vou‘ = ]Za . .. .. (8)

a
Q“_V\ VW

g 3 i
: Fo Voo 3 “
‘\’$ (~ I | L7 0l ¢ \:) r |
-+ r L

P
|

1

}

1

}

1
——
|

=

ko

) (b)

Fig. 37—The equivalert 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 A of the valve, we have

v Z,
A= ot — Ko .. .. 9
ng re +Za ( )
At low frequencies the shunting effect of the reactance of (3 is
negligible and expression (9) becomes

Vour iR
L= .. .. .. 10
Vok ra + Ra (10)

Since u, Ra and r, are all essentially positive quantities, Voue/ Vo
must also be positive. This implies that Ve, 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 Voye and Vyx. The expression we shall use
is thus

Vout

Vi

A=

[I.Za
= — P . 11
Ta 4 Za gL
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 expression (11) may be rewritten

A~ ——#.Za
Ia

= ‘—'gn;Za . .. . (12)

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

A= Vimt
gk
Zm Ra
=— .. .. 3

Because Z, is small compared with r,, 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

Vout
4=
Vek

— gmRa B
| 4 jolw, ™

in which wy = 1/R.C, i.e. w, is the angular frequency at which the
reactance of C; equals R,.

(14)

2.6 FREQUENCY RESPONSE

Expression (14) gives the gain of the amplifier at any frequency.
In order to assess the shunting effect of Cy, we shall compare the
gain at frequencies for which (¢ has an effect with the gain at low
frequencies when the effect of C; 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,y is equal to the gain at low
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frequencies and can be obtained by putting « equal to zere in
expression (14); this gives
Awp = — gmRu oo a0 .. (15)
Expression (14) gives the gain at high frequencies (A7) and com-
bining this with expression (15) we have
Anf _ |
At I+ jx

in which x = w/w, and is directly proportional to frequency. In
(16) Aps/Ams is a complex quantity, the numerical value of which
is given by

(16)

Ay |
<A,,,§ =/ + 53 . ..an

Thus the frequency response of the amplifier may be calculated from
the expression
Anf
| Ams

=20 log,o 1/v/(1 + x?)

= — 20 log,yv/(1 + x?)

= — 10 log,,(1 4+ x3) .. .. .. (18)
If v = 1 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 = w/w,. We have

response in db = 20 log,,

(G}

=1

wy
w = wo
1
T ReCy
e
o IS 27 R Cy ()

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 R, is chosen (say 2 kQ) and the output
voltage is noted for a certain input at a low frequency (say | 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
]

- (U[ea

Ce (20

For examplc if the turnover frequency is measured as 5 Mc/s with
R, cqual to 2 k2, the tctal shunt capacitance is given by

1

Co= 6284 x 5 x 10° x 2 x 10°F

=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 recactance of C; equals R,. 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
teads 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 clecar 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 = 2nf = 27 X 3 x 108 rad/sec.

wy = 27 X 6 X 108 rad/sec
i.e., the turnover frequency for this circuit is 6 Mc/s.
Since wy, = 1/ Ry
1
Ra - (noCt

]
27 X 6 x 105 x 25 x 10-12%

= 1,060 @

2
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The stage gain is given by
A= nga
=8 x 10-% x 1,060
= 8-5 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 gencrally.

+2 - — o T

ASYMPTOTIC TO ZERO AS x—) o
0 = T T Fo —
\‘\

-2} - I~

Response, db
,

\\
| N

ASYMPTOTIC TO DOTTED LINE AS x — ) o0 Q

l N
-18 — — ._-,Tl — WB
204 .
02 03 04 05 o7 0 (8 220 2530 40 50 70
Value of x
— T A L L SN Su—— ]
rS 2 25 30 40 50 70 10 i5

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 : 1 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 =0-5and 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 Mc/s.

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

N _nggkRa
Vou = =P8 QD

and, from the conczpt of the constant-current generator, gmVyx is
equal to /, the alternating component of the anode current

. ) [Rq
2o oo = e (22)
Rationalising this we have
Vout . Re JAY®
I = Tl e 23)

This is of the form (R 4 jX) and the phase difference between Voye
and 7 is given by tan “'X/R, i.c.

¢ =tan! —x

— —tan-lx .. .. (29

The negative value of ¢ implies that the phase angle between Voyy
and [/ is between 90° and 180° when the angle is measured in an anti-
clockwise direction; the vectors thus have the same relative positions
as Vg and I; in Fig. 36 and this indicates that Vyy, 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 linecar 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
reasonable performance in a video-frequency amplifier. For values
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 equation to the curve
is given by

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

X =tan ¢ .. .. .. (26)
From this
dx \
= scc?
dé 4
=1 4+ tan%
=1 4 x*
-80 7
/
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A
~70 ! S e
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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 I + x2
At the origin (v = 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
47
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this slope had been maintained for all values of x, 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
response 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
28:65 — 2657 = 2:08°. If, as in the numerical example quoted
earlier, the upper passband limit is 3 Mc/s, this phase shift
corresponds to a variation in delay given by

__ ¢
b = 360f

from expression (3). Substituting for ¢ and f
208
360 x 3 x 108
2:08
360 x 3 M5°

D= sec

= 0-002 psec approximately

A variation in delay as small as this will have negligible effect on
the quality of the reproduced picture. In fact the variation can
approach 0-1 pusec 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 Grour DELAY

The group delay dé/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 values of group delay directly; the ordinates are,
however, dircctly proportional to group delay because dg/dx is
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equal to wy.dé/dw. To obtain group delay, the ordinates should
be divided by w, Gouriet* has termed dé/dx, rormalised group
delay. Since a negative phase angle implies a positive time delay,
déldew and dédx are positive quantities.

The normalised delay is 1 at x =0, 0-8 at x = 0-5 and 0-5 at
x = 1. ldeally, 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 passkand limit, this can only be
done by choosing a high value of w,. As w, = 1/ReC¢ and C; is

™~
TN
TN

N

Normalised group delay, d $/dx

[e] o5 -0 15" 20 25 3-0
Value of x

T T T T

o+ 2 3 [ 9
Frequency, Mc/s for f =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
R, 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 1 at x = 0.

*G. G. Gouriet, “V.F. 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 dé/dw for this particular amplifier at two frequencies.
In general

dp 1 d

dw wy ) dx

(28)

If w, corresponds to 6 Mc/s, the group delay at zero frequency is
given by

) b 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
CONE i R—
do 6284 X 6 x 108
= 0-0212 pusec

The difference in group delay at the two extremes of the band is
thus 0-005 psec, 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 = IR4/(1 — 6’_‘/Ract) 50 50 29)

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

=] — e~tIR,C
final amplitude I —e™a% - (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 RgC, the
time constant of the anode load. When ¢ = R,C; (30) gives

amplitude at time ¢
final amplitude
=1—1/e
=1—0-37
= 0-63
i.e., the output amplitude is equal tc 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.

=]—e!
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Numerical Example

Fig. 41 shows that the risc 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 10-12sec = 0-06 usec.
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 (ReCy = 1,080 X 25 x 10~12sec = 0-027 psec)
coincides with t/R,Ce = 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 t = 5/R.C; and
fall times should thercfore 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 rise 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 e.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 ¢, the voltage across C
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is g/C. The voltage across R is given by R.i where i = dg/dt.
Thus equating voltages in the circuit

_ o dg  a
V=R. di + C
from which

dq , 9 _ ¥V

dt ' CR K
This equation is most readily solved by multiplying by e /#/8C je.,
et/RC_ We have
dq
dt

which may be written

. et/RC | gR' ot/RC — ; . et/RC

d V
g t/RCY — t/RC
? (q.et/EC) RE€

1 R
+$—)—~\MAM—
|
Fig. B.1—Circuit of capacitance and resistance : q
connected to a source of e.m.f. v Clo
-q
{
Iniegrating
q_et/RC — CVe'/RC + A
where A is the constant of integration. Thus
q = CV + Ae-t/RC .. .. .. (¢))

Let V' = ¥V, and suppose ¢ = 0 when t = 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)

g =CVy + Ae-tRC
Substituting ¢ = 0 and ¢ = 0 gives
0=CV, + 4
A =—CV,
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Substituting for 4 in (1)
q = CVyl —et/RCy | .. .. 2)

This equation shows that ¢ approaches CV, as ¢ 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 — e-tIkC) T )]

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

If the source of external voltage is short-circuited when the
capacitor has finally acquired the applied voltage, the ensuing
relationship between ¢ and 7 can be obtained by putting ¥ =0 in
expression (1). We have

q = Ae-tIRC .. .. .. @

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

CV, =4
Thus the final solution is given by
g = CVetIkC

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

V= g = V,e-tIRC
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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 amplificr 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 fornis 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 amplificr having a gain of g.Re, the reactance of L,
being negligible at these frequencies.

The value of L, is so chosen that its reactance is appreciable (thus
maimaining 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-inductance stage may be expressed by the
general formula

_ Vout
Vak

= — 2mZa .. .. .. (3D

in which Z, is the impedance of the network L,R,C; and is given by
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. |
S _(Ra + jwL,) jwCs
‘o 1
Ra +,/wL1 +ijt

N Re + jwlL,
—ij¢Ra — WL ,Cy - 1 %)
Combining (31) and (32)
[/Oll
A =
Vak
o &m(Ra +ij1) .. (33)

"~ jwCiRy — w?L,Cy + 1

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

we = 1/RC: .. .. .. (39
X = wlw, .. .. . (35)
L, = aR*C¢ .. .. .. (36)

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

Vout
A ==
Var
__ &gmRa(1 + jax)
1 + jx — ax®

3.3 FREQUENCY RESPONSE

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

A]zf B 1 + jax

Amg 1+ jx — ax? G7)
from which

Ay < 1 4+ a2x? )

Amg \/ (1 —av®)? 4 &2 - O8)

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:

. . Ap
response in decibels = 20 log,, 4
Amf
1 4+ a%x?
= 20 log,, o .
(1 —ax?®)? 4+ x
1 + a®x?
= 101lo 39
glO (] . a.\‘2)2 + .\_2 ( )
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Fig. 43—Universal frequency response curves for shunt-inductance
amplifier

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

Fig. 43 shows that increase in the value of g, i.e., increase in
L, gives an increase in the relative response at frequencies near the
value for which x = [, i.e., near the frequency at which the reactance
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of C¢ equals R,, 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 peax 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.

Numerical Example

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

Since x = wjw,, w = w, = 2=f where f = 3 Mc/s
. wy = 27 X 3 x 10%rad/sec

1

Ra = ;u_oct

1

= 27 x 3 x 108 X 25 x 10-12 &
2,120 Q
L, = aRs*C,
0:5 x (2:12 x 10%* x 25 x 10-1* H
562 uH
A = gnkRa

= 8 x 1073 x 2-12 > 103

= 17 approximately

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 MaAXIMAL 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

Anr 2 1
Amf - l+x2

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

Aps 2 _ 1 + a%x? @1)
Amy I + (1 — 2a)x? + a%x? o o o

Expressions (40), (41), and the corresponding expressions for other
circuits not yet encountered, are all of the type
An? _ agt axt 4 axt 4 .. 4 apa® @2)
Amy Bo + Bix* + Baxt + ... Buxm .
in which x is a variable directly proportional to frequency, a,, a,,
as, etc., and By, B, B, etc., 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 =n orm =n 4+ 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

(40)

@ =11 )

a,, a, ag etc. = 0
Bo =1 - .. .. .. @
Br =1

BZv B:iv BJ! ete. = 0

Similarly, by comparing expressions (41) and (42) we can show, for
the shunt-inductance circuit:—

By = | '

a, = a*

a,, ag, ag €tc. = 0 {
By =1 > (44)
B = (1 —2a)

|
|

Q
o

Bz -
B:iv Bb B5v etc. =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

Ans

= a constant .. .. .. .. 45)
| Amf

It was shown by Landon* that if the constants g, a,, etc., and
Bo, B 1 etc., satisfy a certain relationship, the expression (42) reduces
to the form

Apg ?

|~ = aconstant + x? .. .. .. (46)
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.
ay ay a;

ﬁﬂ_ﬁl_ﬂ2_ ﬁ"l
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 kK" = 0-6 is a nearer approach
to the ideal than the maximally-flat curve which is also shown.

47

3.4.2 Conditions for Maximal Flatness of Frequency Responsc
For maximal flatness we have, from expression (47)
o a; _ @
B B B
The values of these constants for the shunt-inductance circuit are

*V. D. Landl)n, * 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

which may be written
a+2a—1=0 .. .. .. (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
represcnts 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-flat frequency response over the video band. We must
first decide what loss is tolerable at the upper frequency limit,
3 Mc/s. If aloss 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

wy = 27 X 3 x 10% rad/sec
From (34)
1
Ra = woCt
and if Cy is 30 pF
Ra =S 1

6284 x 3 x 10% x 30 x 10-12
= 1770 Q

Q

The value of L, for maximal flatness is given by (36), putting
a = 0-414. We thus have
Ll = aRa2Ct
= 0-414 x 1770 x 30 x 10-12H
= 38-8 uH
The stage gain depends on the mutual conductance and, if this is
taken as 8 mA/V, is given by
A = gnRe
= 8 x 103 x 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 coriponent 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 attertion
must be paid to these properties as to frequency response.

3.5 PHASE RESPONSE

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

Vout
A =

Vak

— gn(Ra + joL,)
JwCiRa — 0L Cr + 1
from which
v . gmVar(Ra + jowL,)

out —

" jwCiRg — w?L,Cy + 1
But g Vg = I, the alterrating componeant of the anode current

. Vout o Rg + jowL,

I jwCiRs — w?L,Ct + 1 (49)

. Ra(1 +_wa1/Ra)
- | + jwCiRy — wiL ,Cy

Putting w, = 1/R,Ct, x = w/wy and L; = aR4*C; as before, we have

Vout Ra(l + jax)
",’" = - -(il—jx oaxt .. .. .. (50)
Rationalising this expression
Vout . RG : o jXRa(a = |l = a2x2) (5])
I (1 —ax?)? - x? (I — ax?? + x?

which is of the form (R +jX). The phase difference between
Voue and I is given by tan ~1X/R, i.e.,

¢ = tan “x (@ — 1 — 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 a = 0-5 can be
assessed in the following way:—

Expression (52) may be written
tan¢g = x(a—1—a%x? .. .. (53)

= ax — x — a%?®

>

Differentiating with respect to x

¢

d
2 — _ _ 24-2
sec2p dx = @ 1 — 3a2x
Substituting (1 4 tan2p) for sec?p
d¢
2 el fr— —_ —_ 242
(1 + tan?¢) dx a— 1 —3a%x
Substituting for tan ¢ from (53)
dé
2 — 1 — a2y Y — 1 — 14242
[M14+x2(a@a—1 ax)]dx a—1—3a%

from which

dp a—1 —3a%:?

dx 1 4x2(@—1— ax?? 4
This is a general expression 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 = 0-5theslopeis — 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 ideal phase-frequency
64

=a—1



SHUNT-INDUCTANCE CIRCUIT

characteristic for a shunt-inductance amplifier having @ = 0-5 and
any imperfections in the phasc 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 _Q:L—-—'
/ e
-80
o\
70 o5

o o
- §:0
-
P

L~ "NIDEAL RESPONSE

'
o
[e]

*
DY
e

Phase shift, degrees (tagging)
FS
[e]

FOR a: 05
-20
-20 - S
-0 . | E—
o] —+ S
A== s 20
Valuz of x
— — 71— T )
o H 2 3 a 5 s

Frequency, Mc/s for fo=3Mc/s

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

Numerical Example

At x =1 the practical characteristic differs from the ideal by
37 — 2865 — 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= 360
from expression (3). Substituting for ¢ and f
8-35
D= 360 x 3 x 100 %
= 530 sec
~ 360 x 3"

= 0-008 usec 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/RaCe, provided C; is the same for
both circuits, R 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 ilfustrated in the
following table.

Deviations from ideal response
(degrees)
x RCcircuit | LCR circuit
| (a =095
0-5 2-08 1-40
1-0 12-30 835
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 C;, implies the same values
of Rq 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 phase-frequency
characteristic; this particular value of a can be calculated as shown
below.

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

dp _ 1 dé

dw wy  dx
and, substituting for dé/dx from expression (54)
de 1 (a — 1) — 3a%x?

dw we 1+ x¥a—1 — ax®)?’ o5
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The variation with frequency of the normalised group delay
dé|dx for a shunt-inductance circuit is illustrated in Fig. 45 for
values of a of 0, 0-32, 0-5 and 1. The curves were plotted from
expression (54) the valuc 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 ¢ must clearly be less than
approximately 0-5; the curves of @ = [ and above represent most
unsatisfactory phase responses.
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Fig. 45—Universal normalised group delay-frequency curves for
a shunt-inductance amplifier

3.7 CONDITIONS FOR MAXIMAL FLATNESS OF GROUP DELAY CURVE

Expanding the denominator of expression (54) we have

b (@ — 1) — 3a%x? RS
dx 1+ (a— 1)2x —2a%a — x* + a*x® (

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 (see 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
1 (a—1)*
Cross-multiplying we obtain the cubic equation
(@ — 1)} = — 3q*

which simplifies to
ad4+3a—1=0

This equation has, of course, three roots but the only one which
interests us is @ = 0-32, and this is the valuc of a@ 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 10 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 amplificr,
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.

For comparison, the dotted curve shows the response of a simple
RC-coupled amplifier; a =0 implies that L, = 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 1-1R,Cy 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 @ =0-25. When a = 0-5 the
overshoot amplitude is approximately 7 per ceat of the final pulse
amplitude and when a = I, it is nearly 30 per cent.
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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
arc used in cascade or when the interpreting device (usually a
cathode-ray beam) is unable to reproduce the overshoot because of
aperture distortion. But even a small percentage of overshoot
can be very troublesome when a large namber 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 wy corresponds to 3 Mc/s and
RgC is therefore given by

Ract =
We
= ———l—— sec
T 27 x 3 x 108

= 0-053 psec.

The rise time for this value of R,C: is approximately 0-06 usec as
shown in Fig. 46; this is the 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 = 0414 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 = w/wy, = 0-5. For a given value of C¢, Ry is
inversely proportional to wgy; high values of w, thus imply low values
of Rg 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 | 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
‘/wCl - ijl

1— wL,C,

.]le
(58)
JwL, 4+ jwcl
When C, is omitted, the reactance is, of course, jwL, as can be
shown by putting C, =0 in
expression (58). LIrss

At very low frequencies
w?L,C, is very small compared
with unity and the reactance is

approximately jwL , that of L, g =
alone; at low frequencies

therefore the effect of the

added capacitor is negligible. .

At high frequencies, however,
wL,C, becomes appreciable
compared with unity and the
effective reactance is greater
than jwL,; the circuit thus

el i

behaves as though the induct- - _ OUTP:UT
ance increases with the fre- { Bl e, i
quency. C, cannot be made | | ' i

too large otherwise the re- $ l *
sonance frequency of L,C, will 3 i

occur within the band it is i

desired to amplify; the voliage S ¢—OHT-
developec.l across - a parallgl- F.g. 47—Four-element shunt-
tuned circuit shows rapid inductance circuit
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(e changes in phase as the [re-
? quency of the current fed to it
is swung through the resonance
value. Such phase changes
would cause serious mutilation
of pulse shape and C, is there-
forec made smali to kcep the
resonance frequency high. The
optimum value of C, can be
calculated as follows:—
In expression (33) for the
gain of the shunt-inductance
Fj circuit, the inductance L, is
i replaced by L,/(1 — w2L,Cy),
i the effective inductance of L,
SLRATYS and C, in parallel. It is con-
! venient to express C, as a
i fraction of Cy, and C, is accord-
] ingly replaced by bCy where b
——OHT -

e
v

[
"

i
lad
10

is a numerical factor expressing
the capacitance of C,. Thus
L, is replaced by
L (1 — w3bL,Cy)
Fig. 48—Five-clement shunt-inductance e i resu}tmg EXpression Is
circuit arranged as in expression (42).
The conditionsfor maximal flat-
ness (expression 47) can then be applied; the result is that @ = 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.

P——————— ]

3.11 S-ELEMENT SHUNT-INDUCTANCE CIRCUIT

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

The process of compensztion can be coatinued to higher orders;
the next step (6-clement circuit) is to counect a fixed capacitor in
parallel with L’;. By continuing compensation tlic frequency,
phase and transient responses can bc made as closc as we please to
the ideal; the process is, in fact, one of successive approximation.
In practice it is difficult to carry the precess beyond the 6-element
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

Ang 2 _ 1
Amf - | +x2

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

A * o Ltat
Amyg I + (I —2a)x% + a®x?

in which « is a factor expressing the magnitude of the inductor.
These, and the corresponding cxpressions for other circuits not
yet encountered, have the form of a fraczion in which the numerator
and the denominator are scriecs containing cven 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

a, :tal~\'2 + (11..5.)6’l +.oo.. + a,,x‘-fﬂ 1)
Bo + Bix2 + Buxi+. ... + Bpxim
in which ag, ay, ........ apand By, By - ... ... Bm are all constants

and m normally exceeds n. When x is zero expression (1) has the
value ao/B, but when x increases from zero the value of the expression
differs from a4/, the extent of the difference depending on the
magnitude of the coefficients in the numerator and denominator.
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It 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

Qe + (a1 — adBi/Bo)x? + (as — @ofs/Bo)x? + ...+ (an — asfn/Bo)X* — aofmx?m|B
B. Bo + Bix? 4 Boxt + ...... + Bpxim (2)

in which it is assumed for convenience that m = (n 4+ 1), a con-
dition found in practice. This expression can be made less
dependent on frequency by equating the coefficient of x2 in the
numerator to zero.

We have then
. a; — apfy/fo =10
giving
a; G
Bi  Bo
The expression can be made even less dependent on frequency by
equating the coefficient of x* to zero; this gives

ay — afs/Bp =0

3)

from which
a; ag
Bs B
This process can be continued for all the coefficients in the numerator
up to that of x?» for which

4)

an a,
= .. .. .. 5
Ba Po &
Combining equations (3), (4) and (5)
Ao ah) g an
o= ol =L = 9, .. 6
B~ B B B -
When these conditions are obeyed expression (1) becomes
%o aoﬁm}fz"f/ﬁo %)

Bo  Bo+BixEA4Buxt 4 ... 4 Bpxtm

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 coefficients 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 V1 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 Co, L,
and C; are usually such that the source impedance (Rg) 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

(59)
75

1 + jwCoRa
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Fig. 49—Series-inductance circuit (a) and its electrical equivalent at high
frequencies (b)
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Z, = jwlL, .. .. .. .. {60)
1
Z, = .. .. .. .. (6D

(a? (b

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

From Fig. 51
V — _1 21(22 +Za)
Z,+Z.+Z

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

gmVgk
G i
; ;
I= 9mVgk z, v ey Vout
t ¥
Fig. 51—Equivalent circuit of Fig. 49 (b)
But 7 = gnVyx
Z{Z, + Zy)
V= —gnVa. .V 2 3. 62
gm yk Z1 +22 +23 ( )
Moreover
_ Z,
Vout - V-Z2 +23
Substituting for ¥ from (62)
yAVA
Voyr = — gmVire . -~ — 158
out EmVgk Zl +Z,+ 2,
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from which

2
g =

_ gmZ\Z,
Z,+2Z,+Z;

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

(63)

v,
Ay — sz‘
Ra 1
Bm - | 4 jwCoRa®  jwCy
Rq . 1
|+ jwCoRa T 4L T juc,

4.3 FREQUENCY RESPONSE

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

Ay — — gmRa
ol 1 + jw(Co + Ci)Ra — 2L ,Cy — jwL 3RaCoCy

but —gnRa = Apys the gain at medium frequencies. Making this
substitution we have

Ans 1
Ams 1+ jo(Co + Ci)Rg —w?L ,Cy — jwd3L ,R,CoCy ™

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)

1
wO - RaCt
and since C; = (Co + G)

1

= Ru(Co + C1) (63)

Wy

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

w
X =
Wy
and the third
L2 = C‘Ra2C¢
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Substituting (7o + Cy) for C;

Ly = cRAHCo + Cy) .. .. .. (66)
which corresponds to expression (36).

HT+

Re

ve

13)

i+~

Ne)

[«

o
.
jilj=-——— ===

[

AAAAA
WWW

R —
l

>

Fig. 52 —Alternative scries-inductance circuit

For a given pair of valves Co and C; are fixed. Thus, from (65)
R is fixed by the chosen value of w,; the low-frequency gain of the
circuit is, of course, given by g,Rs. Once R, is determined, the
value of L, is obtainable from expression (66): it depends on the
chosen value of c.

Other substitutions which we shall use to simplify expr. sssion are
the following:

Cq

=k L
and

C

==K . e (68)

which follows from (67). K is a constant dependent on the valves

used.
Expression (64) can be put into a simpler form by substituting
for Rq from (65), L, from (66), C;/C; from (67) and C,/C; from (68).
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The final form for the expression is

44},!‘ ”_ l
Amg = L4 jx — oK — jex*k(l —K) - (O
Expression (69) may be written
éh_f — 1
Amg V{1 = ex?K)? + [x — ex*K(1 — K)]2}
‘A’Lf 2 . - | .
Amg (1 — ex2K)? 4 [x — cex3K( 1 — K)]? ()
The frequency response of the circuit is thus given by 20 log,, %/
mf
Ahf 2
— |
= 10log,, )"
— _ Ams *
= —10log, Any

——10 logw{(l — ex®K)? + [x — extK(1 — K)]? (71)

At a given frequency, i.c., for a given value of x, the response
depends on ¢ which measures the inductance L, and on K (which
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-
spoading to a value of K of 0-67, and we shall first plot curves of
expression (71) for this value of K. The curves are shown in
Fig. 53 for various valucs of ¢. The dotted curve (¢ = 0) gives the
response of a simple RC-coupled stage. The curves show that
the effect of increasing ¢ from zero is first to extend and improve
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 response
of varying K, keeping ¢ constant; in other words these curves
illustrate the performance of a circuit with a fixed inductor when
the ratio of C; to C, is varied, the total capacitance (C, 4 Cy)
remaining constant. The chosen fixed value of ¢ is 0-67 because,
80



SERIES-INDUCTANCE CIRCUIT

as wi'l bc 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 A and in general 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-

+6
+4 l l £
+2 Cx%\y)(-\c-‘l |

INDUCTANCE INCREASING | ° REge®

= LT [t ™\ W\
. AV AN
EREEANANN

response, db

o
z
E AR
\
- |4 A\
@ AR
- 16
K » 0:67 \ \
-20 1 1 -
[eX} 0-2 03 0405 07 I I"5 2 3 4
Value of x
7 T B T T T T 1
05 I 2 3 4 5 67

Frequency, Mc/s for 452 [-8 Mcis

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

advantage of this circuit, namely that the high-frequency response
is sensitive to small variations in the value of C, or C;.

If the above analysis is repeated for a series-inductance amplifier
in which the anode load resistor R, is in parallel with Cy (as in
Fig. 52) the resulting expressions for the frequency response are
identical with those deduced earlier with C; and C, interchanged.
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Hence the curves of Figs. 53 and 54 apply to this circuit provided

k=5 (72)

Ce
and hence

u—m=g L ™

K is thus 0-33 if C; = C, and, as can be inferred from Fig. 54, the
high-frequency response is very peaked. It is, in fact, preferable to
have Rq in parallel with C, as previously assumed because practical
values of C; and C, give a frequency response which is a better
approximation to the maximally-flat curve.

+6 [
+4 |
Co INCREASING
42 C_io_DECREASING} ML _Kk=05
o) 147(\\
e

L —2 1
©

t Iks0-67
Y 4 /%\-_S K206
g MAXIMALLY -FLAT CURVE \ \\ ‘
& -6 |
< LK=075
3-8
3 N
s —10 N
a c=z0-67 N

-12

-14

o 02 03 0405 07 10O |5 20 30 4050

Value of x

Fig. 54—Universal frequency-response curves for series-inductance
amplifier showing cffect 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 ¢ =0-67 and K =06 for the series-inductance
circuit and a = 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 x = 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 casily be shown in the following way: For the series-inductance
circuit the response is — 3 db when x = w/w, = 2-5 where wy =
1]Rs’C;. The shunt-inductance circuit is 3 db down when
x = w|wy = 1-7 where wy = 1/R.C:. Equating the expressions for
w, which is the same for both circuits, we have

2:5 wy’ = 17 w,
.25 1T
te Ra,Ct - RaC[
, 25
Ra = 1.7 Ra

Thus Rg is greater than Ry in the ratio 2-5/1-7 and the gain of the
series-inductance circuit is greater by 20 log,q 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, C; =20 pF and
gn = 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 .

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

=1-8

o fy = 1-67 Mc}s.
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From equation (65)

= 6284 1°67 x‘:os"x 30% 10-12 @
= 3,180 ©
From equation (66)
L, = cR>C,
=08 x (3:18 x 10%)2 x 30 x 10-12H
=242 uH
The stage gain = g, R,
=8 x 10-% x 3,180
= 25 approximately

The frequency-response curve for these values of R,, C; and L, can
be exhibited by locating a logarithmic scale on Fig. 53 with 167 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 response of the series-inductance circuit is given by

] | — O - (74)
Ay b (b — 2eK)x? 4 [e*K% — 2¢K(1 — K)]x* + ¢2K2%l — 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 ag, a,, By, B, etc., which are then substituted in the
general expression for maximal flatness (47). Since «, =0 and
a, = 0 this yields the results

1 —2¢K=0
c2K? — 2cK(1 — K) =0

But for expressions similar to (74) which have a numerator 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 coeflicients of
x? and x* are made zero. We thus have, as before,

(1 —2cK) =0 .. .. .. (75
and
¢2K? —2cK(l — Ky =0 .. .. (76)

Expression (76) simplifies to

cK—2(1 —K)=90 .. .. an
From (75)
1

2K (78)

¢ =
Substituting for ¢ in (77)
05—2(1 —K)=0

L~ K=075 .. .. oo (79

Substituting for K in (78)

0 — 1 — 0-67

‘_1-5_06' .. .. .. (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, whken ¢ =067 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 sometimes be improved by choosing values slightly different
from those giving maximal flatness. This can also be inferred
from equation (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 x?%, x? and x¢ 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 — gnRg for Any in expression (71) we have

_ Vout . — gmRa

Ans = Voe | +jx — ex2K —jex3K(l — K) " .. 8D

But gV, = I, the alternating component of the anode current

Youw . =R
"1 Tl —exK+j[x —ex®K(Q —K)] - (82
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When this is rationalised we have

Vour _ R (I — ex*K) — j [x — ex*K(1 — K)] 83)
I 770 —exK)? 4 [x — ex®K(1 — K)]2
which is of the form (R + jX). The phase difference ¢ between
Vour and I is given by tan —1X/R, i.e.,

x —cx3K(l — K)

—_ -1
i S (B cex?K — 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 ¢ =048 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 incicates a lagging
phase.

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

x — cx3K(1 — K)

tan ¢ ="- ex?K = 1 .. .. (85

Differentiating this with respect to x we have

14 x%K [1 —3(1—K)] + x'c2K*(1 — K)

dé
2 T
sec . = (x?K — 1)? (86)
Now
sec’p = | 4 tanp
and substituting for tan ¢ from (85)
A0 — _kc_x"K(l — K)|?
sec? ¢ = l+[ K — 1

Substituting for sec? ¢ in (86)

dp _ 14 x%K[l —3(1 — K)] + x*c*K*(1 — K) ®7)

dx T (ex?K — 1)? 4 [x — exPK(1 — K)]?

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

dp _

71}__1 .. .. .. (88)
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 ¢ = 048 and K = 0-833 is very good;
the latter curve represents the performance of a circuit with a
maximally-flat group delay characteristic.
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Fig. 55—Universal phase stift-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 irf delay given
by expression (3) namely
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da
D= o7
S sec
7360 x 3 x 108

= 3160 pnsec
= 0-03 pusec

Thus only 3 such stages could be used in cascade before the overall
variation in delay approaches the value 0-1 usec 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 Grour DELAY

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

dé
dw
_ 1 d¢
T wy dx
_ 1 T4+ x%K[l = 3(1 — K)] + x'c*K¥(]1 — K)
w, (ex2K — 1)2 4+ [x — ex3K(1 — K))?

group delay =

(89)

The negative sign prefacing this expression is a consequence of the
negative (lagging) phase angle but since a negative phase angle
implies 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
deldx for ¢ =0-8, K =10-67 (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 = 1-7 showing the phasc response to be
unsatisfactory at such frequencies. This departure from linearity
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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 GROUP DELAY
Expression (89) can be rewritten in ascending powers of x thus

d$ 1 1 + x2%K|1— 3(1— K)] + v K2 (1— 1K) %0)
des wo " 14 x3(1— 2¢K) + x4 [c*K*—2cK(1 —K)]+x%* K¥(1 —K)* *°

Applying the conditions of expression (47)

-1 — K[l = 3(1 — K)] — 2K¥(1 — K) o)
! I — 2K ¢*K* — 2cK(1 — K)

20—~
c=0-8 K=0-67

)

|
c=0-49
K=0-833
(MAXIMALLY - FL AT
CURVE)

os y + 'k

Normalised group delay, dff/dx

| | ‘
oL _!._J_ ,-L !
[0} 3 4

| 2
Value of x

Fig. 56—Universal normalised group delay-frequency curves for
a series-inductance amplitier
Cross-multiplying the first and second fractions
1 —2cK = K[l — 3(1 — K)] .. ..o (92)
So3eK2 =1

]

. 2
.cK 3 .. .. .. .. (93

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

1

3=20—K)

K =20
S K =g =083

Substituting for K in (93) gives
¢ =048

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

K = 0833
c =048 \ o4

4.9 RESPONSE TO VOLTAGE 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, R, 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 Cj, 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
1-5 RqC; compared with 1-1 ReC; 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 = 0-833and ¢ = 0-48. The circuit cannot, therefore, be designed
to give maximal flatness in both respects simultaneously. A
compromise solution is commonly adopted such as K =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 amplifier is approximately double the output
capacitance (corresponding to K = 0-67). The required value of
K can sometimes be obtained by placing the coupling capacitor
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(which has appreciable capacitance to earth) 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 Cp, 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.

|20| T T T
SHUNT- INDUCTANCE AMPLIFIER ‘
WITH —%
100 ——
— //
—
—
.
3 oo =IX
= | \
£ SIMPLE RC-~CCUPLED
g |  AMPLIFIER
g so— ———1—
: [ SERIZS-INDUCTANCE AMPLIFIER
° | WITH ¢=0-8 AND K= 0-67
. |
g 40
s
4 4
¢ /
20 / —
|
|
o t — —
[¢] 0s el 15 2:0 2:5 3:0

Value af t/R,Cy

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

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 5Rg, i.e., 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

HT +

L2

|
|
|
1
]
GiEs3

o

|
I
]
I
I
¢

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

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

|

Condition L, L, K(=Ci/C)

Maximal flatness of fre- ’ |
quency response .. 0-14 R::C, 0-60 R,2C, 0-6

Maximal flatness of group
delay characteristic .. 0:10 R2C, 0-458 R,: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 amiplifier.

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 7-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
Rg 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.
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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 EFFecT 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 Ri;
thus the amplifier effectively performs as one with an anode load
of Ry and an unbypassed cathode resistance of Ri. There is thus
some current feedback due to R and the gain is less at these
frequencies than if Ry were decoupled. At high frequencies, when
tne shunting effect of C; on R, is appreciable, the reactance of Ck
is comparable with R 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 Zy, the effect of the current
feedback is to reduce the mutual conductance from gy, to g, where

gm'=r%k N 1)
This is proved in Appendix D. The gain of the valve thus
becomes

Apg = — gn'Zy
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in which Z, is the impedance of R; and C; in parallel. Substituting
for gn,' from (95) and putting Z, equal 10 Rgf(1 + jwC:Rs) we have

Ary — gmRa/(! + joCiRg)
hf — —

; .. (96
U+ gaRef(l + jwCeR) = O
Since Ay = — gmRa, this may be written

Amy . 1 + jwCiRq

Ay 1 + joCtRa + gmRk. 1 + jwCiRe 97

OUTPUT
Ce

nn
[F{¥]

INPUT

|

OHT~

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

The condition for maximal flatness is that the expressior. for the
frequency response should contain only a single term in frequency.
As it stands, expression (97) has two terms in « but the third term
can be made independent of frequency by making R.C: equal to
RiyCr. We then have

A 8 N0 g
o7 = (1 + gnRi) + jCiRa
hf

from which

2
Ant " (1 4 gRiY + 0GR
Ans

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

RoCt = RiCi .. .. .. (9%
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Putting RxCr = RqCe in (96) gives

4 _ 8mRa
o | -+ gmRr + jwCiRq

gmRa
1 + gmRyi
n jwCiRa .. .. (99)

1 + gmRk

It is instructive to compare this expression with that for an
amplifier without feedback, i.c., an amplifier without Ry 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
| + jwCeRa

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

(1) It reduces the effective g, of the valve to gm/(1 + gmR#);

Apy =

o [ Em

o I 4 gmRx

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

=] Ct
1 4+ gmRk

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.

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
I db up to 3 Mc/s. To give the correct grid bias the cathode
resistor Ry is 200 Q@ ; C;is 30 pF and g, is 8 mA/V. The values of
Rz and Cx and the stage gain are required.

From Fig. 38 the frequency resporse of a simple RC-coupled
amplifier is 1 db down when ¥ =0-5. Thus w/w, =05 and
corresponds to 3 Mc/s; e, therefore corresponds to 6 Mc/s.

—25

[] T T
| | : |
RESPONSE WITHOUT — | i
FEEDBACK N i .
-5 N ! |
1
\ ' |
' I
o 1
© RESPONSE WITH FEEDBACK - \ |
. — 10 — = — —
%3 ]
5 \
& '
: 1
s [}
y —15——+ —~ - —~
& |
Q 1
< i
@ 1
-20 S — :
:
]
|
'
1
f

Frequency { | division = Ioctovc)

Fig. 60—Effect of maximal current feedback on the frequency
response of a sirgle-stage RC-coupled amplifier

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

1 + gmRi

B 30 .
T 148 x10-% x 2007

30
26

= 11-5 pF

C/

pF

The current feedback has effectively reduced the aneode-shunt
capacitance to 1/2-6 of its real 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 = woCt'
= 1 - Q
T 6284 X 6 x 108 x 11-5 x 10-12
=2-3kQ

The effective mutual conductance of the valve is reduced by feedback
in the same ratio as the effective output capacitance and is thus
given by 8/2:6 = 3-08 mA/V giving the stage gain as

A =gmRa
=308 x 10-3 x 2-3 x 103
=7 only

The value of Cj necessary to give this performance can be deter-
mined by equating the time constants of anode and cathode
components.

RiCi = RqCy

SCr = RaSt

The gain is approximately 0-4 times that available from a shunt-
inductance circuit with the same frequency response (and thus the
same rise time) and is equal to that obtained from the same valve
with an anode resistor of 2,300/2-6 =890 Q and a decoupled
cathode circuit. To offset this disadvantage, the feedback circuit
has better linearity at low frequencies and greater output signal-
handling capacity.

The latter advantage arises in the following manner: Because of
the effective reduction in output capacitance, a valve with feedback
can be operated with a higher value of anode-load resistor than the
same valve without feedback yet giving the same frequency response.
This increased value of anode load enables the valve to deliver a
bigger output-voltage swing for a given anode-current swing than
without feedback. Thus feedback of this type may be used to
obtain a larger undistorted output from a given valve, or alterna-
tively, if no increase in output is required, enables a valve to be
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replaced by a smaller-currert type which can deliver the required
signal by virtue of feedback.

5.4 ADJUSTMENT OF FEEDBACK INDEPENDENTLY OF BIAS

In particular circumstances it may happen that the vilue of
cathode resistor required for grid bias purposes is also suitable for
providing current feedback, and a single cathode resistor can

T or{T+ OHT+
Cg
T .
t 'S
'
I
]
b
J P4 < b
< 3 <R b S
<Rq 2Rg ¥ bd
R, sRg -
g > Ry . Ryp mpm sy,
] :: \'
] SR mmCob !
| v '
] '
' )
Lo~ OHT~ = —0 HT-
(CH] (§-]
OHT -~

Fig. 61—A circuit providing
(a) less and (b) more current
feedback thanis given by the
bias resistor. Diagram (c)
shows the circu:t (b) redrawn
in a form more suitable for
calculation

be used. In general, however, feedback requirements necessitate
a value of resistor which differs from that required to supply grid
bias and Fig. 61(a) gives a circuit diagram in which the degree of
feedback is less than that provided by an unbypassed bias resistor.
The bias resistance R, comprises two resistors, Ry and R, in
series but of these only one, Ry, is required to give current feedback.
The other, R,, is therefore shunted by a large-value capacitor Cp,
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the reactance of which is so small that the video signals generated
across it by the alternating component of valve anode current are
negligible. The feedback voltage is developed across Ry, only and
this is shunted by a small capacitor Cs, which has the effect of
reducing the feedback as frequency rises, thus maintaining the
frequency response as explained above.

In the circuit of Fig. 61(b) the degree of feedback is greater than
that provided by the cathode bias resistor. To make the
cathode resistance larger than Rp, an additional resistor R, is
introduced in series with it. Neither of the two resistors is de-
coupled and both are effective in providing feedback. The feedback
is made to vary with frequency by inclusion of the capacitor Cyp.
The grid leak Ry is returned to the junction of R, and Rp in order
to give the correct bias, i.e., in order that the steady voltage between
grid and cathode shall be due to the steady component of anode
current flowing in R,.

Calculation of the degree of feedback in circuits such as those
illustrated in Fig. 61(a) and (b) is not always as straightforward
as might be imagined because the feedback is dependent on the
impedance of the signal source and on the point of the cathode
circuit to which the grid leak is returned. The signal source
impedance is often approximately equal to the anode-load resistor
R, of the previous valve and is indicated as such in Fig. 61. The
dependence of feedback on these factors can be more easily
visualised by drawing the circuit diagram in an unconventional
form. Fig. 61(c) gives the circuit of Fig. 61(b) redrawn thus.

Fig. 61(c) shows that the grid of the valve is connected to the
junction of a potential divider composed of R, and R, and that this
divider is connected across part (R,) of the cathode load. Because
of this, the voltage generated across the cathode load by the
alternating component of anode current is not applied between
grid and cathode in full, and thus the whole of the cathode circuit
is not fully effective in providing current feedback. The voltage
across Ry is fully effective but that generated across R, is reduced
in the ratio Rg/(Ra + R,) before application to the grid. If R, is
small compared with R, (which is often true in practice) this
reduction is negligible and Ry and R, are both fully effective in
providing feedback. If, however, R, and R, are comparable, the
reduction is considerable and must be taken into account in
calculating feedback.

5.5 THREE-ELEMENT CURRENT-FEEDBACK CIRCUIT

It has already been shown that a shunt-inductance circuit can
be made to give a closer approximation to the ideal response by
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the inclusion of further capacitors or inductors of suitablc value.
A similar process can be applied to the cathode circuit and a
3-element current-feedback circuit is illustrated in Fig. 62. The
circuit is basically that of Fig. 59 but an inductor is connected in
series with the cathode capacitor Cp. White* suggests that a
value for L is 0-5eCy/gm? where e = Ry/ Ry = CiCy.

1
]
|
== 1
| 1
l l
| :
L i
3 cl_:c
Rog C:-‘ t
r |
' i
: s Lk 1
1 < "
! Rik 2 |
> t
1
: “od
| I
. 4—OHT—

Fig. 62—Three-element currert-feedback circuit

Numerical Example

Suppose g = 8mA/V, R, =2k, Cy =25pFand Ry =150 Q.
The values of Cix and Ly are required. We have

— Ra
e = Ri
2,000
150

=13-33

*E. L. C. White, ** Design of a Television Camera Channel for a C.P.S.
Emitron.”” LE.E. Journal, November 1950.
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and
Ck = eC;
= 13-33 x 25 pF
= 333 pF
The value of the cathode inductor is therefore given by
s = (lsfg"
gm
05 x 1333 x 333 x 10-!2 H
B 82 x 10-¢
= 34-7 uH

A circuit such as that shown in Fig. 62 gives about half the gain
of a four-clement shunt-inductance circuit with the same band-
width but as already pointed out the feedback circuit is capable of
2 larger undistorted output and at low frequencies has better
linearity.

APPENDIX D

DECREASE IN GAIN DUE TO CURRENT NEGATIVE FEEDBACK

FiG. D.1 gives the basic circuit of an amplifying stage which has
an anode-load impedance Z, and a cathode impecance Z;. The
alternating component of anode current /, in flowing through Z,
produces the output voltage Vo,

Vout =IaZa . . . . (l)

In flowing through Z, this current gives risc to the feedback
voltage Vyp
Vie=0LZy .. .. .. .. Q@

Moreover if Z, and Z; are both small in comparison with the anode
a.c. resistance of the valve we have

I, = nggk
and, substituting for I, in (1)

Vout = gm ngZa
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giving the internal gain A of the amplifier, i.e., the gain measured
with respect to a grid-cathode input signal as

— OHT -

Fig. D.1—Basic circuit for current negative feedback

The external gain 4’ of the amplifier, i.c., the gain measured with
respect to an input signal Vs, is similarly given by

=nga 05 .- 0o (4)

where g, is the effective value of mutual conductarce. An
expression for g, can be obtained as follows:

Substituting g, Vyi for I in (2) we have

Vie = gmVykZx

From Fig. D.1
Via = Vo + Vi
= ng + &n ngzk
= Vor(1 + gnZx)
From which
; Vin
V —
s I+ ngk
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Thus
Vout _ g ”fZ"A )
Vin I 4 gmZy

Comparison of this with expression (4) shows that

g [ 8m
" 1 4+ gmZs

The effect of current feedback on the gain of an amplifier is thus
equivalent to a reduction in effective mutual conductance from g,,

to gm/(1 + gnZk).
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CHAPTER 6

RELATIONSHIP BETWEEN PASSBAND AND GAIN

6.1 SiMPLE RC-COUPLED AMPLIFIER
IN a simple RC-coupled amplifier the gain is 3 db down at the
turnover frequency, i.e., the frequency for which w = wy = 1/RaC:.
If this frequency is regarded as the upper limit of the passband F
we have

|
T 2aR,Cy
The gain A of the amplifier is equal to gmRa and substituting for
R, in (100) we have

_ 8m
AF = 2mCy .. .. .. .. (1on

passband = F (100)

This expression shows that the product of gain and bandwidth
depends only on the mutual conductance and the sum of the input
and output capacitances. It is therefore a constant for a given type
of valve used as a simple RC-coupled amplifier. To give some
indication of the magnitude of this constant let gm = 8 mA/V,
C, = 10 pF and C; =20 pF. For a valve with such parameters
the gain-bandwidth product is from (101) given by
8 x 10-3

AF = 5 3042 % 30 x 102 IS

= 42:3 Mc/s

From a knowledge of this constant, a number of calculations can
be performed. For example if a 5-Mc/s bandwidth (measured to
the 3 db-loss point) is required from an RC-coupled amplifier
employing this particular type of valve, the maximum gain obtain-
able is given by

423

'F

42-3

E

= B-46

A =
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To give this gain and bandwidth, a particular value of anode-load
resistor is necessary. Its value can be obtained from the relation-
ship

A = nga
Rearranging this we have
A
R, =
“ Em
Substituting the numerical values for 4 and g,
8-46
Re = 5% 10
= 1060 Q

As a second calculation, suppose the problem is to obtain the
greatest bandwidth consistent with a particular value of gain. If
the gain is, for example, 25, the maximum bandwidth obtainable
from a simple RC-coupled amplifier using the particular type of
valve described above is given by
42-3
A

42-3
= 55 Mc/s

= 17 Mc/s

F=

and the value of anode-load resistor required is given by

25
8 x 10-3 ¢

= 3125 Q

As a third numerical calculation, suppose an amplifying stage is
required to have a gain of 15 and a bandwidth of 4 Mc/s.  Sub-
stituting in (101) we have

g&m __
C, = 2nAF

6:284 x 15 x 4 x 108
= 377 x 108
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The problem now is to find a valve with such a value of g,/Ce.  If
gm is 8 mA/V, the value of C; must no: exceed

— Em_
Ct = 3975 108
8 x 10-3

=37 xi0s b

= 21 pF
Alternatively if C; is 25 pF, g,, must be greater than
gm = 377 x 10% x C,
= 377 x 108 x 25 x 10-12 A}V
= -4 mA/V

to give the required performance. If it is impossible to find a valve
for which g,/C, is equal to or exceeds 377 x 108, the required per-
formance cannot be obtained without using an additional amplifying
stage or a different type of circuit. The connection of two or more
valves in parallel does not help: although this increases the effective
mutual conductance, it also increases the capacitance in the same
ratio and the performance is identical with that of a single valve.

6.2 SHUNT-INDUCTANCE AMPLIFIER

One way of achieving a greater gain-bandwidth product than is
obtainable from a simple RC-coupled amplifier is to employ a
shunt-inductance circuit. It was shown in Chapter 3 that such an
amplifier can give approximately twice the gain of the RC-coupled
amplifier for a given bandwidth. Thus the gain-bandwidth product
for the shunt-inductance amplifier is given by

_ Em
AF = 2 x InC,
_ &m
=C, (102)

This product is again constant for a given valve but its value differs
from that for the simple RC-coupled amplifier.

6.3 SERIES-INDUCTANCE AMPLIFIER

It was shown in Chapter 4 that a series-inductance amplifier can
give a gain of approximatcly three times that of a simple RC-coupled
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amplifier for the same bandwidth. Thus the gain-bandwidth product
for such an amplifier is given by

_ gm
AF = 3 ¥ 27 C

. 3gm
= 2nCs .. .. .. .. (103)

This product is constant for a given valve but its value differs from
that for the simple RC-coupled and shunt-inductance amplifiers.

6.4 FIGURE OF MERIT FOR A VALVE

Expressions (101), (102) and (103) for the gain-bandwidth
products of various types of video amplifier all contain the common
factor gm/C:, the ratio of mutual conductance to the sum of the
input and output capacitances. This ratio is a measure of the
utility of the valve in video-frequency amplifiers and is known as
the figure of merit or merit factor for the valve.

The relationship between the gain-bandwidth product and the
figure of merit depends on the type of circuit used and expressions
(101), (102) and (103) apply to three circuits used for video-frequency
amplification. These circuits have one feature in common, namely
that the bandwidth is determined by both the output capacitance
C, and the input capacitance C;. The bandwidth can be extended
if Co or C; can be eliminated or reduced. Such an extension is
possible by using a cathode follower after a gain stage; the input
capacitance of a properly-designed cathode follower stage is very
small and the major capacitance limiting the bandwidth of the
previous gain stage is its own output capacitance C,.

As an example of the improvement in bandwidth brought about
by the use of a cathode follower let us consider a simple RC-coupled
amplifier with g, = 8 mA/V and C, = 10 pF preceding the cathode
follower. From expression (101) we have

= 'gm
Gl? 27Cy

for a simple RC-coupled amplificr in which C; = C, + C;. When
the effect of C; is eliminated by the cathode follower, this expression
becomes

. Em
AF - 27TCO
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Substituting numerical values

8 x 10-3

AF = 383 % 10 x 10-12

c/s

= 127-3 Mc/s

Since C; = 3C, this is three times the gain-bandwidth product
available when no cathode follower is used and gives a gain of
42 for 3 Mc/s bandwidth and 12-7 for 10 Mc/s bandwidth.

Similar improvements are possible using other forms of gain
stage before cathode followers.

6.5 LIMITING VALUES OF GAIN

Expressions (101), (102) and (103) show how the gain of a simple
RC-coupled amplifier can be improved, without sacrificing band-
width, by adopting first the shunt-inductance and second the series-
inductance circuits. This process of improvemesnt by the addition
of further components cannot be continued indefinitely. For a
given valve and a given bandwidth, there is a limiting value of gain
which cannot be exceeded no matter how complex the circuit is
made. For a valve for which C, is in parallel with the input
capacitance C; of the following stage this limiting gain is given by

28m

Ama:t = th

From this we can calculate what fraction of the theoretical maximum
gain is obtained in practice from the circuits which are described in
earlier chapters and contain a limited number of components. We
shall make the comparison at the turnover frequency. At this
frequency w = 1/R,C, and substituting for w in the above expression
gives the theoretical maximum gain as 2g; Ra.

Consider first the simple RC-coupled amplifier. This has a gain
of gmRa at low frequencies but this falls at high frequencies and is
equal to 0-707gmRa (corresponding to 3 db loss) at the turnover
frequency. The theoretical maximum gain is 2g,Ras and thus an
RC-coupled amplifier gives only 0-707/2 = 0-35 of the maximum
gain at the turnover frequency.

The shunt-inductance amplifier gives approximately double the
gain of the RC-coupled amplifier at the turnover frequency and thus
gives 0-71 of the maximum possible gain.

If the valve input and output capacitances are separated by an
impedance, as in the series-inductance circuit, the theoretical
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maximum gain is given by

A — __ng_ *
IE T wa/(CoCy)

In practice G, is often approximately 1/3rd of C; and C; is 2/3rds
of C;. Substituting for C, and C; in the above expression we have

mazx th

From this we can estimate the fraction of the theoretical maximum
gain which is obtained in practice from a series-inductance amplifier.
We shall make the comparison at the turnover frequency for which
w = 1/RaC,. Substituting for w in the above expression we have

Amaz = 34/28mRa

= 4'242nga
It was shown in Chapter 4 that a series-inductance amplifier can
be designed to give a gain of approximately three times that of a
simple RC-coupled amplifier for the same bandwidth. The gain of

the series-inductance amplifier at the turnover frequency is thus
given by

A =3 3 X 0'707nga X

3gmRa
1?2

Comparing this with the theoretical maximum gain available we see
that the fraction of the maximum gain realised in practice is given by

A _3gmRe 1
— .
2

Thus series-inductance amplifiers can. give higher gain than shunt-
inductance types even though their gain is only 50 per cent of the
theoretical maximum whereas that of the shunt-inductance amplifier
is 70 per cent of the maximum.

* H. A. Whecler, ** Wideband Amplifiers for Television.”” Proc. I.R.E.,
July 1939, Vol. 27, No. 7.
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6.6 LIMITING VALUES OF FREQUENCY

Expression (101) gives the gain-bandwidth product for an RC-
ccupled amplifier as

and, as shown earlier in this chapter, if g, =8 mA/V and C; =
30 pF
AF = 42:3 Mc/s

If we put f=42-3 Mc/s we find 4 = 1; i.e, if the passband is to
extend to 42-3 Mc/s, the anode load resistor must be made so small
(= 1/gn) that the stage gain s only unity. This value of frequency
is the highest that can be achieved with this type of valve and par-
ticular form of coupling circuit; any attempt to extend the passband
by further reduction of load resistor results in less than unity gain.
For an RC-coupled amplifying stage therefore the upper frequency
limit ( fmaz) is given by
— &m
Smaz = e
There are similar expressions for the maximum frequencies
obtainable with shunt- and series-inductance amplifiers. These can

be obtained from expressions (102) and (103) and are as follows:
for the shunt-inductance amplifier

— &m
fmaz - TTC‘
for the series-inductance amplifier
3
frax = 5.,

This limitation on upper frequency cannot be overcome by con-
necting valves in parallel because this increases shunt capacitance in
the same ratio as mutual conductance and leaves the frequency
response unaffected. Nor can it be overcome by connecting valves
in cascade. As shown in the next chapter when stages are cascaded,
it is necessary to decrease the anode-lcad resistors to preserve the
bandwidth of the individual stages. If the gain is already unity,
any reduction in load value results in less than unity gain for the
stages and hence for the amplifier as a whole.

Tke only way this frequency limitation can be avoided is to use
a valve with a better merit factor (larger ratio of g, to (i) or to use
a distributed amplifier (see Chapter 8).
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CHAPTER 7

AMPLIFYING STAGES CONNECTED IN CASCADE

7.1 INTRODUCTION

WE have so far considered the performance of typical single stages
of amplification. These are important because video-frequency
amplifiers usually contain a number of stages in cascade and the
characteristics of each stage contribute to the overall characteristic
of the amplifier.

7.2 ADDITION OF FREQUENCY RESPONSES AND DELAY TIMES

If the frequency response of the stages are expressed in decibels,
the overall amplifier response can be determined by adding those of
the individual stages. Similarly the overall group delay can be
obtained by adding the group delays of the individual stages. The
step responses are, however, not arithmetically additive; when a
number of stages are cascaded, the chief effect on step response is
an increase in apparent time delay, an increase in rise time and (if
the stages have overshoot) an increase in amplitude and duration of
overshoot. The increase in apparent time delay is indicated by
the development of a foor on the step response, the length of
the foot increasing as the number of stages is increased. The reason
for the increased delay can be explained as follows: the first valve
in the amplifier is fed with an abrupt voltage step but, because of
the finite rise time of the first stage, the second stage receives a
voltage which takes an appreciable time to build up to its final
value. The input to the third stage is even slower in reaching its
final value and the apparent delay thus increases as the number of
stages is increased. This is illustrated in Fig. 63 which shows the
step response for 1, 2, 4 and 8 identical shunt-inductance stages
with a = 0-5.

7.3 ADDITION OF RISE TIMES

When two or more amplifier stages, each with the same rise time,
are cascaded, the overall rise time is increased. As shown by
Kallmann, Spencer and Singer* the overall rise time is related to
the value for an individual stage by a law depending on the shape

¥ H. E. Kallmann, R. E. Spencer and C. P. Singer, ** Transient Response.”
Proc. I.R.E., March 1945, Vol. 33, No. 3.
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of the transition curve.  For example when shunt-inductance stages
with a = 0-6 are cascaded, the rise time is increased to 1-4 times its
original value every time the number of stages is doubled. The
multiplication factor is 1-3 when ¢ = 0-7 and 1:25 when a = 1-0.
There is however considerable overshoot for large values of a and
small values, such as a = 0-4, are used in practice. Provided over-
shoot is not excessive, the multiplication facter is approximately
I-41 for shunt-inductance and series-inductance amplifiers. This
particular value of multiplication factor is equivalent to addition
by squaring the individual rise times, adding them and finding the

T A

T

iiarin
/

é L

Percentage of final amplitude

00 2 4 ] 8 1o 12 14 16

Value of t/RqCy

Fig. 63—Step response of amplifiers consisting of 1, 2, 4 and 8 identical
shunt-inductance stages

square root of the sum. This can be shown in the following way
in which 7, is the rise time per stage and t, the overall rise time.
It is assumed that there are n stages in cascade

th = A/(t,2+1,2+1,2 ..., nterms)
= V()
= vnt,
Thus when n — 2
Ih = /2t
= 1-41t,
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When n = 4

th = 21,
and whenn = 8
th = /81,
= 24/2t,
= 2-83¢,

7.4 Use oF COMPLEMENTARY CHARACTERISTICS

If the individual stages had ideal frequency- and group-delay
characteristics, any number of stages could be cascaded without
effect on the frequency response, group-delay response or the rise
time. In practice, however, individual stages are not ideal and as
the number of stages cascaded increases, the passband becomes
narrower and the group-delay curve departs more and more from a
level response.

Although the previous statement is true in general, it is sometimes
possible to select a stage which will equalise the frequency response
and the group-delay curve of a second stage, the overall charac-
teristics of the combinatien thus being nearer the ideal than those
of either stage alone.

For example, a simple RC-coupled stage has a frequency response
which is 3 db down at the frequency for which x = 1 and a shunt-
inductance stage with @ = 0-7 has a response approximately 2 db
up at this same value of x, as can be seen by interpolation from
Fig. 43. If both circuits have the same value of w,, the ordinates
at x = | can be added to show that the combination of both circuits
has a response which is 1 db down at x = 1.

The group delay-frequency characteristics for these two circuits
can both be estimated from Fig. 45, they are of opposite curvature
up to x = | giving an overall characteristic which is better approxi-
mation to the ideal than that of either circuit alone.

7.5 DECREASE IN STAGE GAIN TO GIVE CONSTANT PASSBAND WHEN
CASCADING

When a number of identical amplifying stages are connected in
cascade the passband is decreased. This can be illustrated by
reference to an amplifier consisting of two similar RC-coupled
stages. Each stage alone has a passband extending to the frequency
for which x = 1 as shown in Fig. 38, the response at this frequency
being 3 db down.
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The frequency response of two circuits in cascade is 6 db down
atx = 1 and is 3 db down at that frequency for which each individual
stage is 1-5 db down. From Fig. 38 this frequency is given by
x = 0-65; thus the passband of the two-stage amplifier is approxi-
mately two-thirds that of the individual stages. This implies, of
course, that the rise time for the amplifier is approximately 1-5 times
that of the individual stages. If the passband of the two-stage
amplifier is required to extend to x = 1, i.e,, if the response is to be
3 db down at x = 1, the individual stages must be designed to be
1-5 db down at x = 1. This can only be done by increasing the
value of w, for the stages and, to obtain the desired response,
w, must be increased to 1-5 times its original value; as (¢ is fixed,
w, can only be increased by decreasing Rq and this decreases the
gain per stage in the same ratio. The stage gain is thus 1/1-5 =
0-67 of its original value and the overall gain is (1/1-5)2 = 4/9,
i.e., just under half of what it would have been if the anode resistors
had not been reduced.

The reduction in individual stage gain necessary to prescrve a
given passband becomes very marked as the number of stages is
increased and, in fact, ultimately sets a limit to the number of stages
which can profitably be used. This can be shown in the following
way, in which for simplicity, simple RC-coupled amplifiers are
assumed. The result, however, is of general application.

From expression (13) the gain of a simple RC-coupled amplifier
at high frequencies is given by

_ _ _&mRa
U = iRy R 1%

If n similar stages, each with an anode resistor of value R,, are
connected in cascade the overall gain A, is given by

(gmRa)"
Ap = A® = " 4:(“;"6';@2)”/2 . .. (105

The passband limit occurs where the gain falls to 1/4/2 of its
value (g R,)" at medium frequencies and at this frequency

1 1
(1 4+ W2 CER'? — /2

(1 + w?C2R2)" = 2
wICPR,? = 2Un — |

wCiRy = v/QY™ — 1) ... (106)
115



TELEVISION ENGINEERING PRINCIPLES AND PRACTICE

If the passband limit w is to equal that of a single stage with an
anode resistor of R, we have

w = 1/R,C;

and substituting for w in (106)
Ru _ V(@2Yr — 1) .. .. (107)
R,

This expresses the relationship between R, and R, which must be
satisfied in order that an amplifier having n stages each with an
anode resistor of R, should have the same passband as a single
stage employing an anode resistor of R,. For example if n = 2
we have

Rn

R, Vv2—=1)
= /041
= 0-64

This shows that the anode-load resistors in a two-stage amplifier
should each be 0-64 of the anode-load resistor of a single-stage
amplifier for both amplifiers to have the same passband. This
confirms the result deduced from frequency-response curves above.

The relationship between R,/R, and n is illustrated in the following
table.

R,
n R,
2 0-64
4 0:436
6 0-35
8 0-30
10 0-2682

This table shows how the value of the anode resistors must be
progressively reduced (to maintain the passband) as the number of
stages in an amplifier is increased. This reduction ultimately sets a
limit to the number of stages which can profitably be cascaded.

As the number of cascaded stages is increased, this limit is reached
when the additional gain due to a further stage is just neutralised by
the loss occasioned by the reduction in value of the anode-load
resistors (necessary to preserve the bandwidth). If the number of
stages is increased beyond this point, the overall gain of the amplifier
begins to fall and ultimately reaches unity if the number of stages
is increased sufficiently. Thus the gain of an amplifier rises to a
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80 : —

Overall gain (decibels)

15 20 25 30 35
Number of stages

Fig. 64—Curves illustrating the relationship between overall

amplifier gain and number of stages for a number of values of

stage gain. It is assumed that the value of the anode-load
resistors is always adjusted to give the same passband

maximum and then falls as the number of stages is increased,
provided the value of the anode resistors is at all times adjusted to
maintain a constant passband.

This is illustrated in Fig. 64 which shows the relationship between
overall gain and number of stages for a number of individual values
of stage gain. For convenience overall and stage gains are expressed
indb. The curves show that if the stage gain is low, the number of
stages which can profitably be cascaded is extremely small. For
example if the stage gain is 4, the optimum number of stages is also
4 giving an overall gain of 8 (18 db). If the number of stages is
increased or decreased from 4, the overall gain falls. If the gain
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per stage is high, the number of stages which can be profitably
cascaded is also high. For example when the stage gain is 10, an
overall gain of nearly 1,000 (60 db) can be obtained with 4 stages
and 10,000 (80 db) with 8 stages, both numbers being well below
the optimum number of stages which can be cascaded for this value
of stage gain.

The curves of Fig. 64 were calculated in the following way. The
gain of a multi-stage amplifier is given by

An = (gmRp)" .. .. .. (108)
Substituting for R, from (107)
An = guRA(2UM — 1)
= A"2Y" — |)n/2 .. .. (109)

where 4 is the gain of a single-stage amplifier with an anode resistor
of Ry.

As a numerical example suppose the stage gain is 6 (15-6 db) and
we require to know the gain of a 6-stage amplifier with the same
bandwidth. ~Substituting for A and # in (109)

An = 65218 — 1)3
= 6%0-1225)°
= 86

i.e., nearly 39 db.

The considerations discussed above apply whether the stages
connected in cascade belong to one or a number of amplifiers. If
an amplifier with a gain of, say, 45 db is connected in cascade with
a similar amplifier, the overall gain is 90 db, but the bandwidth is
reduced by the introduction of the second amplifier and this is true

whether the amplifiers are close physically or separated by other
equipment such as lines.

7.6 DESIGN OF A MULTI-VALVE AMPLIFIER

The minimum number of similar stages necessary in an amplifier
can be determined in the following manner.

1. The maximum permissible drop in gain at the upper-frequency
limit of the amplifier is known (it does not usually exceed 2 db)
and this should be divided by a number n which is a rough
estimate of the number of stages required. In this way the
maximum permissible drop in gain per stage is obtained.

2. Knowing this and the upper-frequency limit of the amplifier,
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the value of w, for the stages can be found from the universal
frequency-response curves. R, can be determined from the
relationship Ry = 1/w,C; and the stage gain from 4 = gmRa.

3. The overall gain of the amplifier can be obtained from the
expression (gmRg)". 1f this is less than the required overall
gain, the calculation must be repeated for a larger value of »;
if (gmRa) exceeds the wanted overall gain, the calculation must
be repeated for a smaller value of n.

7.7 AMPLIFIERS WITH ALTERNATE GAIN STAGES AND CATHODE
FOLLOWERS

Video-frequency amplifiers are sometimes constructed of alternate
gain stages and cathode followers as shown in Fig. 65. Although
the cathode followers have each a gain of slightly less than unity,

T
I

CATHODE
FDLLOWER

AAA
VWA

SHUNT -
INDUCTANCE

GAIN STAGE_ | -— 1+

N

!
|
!
4 . I . I S .  OHT-

Fig. 65—Section of a video amplifier consisting of alternate gain
stages and cathode followers

their inclusion results in a considerable improvement in amplifier
performance. The reason for this was mentioned in Chapter 6;
the cathode followers act as buffers and prevent the input capacitance
C;.of the gain stages appearing in parallel with the output capaci-
tance C, of the previous gain stage. In other words the input
capacitance of the cathode followers is very small and the total shunt
capacitance at the anode of each gain stage only slightly exceeds its
own output capacitance. Each gain stage may thus have higher
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values of anode-load resistor (implying higher gain) than would be
possible in the absence of the cathode followers.

The input capacitance of a cathode follower is small only if the
output load is high. For successful operation of this circuit,
therefore, the cathode-follower load must be high at all frequencies
in the video band. This load consists essentially of the cathode
resistor in parallel with the input capacitance of the following gain
stage. There is no difficulty in making the resistor value sufficiently
high but the shunt capacitance can become a limiting factor. The
circuit will operate successfully provided the shunt reactance is
large compared with the output impedance of the cathode follower
at the highest video frequency. If the cathode follower has a
mutual conductance of 5 mA/V, its output impedance (1/gn) is
approximately 1/(5 x 10-3) =200 Q. If the input capacitance of
the following stage is 20 pF, its reactance at 3 Mc/s is given by

X = :;C
|
= 6284 x 3 x 10° x 20 x 10-12 ¥
= 2,650 Q
which satisfies the required condition because it is large compared

with 200 @. In fact the frequency has to be raised to 40 Mc/s
before the shunt reactance equals 200 Q.
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CHAPTER B8

DISTRIBUTED AMPLIFIERS

8.1 INTRODUCTION

IN Chapter 6 it is explained that there is no point in connecting
similar valves in parallel in an effort to improve high-frequency
response. The factor whick determines the utility of a valve in a
video-frequency amplifier is gm/C: and, by a parallel connection,
gm and C; are both increased in the same ratio, leaving the frequency
response unaffected.

If, however, an amplifier could be built in which valves are
connected in parallel in such a way that their mutual conductances
are additive whilst their capacitances are not, such an amplifier
would not be subject to the upper frequency limitations discussed
in Chapter 6 and very wide-band passbands would be possible.
Such a method of paralleling is possible by using delay lines as
inter-valve coupling elements and amplifiers employing this technique
are termed distributed amplifiers.

8.2 FUNDAMENTAL CONSIDERATIONS

The basic circuit of a distributed amplifier is given in Fig. 66.
The grids of a number of valves are connected together via inductors
L, in such a way that these, together with the input capacitances
C; of the valves (shown dotted), form a delay line. The input
signal is applied to one end of this line and the other end is
erminated in a resistor equal to the characteristic impedance
V/(Lg/Cy) of the line. The anodes of the valves are similarly con-
nected via inductors L, which, together with the output capacitances
C, (shown dotted), also form a delay line. This line is terminated
in its characteristic impedance 1/(La/Co) at the left-hand end, the
output load being connected to the right-hand end.

A signal applied to the input of the grid line sets up a wave which
travels to the right at a velocity given by 1/4/(LgC;). On reaching
the right-hand end of the line, this wave is absorbed in the terminating
resistance and, provided this resistance is of the right value, there
is no reflection. As the wave travels along the line it cxcites each
of the valves in turn and each valve develops a corresponding
current waveform in the anode circuit. The output of each valve
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divides into two, half being transmitted to the left 10 be absorbed
in the terminating resistance and the other half being transmitted
to the right to form the output signal of the amplifier. Provided
the anode-line terminating resistance is of the right value, the
backwards-travelling wave is completely absorbed in the terminating
resistance and there is no reflected wave to interfere with the
forwards-travelling wave. The useful outputs from all the valves
are additive, provided the velocity of propagation along the anode
line 1/4/(LaC) is equal to that along the grid line.

The current flowing into the output load from each valve is
one half that due to the same number of valves connected directly
in parallel and the gain of the amplifier is thus given by

Az@";ﬁ' 10

where 7 is the number of valves,
gm 1s the mutual conductance of the valves
Rg is the anode load resistance.

This expression shows that each valve behaves as though it had
half its nominal mutual conductance, half the output power being
wasted in the anode-line terminating resistor. In spite of this
loss, however, the distributed amplifier is capable of a performance
not possible with conventional cascaded amplifiers.

The gain of a distributed amplifier is directly proportional to
the number of valves and any desired gain can be obtained by using
erough valves. Provided the anode and grid lines are properly
terminated, the addition of further valves to a distributed amplifier
does not affect the input or output impedance but merely increases
the number of sections in the grid and anode lines.

8.3 SUPERIORITY OVER CONVENTIONAL CASCADID AMPLIFIERS

It was shown in Chapters 6 and 7 that a conventional cascaded
amplifier has an upper frequency limit beyond which it is impossible
to amplify; this limit arises when the anode-load resistor is reduced
to such a low value (to cxtend the passband) that the stage gain
falls to unity.

This limitation does not apply to distributed amplifiers; even
when R, is so low that g, R, is less than unity, the overall amplifier
gain can be made to exceed unity by using sufficient stages. This
1s because every valve added to a distributed amplifier contributes
its quota to the output and it is not necessary to reduce the anode
loads to maintain the bandwidth as in cascaded amplifiers. A
distributed amplifier with a gain of several decibels up to a frequency
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of, say, 200 Mc/s can be built using valves which, in conventional
circuits, have an upper frequency limit of, say, 50 Mc/s.

Such an amplifier might require a large number of valves if they
were all connected in parallel as in the basic circuit of Fig. 66.
It is, however, possible to reduce the number of valves necessary
1o give a required gain and passband, by using a cascade arrangement
of distributed amplifiers. In other words, it may be more
economical to use, say, 2 distributed amplifiers in cascade, each
containing 4 valves, than to build a single distributed amplifier to
give the same performance, which may require say 12 valves.
When distributed amplifiers are connected in cascade, therc is an
effective reduction in passband and to avoid this the effective anode
loads must be reduced by choice of values of L, and L,. There

. I—OHT'*
|

ANODE - LINE
TERMINATING

4
Co £33 i

ESISTOR i OuTPUT

o

h 4 GRID -LINE

INPUT Ci &zl TERMINATING
! f RESISTOR
3 o

Fig. 66—Basic features of a distributed amplifier

are, of course, a large number of possible arrangements in which
a given type of valve can be employed to produce a required gain
and passband but there is one optimum arrangement which requires
the least number of valves.

8.4 FREQUENCY AND PHASE CHARACTERISTICS OF DISTRIBUTED
AMPLIFIERS

The grid and anode delay lines are of the form of low-pass
filters. One of the properties of such networks is that the impedance
measured across the shunt capacitors is substantially constant at
low frequencies but rises as frequency approaches the cut-off value
for the network, given by 1/my/(LC). These impedances constitute
the anode loads into which the valves work; thus the overall
frequency response of the amplifier rises as frequency approaches
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the cut-off value. The phase-frequency characteristic also shows
divergences from the ideal as this frequency is approached.

There are a number of ways in which these variations in frequency
and phase response can be reduced. One method is to introduce
mutual inductance between successive sections of the grid and anode
lines. Practically this may be achieved by connecting the grids and
anodes of the valves to the centre points of the inductors as shown
in Fig. 67. There is an optimum value of mutual inductance,

ANODE-LINE
TERMINATING
RESISTOR

Lq Lg
.i ‘ ' GRID-LINE
: i TERMINATING
INPUT 23 3¢ RESISTOR
] ]
. 1_¢—$_- - + * OHT—

Fig. 67—Basic circuit of alternative form of distributed amplifier

which depends on the valves and passband required, and for this
value the frequency and phase characteristics are satisfactory up
to 0-8 of the cut-off frequency.

Numerical Example

To give some indication of the order of component values required,
we will consider the design of a distributed amplifier using valves
with g» = 8 mA/V, C; = 20 pF and C, = 10 pF and required to
have a passband extending to 50 Mc/s.

If 50 Mc/s represents 0-8 of the cut-off frequency, /., we have

50
o= 0-8 Mc/s

= 62-5 Mc/s
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This is the cut-off frequency for both lines. Hence
1 1

f = = T =
T aV(LeC) T mv/(LaCo)
from which
LyCi = LaCo = n,;fcz
giving '
1
Lg - 7T2'/-cch
1
and Ly = 2.2C,

Substituting for =, f¢ and C;

Ly 1

T 3:1422% (625 X 10%)2 X 20 X 10-12
=13 uH
Since Co = Cyj2, Ly = 2Ly = 2-6 uH.

The grid-line terminating resistance is equal to the characteristic
impedance of the grid line and is given by

Ly, 1-:3 x 10-¢
G ”«/(20 X 10—12)
=255Q
This is also the input resistance of the amplifier.
Since C, = Cy/2 and L4 = 2L, the characteristic impedance of
the anode line is four times that of the grid line and is thus

4 x 550 = 1020 Q. This is also the effective anode load of each
of the valves. The gain of each stage is given by

H

o gmRa
4="5
8% 10-3x1020
a 2
= 4.08

the factor of 2 being necessary because only half the anode current
of each valve is useful, A gain of 20 (26 db) can thus be obtained
by using five valves in the distributed amplifier.

The passband of this amplifier extends to 50 Mc/s whereas the
maximum frequency at which valves of this type can give worthwhile
gain in conventional circuits is 42-3 Mc/s as shown on p. 111.
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CHAPTER 9

PHASE EQUALISERS

9.1 INTRODUCTION

CERTAIN types of network, notably lattice structures, have a level
frequency response and a phase-frequency characteristic with
curvature opposite in form to that obtained from video-frequency
gain stages such as shunt- and series-inductance amplifiers. If
such a network is used in conjunction with a gain stage, it has no
effect on the frequency response of the amplifier but can, by suitable
design, reduce the phase distortion.

Networks used for this purpose arc termed phase equalisers and
amplifiers intended for use with them can be designed to give higher
gain than if no phase equalisation is intended; the reason is that
the form of the phase-frequency characteristic of the amplifier is
no longer a limiting factor in design.

9.2 FREQUENCY RESPONSE OF SYMMETRICAL LATTICE NETWORK

In general a lattice network has two series and two shunt elements
as shown in Fig. 68; this particular network is a symmetrical one
in which both series elements are equal to Z, and both shunt

Fig. 68 —General form of symmetrical lattice network

elements are equal to Z,. The network is shown terminated in a

resistance R.. For purposes of calculation it is often more con-

venient to redraw the network in the form of a bridge circuit as

shown in Fig. 69. If R. is made equal to the iterative impedance of

the network, the ratio of the output to the input voltage is given by
Vout . l_—‘\é(ZI/Z*Z) (1“)
Vin — 1+ VI(Z,Z)) . ;
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This expression is derived in Appendix E at the end of this chapter.

The frequency response of the network is thus given by

1 —(Z,/Z,)

1%
20 log o V::t = 201080, Y7017

9.3 SIMPLE LATTICE NETWORK

(112)

In the simplest type of lattice network which can be used for
phase equalisation, the series elements are equal inductors and the
shunt elements equal capacitors. The network thus has the circuit

shown in Fig. 70.

L :
: z, 2 :
1 |
Re Vi
¥in AMAAWA '
| '
I ]
]
i 12 I A__
[}
L O== ="~ Vout™ """
_____ Voug —m=—-— Fig. 70—Simple lattice network
Fig. 69—Network of Fig. 68 redrawn composed of two inductors and
in bridge form two capacitors

9.3.1 Frequency Response of Simple LC Lattice Network
Comparing the circuits of Figs. 69 and 70 we have

Z, = jwL
and Z, = 1/jwC
Ly e
Lz, T LC
Let w; be the resonant angular frequency of LC. Then
wy = 1
T VIO
and Z,/Z, may be written
Z, w®
Z, o wr2
= — z2

(113)

(114)
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where z = w/w, and is a variable directly proportional to frequency.
Substituting for Z,/Z, from (114) in (111)

Vout _ 1 — \/(_‘_22)

Vi 1+ /(=29
Since j = 1/(—1) this may be written

Vout | —jz
= == 9 115
Vin 1 +jz (15)

from which
Vout 1 + 22)
— / J—
Vin v (l + z2
=}

Thus the output voltage is equal to the input voltage at all
frequencies. The network introduces no loss and may be inserted
in a video-amplifying chain without effect on the gain or frequency
response of the chain.

9.3.2 Phase Response of Simple LC Lattice Network
This characteristic can be deduced by rationalising expression (115)
thus
Vou _ 1—jz 1 —jz
Vin — 14z 1 —jz
U0 = o
Tl 422

This expression is of the form (R + jX) and the phase angle ¢
between Vyy and Vi, is given by tan—1X/R, i.e.,

— 2z
— tan-1 " .
¢ =tan [z - .. .. (116)

which, for values of z of less than unity, gives a negative phase
angle, i.e., a lagging phase. Differentiating to obtain an expression
for the normalised group delay we have

d¢ —2
dz = T4 22 (117)
a result also deduced in Appendix E. In expression (117) the
negative sign can be neglected, since a negative phase angle implies
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positive delay. The group delay is thus given by

d$ 1 d¢
do o, dz
1. =2
wr 1422 Q)

The variation of ¢ and d¢]dz with z is illustrated in Fig. 71; the
curvature of these characteristics is such that if they are added to
those of some of the amplifier circuits described earlier, the overall
phase shift (or group delay) shows less departure from the ideal

=120 24
N o
—%SED o ’,’
-90 —R0us : A I8
€L P

\ R | >
" | - -
g " 3
& R g
v < -
¥ -60 Qo\‘f"’ 12 g
‘.:: d”/ -]
-3 e ” L)
° o> o“"’e 5
v Q.Q/ ee,? g
2 &% 5
£€-30 ™ N:vﬁ lo-6 2

) |
o) l0
(o) 0-2 04 06 o8 0

Value of wfwe

Fig. 71—Variation with frequency of phase angle and normalised
group delay of a simple lattice network

characteristic than that of the amplifier alone. The phase-compen-
sating stage increases the overall phase shift or group delay but
decreases the rise time and improves reproduction of transients.

9.3.3 Design of a Simple Phase Equaliser

The component values required in a network to phase equalise
an amplifier are usually determined empirically. The amplifier is
phase corrected by means of a variable phase equaliser, the controls
of which are adjusted to give the best possible pulse response.
The equaliser can then be prepared from the information given by
the readings on the dials of the variable equaliser.

However, to give some indication of the order of component
values required in phase equalisers, the constants of a simple lattice
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Fig. 72—Phase response for an amplifier, its equaliser and the
combination

network required to cqualise a particular amplificr, will be evaluated
analytically. This method cannot usually be employed in practice
because the phasc characteristics of the amplifier are seldom known
with sufficient accuracy. We shall assume that the amplifier to
be equalised is a series-inductance type with ¢ = 0-8 and K = 0-67,
the passband extending to x = 1-5 which corresponds to 3 Mc/s.
Sinece w/wy = 1-5 when w is equivalent to 3 Mc/s, w, is equivalent
to 2 Mc/s.

The phase-frequency curve for such an amplifier is given in Fig. 55;
it shows that the deviations from the ideal linear response are
considerable, particularly near the upper limit of the passband.
When x = |-5 the phase angle lags 16-5° on the ideal value but the
deviations are less at lower frequencies; this is illustrated in Fig. 72
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in which the difference between the real and ideal response is
plotted as a function of frequency expressed in Mc/s.

To phase compensate such an amplifier, the equaliser must have
a phase response which also deviates from linearity by 16-5° at
3 Mc/s, the deviation being of opposite sign to that of the amplifier.
Examination of thz phase response of the simple LC equaliser
(Fig. 71) shows that the deviation is of the necessary amount and
in the desired sense when z = 0-875. Thus w/w, = 0-875 when
w is equivalent to 3 Mc/s and w, is therefore equivalent to 3/6-875=
3-43 Mc/s. The lower curve of Fig. 72 gives the phase response of
the equaliser plotted against frequency.
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AMPLIHERwSV
016 i
§ /
E
;: 012 //
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3 ——
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[&] ‘\\
EQUALISER —
0-04
[e)
o 0-5 -0 1.5 2:0 25 30

Frequency, Mc/s

Fig. 73—Variation with frequency of group delay for amplifier.
equaliser and the combination

By adding the curves for amplifier and equaliser in Fig. 72 we
obtain a third curve illustrating the overall phase response of the
amplifier and equaliser. This shows that there is a small residual
phase error at frequencies between 20 Mc/s and 2-5 Mc/s.

To assess the significance of these phase errors the group delay-
frequency curves for amplifier, equaliser and the combination are
given in Fig. 73. The curve for the amplifier was obtained from
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Fig. 56 in the following way. The value of x corresponding to
any given frequency is obtained from the relationship

r=2
Wy

in which w, corresponds to 2 M¢/s. The normalised group delay
corresponding to this value of x is determined by interpolation from
Fig. 56. Finally, the group delay is obtained by dividing the
normalised group delay by w,.

The curve for the equaliser was obtained from Fig. 71 by a similar
method. First the value of z for any given frequency is determined
from the relationship '

ZA=—NE"
wr

in which w, corresponds to 3-43 Mcfs. The normalised group
delay for this value of z is obtained by interpolation from Fig. 71
and finally the group delay is determined by dividing the normalisced
group delay by .

The overall group delay curve in Fig. 73 was obtained by simple
addition of the other two. Before equalisation the group delay for
the amplifier varied from 0-08 usec to 0:-14 usec, a change of 0-06
psec; after equalisation the variation is from 0-17 usec to 0-20 usec,
a change of 0-03 usec. Although the total group delay is increased
by phase equalisation, the variation of group delay with frequency
is reduced.

9.3.4 Calculation of Equaliser Component Values

The value of w, for the phase equaliser determines the product LC
according to expression (113)

1
—VLO)

The iterative impedance of the equaliser determines the quotient
L[C as shown in general terms in expression (3) of Appendix E.

o

These two expressions together determine L and C.  Multiplying
the expressions we have

wr

erc =3 1

©
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1

: = 119
s C ok (119)

Substituting for C in (113)
L= . . aw

wy

In the equaliser discussed above w, = 3-43 Mc/s. Suppose R,
is required to be 300 Q. Substituting in (119)

1

C = 6384 % 34 x 106300 ©
— 156 pF
Substituting in (120)
300
L= ¢agax34x100 1
— 14uH

The characteristics of an equaliser of this type can be varied, to
suit the phase response of the amplifier requiring compensation,
by alteration of the value of w,. This is best achieved by increasing
or decreasing L and C in the same ratio, keeping the quotient
L/C, and hence the iterative impedance of the equaliser, constant.
The shape of the phase characteristic of the equaliser is, however,
unaffected by variation of w, and this type of equaliser is therefore
not so flexible as those in which the shape of the phase characteristic
can also be varied.

9.4 MoORE COMPLEX PHASE EQUALISERS
9.4.1 Introduction

If the amplifier to be phase ecualised has a number of stages it
may happen that the characteristics of a simple LC phase equaliser
is inadequate to effect the necessary correction. Two or more
simple LC equalisers may then be used in cascade and, to obtain
the calculated performance, each section must be terminated in a
resistance equal to the iterative impedance of the section. It is
best to design each section to have the same value of iterative
impedance because all sections can then be correctly terminated
by a single resistor of the correct value connected at the end of the
equaliser chain.

Sometimes, however, even a multi-section equaliser of this type
is incapable of providing the required degree of correction and a
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morc complex type of cqualiser is employed. One of the dis-
advantages of the simple LC equaliser is that the shape of the phase
characteristic (Fig. 71) is fixed and docs not always fit the
characteristic of the amplifier to be equalised and in the more
complex type it is desirable to have some control over the character-
istic shape. This facility can be achiecved by the introduction of

1
' * L' -1
| [ T8, |
E L2 b L2 :
!
' C2 ¢ R, |
Vin 2 § € Vout
| ]
) |
| <, |
! I
S _ L

Fig. 74—More complex phase equaliser

further circuit elements into the equaliser; for example, the sym-
metrical lattice form can be retained and the required facility
obtained by using a parallel LC circuit for cach series element and
a series LC circuit for each shunt clement, as shown in Fig. 74.

9.4.2 Frequency Response

In an equaliser of the type shown in Fig. 74 it is usual to arrange
for the resonance frequencics of all four LC circuits to be equal.
Thus

a_ L ] 1
LG, T LG,
from which
L,C,=L,C, .. N (1))
Let
L, =mL, .. .. .. .o (122

As we shall sce later m is the factor which controls the shape of the
group delay-frequency characteristic.  From (121) and (122)

C,=mC, .. .. .. .o (123)
As shown in Appendix F the impedance of the scrics arm Z, is
given by
JoL,
Z, 24

| — 2z
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and that of the shunt arm is given by

1 — z2
Z,= _]T(’;Z:g (125)
where z = w/wy. Appendix F also deduces the result
Z jz
AT = . .. ..
v (Z;.) il —z% 7 (126)

By substituting for +/(Z,/Z,) in cxpression (115) the ratio of
Vout! Vin can be deduced as

Vout . [:\{(Zl/zz)
Vin 1 + \/(Z]/Zz)
1 —jz/a/n(l — z%)
1 + jz/o/m(l —z%) oo (L)
Vout — l_+ {72/"1(1 - z%)?
" Vie Y| T4 z2m(l — z2)2
= |

i.c., the network has unity gain at all frequencics, as for the simple
lattice network.

9.4.3 Phase Response

The phase characteristics for the network can be deduced by
rationalising expression (127) and is expressed by the equation

¢ =2 tan~1y/m(l — z%/z .. .. (128)

a result which is deduced in Appendix F. Two further results
which are also derived in this appendix are the expressions for group
delay and normalised group delay given below

d$ 24/m(z% + 1)
dz = z2 4+ m(l — z%)2

’ 2 '
des =‘l o 24/m(z22 4 1) N . (130)

dw wy 2% 4 m(l — z?)?

(129)

The variation of dé/dz with z for various valucs of 1 is illustrated
in Fig. 75. This shows that the shape of the group delay-frequency
characteristic varies considerably with the value of m; it is, for
example, negative when m =0-1 and positive when m =1 for
values of z up to approximately 0-7. The value of m of 0-33 is
commonly used in phase equalisers because this value gives
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maximal flatness of group delay-frequency characteristic and therefore
has minimum effect on the delay at low and medium frequencies.
The condition for maximal flatness can be deduced as follows.
Re-arranging (129) in ascending powers of z, we have

d$ 24/m + 24/mz? 131
. dz — m+ (1 —2m)z% + mzt {EL)

e

-]

‘r
A
|
—_—
|
|

-
|
|

>
.

N

Normalised Group Delay, d¢/dx

Ao ‘%
L =

[eX) 2 16 20
Value of z

Fig. 75—Variation_of normalised group delay with frequency for
the equaliser of Fig. 74

&
.
1
t

o

Y

Applying the conditions for maximal flatness

2¢/m _ 24/m
m 1 —2m
Thus 1 —2m=m
giving m = 0-33

Equalisers of this type are usually placed at the input or output of
an amplifier where they can be given relatively low values of
iterative impedance such as 75 Q. Such low values of impedance
necessitate small-value inductors which can be constructed with
negligible self-capacitance.

9.4.4 Equivalent T-section

The circuit arrangement of Fig. 74 is convenient if the equaliser
is used for coupling a balanced line to the amplifier but is not
suitable for use with an unbalanced feeder such as a co-axial cable
because of the absence of a terminal common to input and output
connections. The lattice structure can, however, be transformed
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into an equivalent bridged-T network as shown in Appendix G.
The form of this network is given in Fig. 76.

The iterative impedance of an equaliser of a symmetrical lattice
or equivalent type is given by

R, = V(Z,Z5) a3

as shown in Appendix E. Substituting for Z, and Z, from (124)
and ¢125) respectively we have

Re = v/(L,/C5) L a3

! 1
|

' |
[} '

Viv: R Vout

] 1
[ '
) 1
bt -4

Fig. 76—Bridged-T network equivalent to the lattice structure of Fig. 74

From (133) and the relationships L,C, = L,C, (expression 121),
L, = mL, (expression 122) and C, =mC, (expression 123) we
can express C,, Cy, L, and L, in terms of wr, Re and m as follows:
1
B ‘\/merc

Cl = mC2
vm

—erc . .. . .. (135)

C (134

L,=VmRe 136

wy

L
Lo = n21

T A/ mwy

The equaliser is usually situated at the input or output of the
amplifier and the value of R, is made equal to the impedance at this
point; a common value is 75 @. The values of w, and m are deter-
mined by the shape of phase characteristic required for amplifier

137
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compensation. Frequently, however, i is fixed at approximately
the value (0-33) for maximal flatness of group delay characteristic,
leaving w, as the only parameter which can be varied to “ match ”
the equaliser characteristic to that of the amplifier. On the other
hand it might be possible to obtain more perfect equalisation by
suitably choosing 1 and w;.

9.4.5 Design of a Bridged-T Equaliser

We shall assume that the amplifier to be phase equalised consists
of 6 similar shunt-inductance stages with @ = 0-5, the upper fre-
quency limit of 3 Mc/s corresponding to x = I. The normalised
group delay-frequency curve for one such stage is given in Fig. 45;
for 6 stages the normalised group delay will, of course, be 6 times
that indicated in the diagram. The equaliser is of the type shown
in Figs. 74 or 76 and is to have an iterative impedance of 75 .

It is not possible to add the normalised group delay-frequency
curves for amplifier and equaliser directly unless w, for the amplifier
is equal to wy for the equaliser. Although w, may equal w, for a
particular amplifier and equaliser it is, in general, unlikely to be so
and the first step in designing the equaliser is to redraw the charac-
teristic for the amplifier as a group delay-frequency curve. This
can be done by dividing the normalised group delay-frequency
curve labelled @ = 0-5 in Fig. 45 by w,. For the amplifier in
question w/wy = 1 when o is equivalent to 3 Mc/s; thus it follows
that w, is equivalent to 3 Mc/s. The ordinates in Fig. 45 must be
divided by wy = 2xf, = 6-284 X 3 X 10° to obtain the group delay
for one stage. For example, the normalised group delay at x = 0
is, from Fig. 45, 0-5 for a single stage. For 6 such stages it will
thus be 3-0 and the group delay is given by

3-0 “
6284 x 3 x 108 °°€

1
T 6284
= 0-16 pusec

psec

By calculating the group delay at other values of x, the curve labelled
“amplifier ” in Fig. 77 was obtained. For convenience the fre-
quency axis is calibrated in Mc/s. The total variation in group
delay is from 0-16 psec at zero frequency to nearly 0-26 psec at
3 Mc/s, a change of approximately 0-1 uscc.

The equaliser must be designed to eliminate this variation by
adding to the characteristic of the amplifier a complementary curve
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also having a total variation of nearly 0-1 usec but of opposite sign.
We shall use the characteristic for m = 0-3 (Fig. 75). The value of
wy for the equaliser can be found by trial and error or can be cal-
culated from the expression for the characteristic but this method
involves the solution of a complex equation and it is usually quicker
to use the alternative (trial and error) method i.lustrated below.
As a first attempt let w, correspond to 3 Mc/s. The passband of
the amplifier then extends to z = 1 and the change in normalised
group delay over the passband is, from the curve labelled 1 = 0-3
in Fig. 75, 1-4. This corresponds to a change in group delay of
1-4/w, = 1-4/(6:284 x 3 x 10% = 0-074 psec which is insuflicient

05 — —
1
[
AMPLIFIER + EQUALISER
o / = o
¢ o3
EY
> __l
2 AMPLIFIER | i
S 02
: o
2 | EQUALISER
6 N \\
Q.
o . |

(o] 05 | -5 2 25 3
Frequency, Mc/s

Fig. 77—Addition of group delay-frequency curves for amplifier
and equaliser

to offset the change in group delay in the amplifier. A smaller
value of wy is necessary and as a next step, let w, correspond to
2:5Mc/s. The passband then extends to z = 3/2-5 = 1-2 for which
the variation in normalised group delay is 2:0. This corresponds
to a change in group delay of 2/(6-:284 x 2-5 > 10%) = 0-127 usec,
which exceeds the required value. The value of w, chosen for this
example corresponds to 2:75 Mc/s for which the passband extends
to z = 1-1. The variation in normalised group delay over this
band is |75 corresponding to a change in group delay of 1:75/(6-284
x 2:75 x 108) = 0-101 usec, nearly equal to the required value.
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The group delay-frequency curve for the equaliser can now be
prepared by dividing the ordinates for m = 0-3 in Fig. 75 by w,
(6-:284 x 2-75 x 10%). For example, at z =0 the normalised
group delay is 3-6 and the group delay is thus

——— _-._3'6 -
6284 % 2-75 X 108
36 sec
6284 x 2751
= 0-2] pusec

seC

The curve is that labelled “ equaliser ” in Fig. 77, in which the
frequency axis is calibrated in Mec/s (3 Mec/s corresponding to
z = 1-1). The variation in group delay is from 0-21 usec at zero
frequency to O-11 psec at 3 Mc/s, a change of 0-1 usec as for the
amplifier characteristic.

By adding the curves for amplifier and equaliser, the composite
characteristic is obtained. As shown in Fig. 77 this has a much
smaller variation in group delay (approximately 0-04 usec) than the
uncompensated amplifier (0-1 psec) and thus the addition of the
equaliser improves the pulse response. The total delay is, however,
increased by the addition of the phase equaliser.

We can now calculate the component values required in the
equaliser. From (134)

C, !

- v/ hiwRe
1
/03 X 6:284 x 275 x 108 x 75

= 0-0014 uF
From (135) C, = mC,.
= 420 pF

K

From (136) L, — Y/Re

wy

_V(O03) xXT5__
6-284 x 2-75 x 108
= 2-38 uH

L
From (137) = r_nz

= 79 uH
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Thus a symmetrical lattice structure to effect the desired equalisa-
tion should have the component values shown in Fig. 78.
If the equaliser has the form of Fig. 76, the serics capacitor is

given by

C, 420
) Ty PF
— 210 pF

The shunt capacitor has the value
2C, = 2 x 0-0014 uF
= 0-0028 uF

To9Mm

791
Fig. 78—Component values required in a symmetrical lattice equaliser

210p

[
|
|

5135 41 !

I
ouTPUT

[

Fig. 79—Component values required in a bridged-T equaliser

The shunt inductors are given by

(;n—};l)L, B 0-3;1 o

= 5-135puH
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The mutual inductance is given by

(m_—zl)Ll _ 0-32—! x 79 uH

— —2765pH

The component values required in a bridged-T equaliser are
therefore as shown in Fig. 79.

9.5 DERIVATIVE EQUALISER

9.5.1 Introduction

The equalisers just described employ networks of inductance and
capacitance which reduce the phase distortion of a video-frequency
amplifier or chain without afTecting the frequency response.

Derivative equalisers differ from phase equalisers in that they
employ valves in addition to LC networks and can be used to reduce
phase distortion, attenuation distortion or both in one operation.
The principles of this type of equaliser can be approached in the
following way.

9.5.2 Principles of Operation

A simple RC-coupled amplifier has limited application as a
video-frequency amplifier because the frequency and phase responses
are satisfactory only up to approximately half the turnover frequency.
As pointed out in Chapter 3, by the inclusion of an inductor of
suitable value in series with the anode resistor the frequency range
for satisfactory performance can be extended by ore octave, the
amplifier being now useful up to the turnover frequency. The
inclusion of such an inductor can be regarded as the first step towards
equalisation of the frequency and phase response of the basic
amplifier. The effect of the inductor is to add to the output of the
RC-coupled amplifier an additional voltage, given by Ldi/dt, which
is proportional to the inductance and to the rate of change, i.c., the
first derivative of the current in it.

The equalisation so achieved is not perfect. The high-frequency
response of the RC-coupled amplifier is given by expression (13)
which can be written in the form

A _ |
Ams 1 + jwCiRy

which is modified by the inclusion .of the inductor to

Ang _ | + jwL,[Rq

Amg | + jwCiRe — w?L,C,
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which can be derived from expression (33). As shown by the latter
expression, the response of the shunt-inductance amplifier is still
dependent on frequency, although by suitable choice of inductance
it can be made a better approximation to the ideal than that of the
RC-coupled amplifier.

The equalisation due to an inductor can be made far more effective
if it is made the anode load (L,) of a second valve, the grid of which
is fed from the anode of the RC-coupled amplifier, the anode signals
of the two valves being combined to form the output. The gain of
the second valve is given by jwLyg, and thus the combined output
is given by

Any __ 1 i JowLagm
Amf I + joCiRq 1 +j¢UCtRa
1 4+ jwLygm,
1 + jwCiR,

Inspection of this formula shows that if g,,L, is made equal to R,C,,
the right-hand side reduces to unity, implying that the gain at high
frequencies is equal to the gain at medium no matter what these

-
IR — 1 [—oouwu‘r
AMPLIFIER MIXER
+
1ST DERIVATIVE ow—, /
GENERATOR o >

VARIABLE GAIN AMPLIFIER

+
2ND DERIVATIVE
GENERATOR L

VARIABLE GAIN AMPLIFIER

16

Fig. 80—Block schematic diagram of a derivative equaliser

frequencics are. Moreover there is no phase distortion and equalisa-
tion is thercfore perfect. The value of g;nL; can be made equal to
R.C: by varying the gain of the second valve or of an additional
amplifier introduced between the second valve and the mixing point.
The second valve and its anode inductor have the effect of producing
an output signal with the form of the first derivative of the input
signal, and such gain variation can alternatively be regarded as
controlling the amplitude of the first-derivative signal which is

mixed with the original.
In practice the amplifier requiring equalisation is unlikely to
contain a single RC-coupled stage but will contain a number of
143



TELEVISION ENGINEERING PRINCIPLES AND PRACTICE

stages of a more complex type. Nevertheless the addition of a
certain amplitude of first-derivative signal usually brings about a
considerable improvement in phase and frequency response. Further
improvement can be obtained by use of an additional valve and
anode inductor to derive a voltage proportional to the second
derivative of the input signal, which can be mixed in suitable pro-
portions with the first derivative and original input signals.

Thus a derivative equaliser may consist of two stages of differentia-
tion (each consisting cssentially of a valve and anode inductor) and
provision for mixing the original signals with any proportion (within
certain practical limits) of first- and second-derivative signals.
Usually there is provision for reversing the polarity as well as
adjusting the amplitude of the derivative signals. A block schematic
diagram of such an equaliser is shown in Fig. 80.

APPENDIX E
FREQUENCY RESPONSE OF A LATTICE NETWORK

Fig. E.1 gives the circuit of a symmetrical lattice network and in
Fig. E.2 it is redrawn in the form of a bridge circuit. In Fig. E.2
the terminating resistance R, is shown and we shall assume that this
is equal to the iterative impedance of the lattice network. It is the
purpose of this appendix to deduce the frequency characteristic of
a symmetrical lattice network terminated in its iterative impedance.

The iterative impedance of any 4-terminal network is given by
V(ZoeZse) where Z, is the input impedance of the network when
the output terminals are open-circuited, and Z is the input im-
pedance of the network when the output terminals are short-cir-
cuited. When the network is terminated in its iterative impedance
as in Fig. E.1 the input impedance is also equal to the iterative
impedance.

From Fig. E.1
_ 2ZLZ2
Zsc—Zl+22 .. .. .. .. (1)
Zoc = %(Zl +Zz) DD oo .e oo (2)

R, = ‘\/(Zochc)
Substituting for Zs and Z, from (1) and (2) respectively

Re = v/(Z,Z)) &)
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<

fo——0 — — — =l

c
~

E

Fig. E.1-——Symmetrical lattice network

From Fig. E.2

iim = I, + 1,
Iout =i1—‘i-z
fout o il_‘ie
iin il +i2

Equating voltages round one of the meshes of Fig. E.2

LZ, + (i1 — )R =1,2Z,
from which

i, _ Z:t+R
it Z,+ R,
Subtracting 1 from both sides of this equation
iy —1i, zZ,—Z7Z,
i Z,+ R
Adding 1 to both sides
hh+ix  Z,+Z,+ 2R,
i3 Z,+ R,

bem == — Vout === —

Fig. E.2—Symmetrical lattice network redrawn as bridge circuit
10

4

&)

(©)
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Dividing (5) by (6)
iy — i, zZ,—2Z,
ivti, — Zy+Z,+ 2R,
Substituting for R, from (3)

i, —1 Z,—Z7
1 2 2 1

ivtis  Zy+Zy+ 22,2,
_ (\/Zz _\/Zl) (\/Zz'f‘ \/Zl\
(\/Zl'f'\vzz)g

_VZ,—VZ,
VZ,+VZ,

_ 1 — \/(21/22)
1 + V(Z,/Zy)

Substituting for (i, — i,)/(i, + i,) from (4)
iqut Il = \/(21/22)

itn 1 + \/(21’22)

Since the input impedance of the network is equal to its output load
the ratio Voue/Vin is equal t0 igye/iim

Vout 1 — \/(21/’22)
Vin 1 +\(Z,/Z,)

Another expression of which use is made in the text is (117) for
the normalised group delay d¢/dz of a simple lattice structure.
This can be derived in the following way.

It is shown in the text that

2z
— tan-—1
¢ = tan | _
2z
Sotang = | _ g2
Differentiating
d¢ 21 + z%
2 —_ —
S’ b g = (1 — 22y
d¢ 2(1 + z?)
. 2 —
(1 4 tan ¢)dz = (1 — 2y
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Substituting for tan ¢

-2 dp 21 4 =2)
[l+(l —22)3] d= (1 —=z¥?
Rearranging

dp =21 +z9
dz = (1 —z?)% 4 4o

_ =2l -9

(422

2
RS-

APPENDIX F

DERIVATION OF EXPRESSIONS FOR THE PHASE ANGLE AND GROUP
DreLAY of MORE COMPLEX PHASE EQUALISERS

Tuis appendix is devoted to the derivation of expressions for the
phase angle and normalised group delay for a network of the form
shown in Fig. F.1. It also deduces another expression which is
required in the text.

The impedance of the series arm Z, is given by

7 JjoL,[jiwC,
Vo jol, + jeC,
JwL |
1 — wiL,C,
But w2 = l/L,C,
. JoL,
Zl 1 .,_we/wrz
jwlL
- [ S ¢ )

where z = o/w,. The impedance of the shunt arm Z, is given by
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Z, = joL; + 1[joC,
1

= ij2 (1 - w2L2C2)
But w,-2 = 1"L2C2
]
22 = o, U = )
| =&
= jaC, o .. .. )

From (1) and (2) the value of v/(Z,/Z,) which is required in ex-
pression (112) for Vou/Viy is given by

JwL, JwC,

JE) = )

= 1 ft)zz V(LICZ)

ButL, = L,/m
Z, B Jw L,C,
Jz) = e v
- Jw 1
Tl — 22 we/m
vm(l — z?)

The text shows that the relationship between Vi, and Vo, is given
by
Vour 1 —(Z,/Z,)

Vin 1 ol \/(Zl/zz)
L —jz[/m(l — z?)
T jzf/m(l — 2%
vVm(l — z%) — jz
To/m(l — 22 +jz
Rationalising we have
Vour _ m(l — 2% — 24/mjz(1 — 2z2) — 22
Vin m(l — z)% + z2
This is of the form (R + jX) and the phase angle ¢ between Vo, and
Via is given by tan—'X/R, i.e.,
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i
o luad
\':a&(v b {)5%2/
C2 C2
AN |

1
:
vi|n Re v:.,u!
e | |
- [L_:L,'LJ 4

Fig. F.1—Circuit of more complex phase equaliser

O

—2v/m(l — 2%z

_ 1 ,
$ = tan m(l — z%)? — 22
—2+4/m(l — z%)/z
_ -1 .
= A — 22— 1
Let v/m(l — 29[z =y
o (f) = tan~! 3 iyl
IS
= tan™! I — 2

From the identity
tan 2¢ = 2 tan ¢/(1 — tan®g)

this may be written

2 tan~1y
= 2 tan"v/m(l — z%)/z

which defines the phase response of the network. The expression
may be writien

b vl =2
2 z
Differentiating
¢ d¢ Vm(zt 41,
~2 —
= 2 T dz z?
¢) de vm(iz2+ 1)
2 G —
3 (1 4 tan 2 dz z®
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Substituting for tan g and re-arranging
b 24/m(z* + 1)
d: 22 m(l — 232

which expresses the normalised group delay of the network.

APPENDIX G
EQUIVALENCE OF LATTICE AND T-SECTION NETWORKS

A lattice network (Fig. G.1) can be used to equalise amplifiers
having a balanced input or output circuit in which neither terminal
is carthed. Frequently, however, the circuit to which the equaliser
must be connccted, is unbalanced, having one terminal earthed and
for this purpose an unbalanced equaliser is required. There is no
unbalanced lattice network which satisfies these requirements but it
is possible to derive a different form of unbalanced network, a
T-network (Fig. G.2), which has properties identical to the symmet-
rical lattice structure, from which it was derived. The input and
output circuits of such a T-network have a common terminal which
may be earthed and such networks are well suited for inclusion in
unbalanced input or output circuits of amplifiers.

Fig. G.|—Symmetrical form of lattice network

It is the purpose of this appendix to derive relationships between
the impedances Z, and Z, of a symmetrical lattice network and the
impedances Z, and Z; of an unbalanced T-network which inust be
satisfied for the networks to be equivalent, i.c., have identical
properties.
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There are four important parameters of any 3- or 4-terminal
networks. These are:—

(a) the input impedance when the output is open-circuited (i.e.,
unterminated);

(b) the input impedance when the output is short-circuited,
(c) the output impedance when the input is open-circuited;
(d) the output impedance when the input is short-circuited;

and for two networks to be equivalent it is necessary that the four
impedances of one network should equal the corresponding im-
pedances of the other. For symmetrical nctworks impedance (a) is
equal to impedance (c) and impedance (b) to impedance (d); thus
to obtain the conditions for equivalence it is necessary only to
equate the input impedances when the output terminals are open-
circuited Z,. and also the input impedances when the output ter-
minerals are short-circuited Z...

1 1%

--_-°<---¢

L

| S

Fig. G.2—Symmetrical form of T-section network

For the lattice network (Fig. G.1)

Z, +Z,

ZOC 2

For the T-network (Fig. G.2)

Zor = Za + Zb
Equating these
zZ Z,
Zo+2, =215 N €

For the lattice network
_2Z,Z,
Zse = Zl 4 22
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For the T-network

ZZ
Zsc = Za + Zaa—|—be

_ ZiZa +22y)

Zat+ 2y
Equating these
Za(Za +22) _ 2z .. .. .. )
Zo + Zp Z,+ 27,
Multiplying (1) by (2)
2t 427,77y = Z,Z, .. . .. )]
Squaring (1)
Zl 4 2ZZy + 20 = HZ,+ 2 . .. .. @
Subtracting (3) from (4)
Zy* =2, +Z)*—-2Z,Z,
=Nz, —-Z,)?
. 2 =525 )
Substituting for Zp in (1)
z, 4 % -2—2l _ zl;z2
Lz, =27, .. .. .. .. 6)

Thus the equivalent T-section has series arms each consisting of
an impedance Z, and a shunt arm consisting of an impedance of
(Z, — Z)))2 as shown in Fig. G.3.

The lattice network used in phase equalisers of the more complex

Fig. G.3-T-section network equivalent to the lattice structure
of Fig. G.1
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type has the form shown in Fig. G.4. The process of deducing the
constants for the equivalent T-section can be simplified by tem-
porarily ignoring either the two inductors L, or the two capacitors
C,. This is permissible because these components connect the
input to the output terminals and can be regarded as external to the
network. After the form of the equivalent T-section has been
deduced, these components must be re-introduced to give the final
form of the equivalent network.

c
~

r
N

I

|

{
O

Ly 2

!
1
Vin
t
’
1

L1

Fig. G.5—The network of Fig. G.4 after removal of series capacitors

When the capacitors C, are omitted, the lattice has the form shown
in Fig. G.5 and comparison of this with Fig. G.1 shows that

Z, = jwL,
Z, = joL, + 1jjuC,

From equations (5) and (6) the impedances in the equivalent T-section
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are given by

Za

Zy

= jwlL,

Z,—Z7Z,
2

= ja(Ly — L,)2 + 1)2juC,

Ci
(O}

of JFeillle 9
| |
. |
1
[ Yout
tpd |
1
|
1
SRy SN SR {
Q)

Fig. G.7—Series capacitors in (a) balanced and (b) unbalanced network

Thus the series arms each consist of an inductor of L, and the shunt
arm consists of an inductor of value (L, — L,)/2 in scries with a
capacitor of 2C,, giving a T-section of the form shown in Fig. G.6.

ignored to simplify the above calculation.
bear in mind that the original lattice network was balanced and had
therefore two capacitors arranged as shown in Fig. G.7(a) whereas
the equivalent network (Fig. G.7(b)) is unbalanced and has only
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ore capacitor. To make the nctworks of Fig. G.7 cquivalent, the
series capacitor in (b) must be equal to the two capacitors of (a) in
series. If the capacitors in (a) are both equal to C,, that in (b)
must be equal to C,/2. Thus the bridged-T retwork equivalent
to Fig. G.4 has the form and component values indicated in Fig. G.8.

This network includes an inductor of (L, — L,)2 in the shunt arm.
Since L, = mL, this inductance is cqual to (m — 1)L,/2 as shown
in Fig. G.9. The values of /m used in phase equalisers are less
than unity and this shunt inductance is negative, implying that the
network is not physically rcalisable. It can, however, be modified
into a network with the same performance and which is physically
realisable. To do this the shunt inductor is replaced by a trans-
former as shown in Fig. G.10. Such a circuit can give the equivalent

c/2
i .
_r'zrn'\_ _r'm\_L_O
?_ 4
! ] I
Vin 2 out

W

Fig. G.9—Bridged-T network cquivalent 10 Fig. G.8

of negative mutual inductance because the sign of the mutual
inductance can be effectively reversed by interchanging the connec-
tions to the primary or the secondary winding.
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Fig. G.10—Network of Fig. G.9 with the shunt inductor replaced
by a transformer

Ci/2

Ly Ly

-T
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|3
iy
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3
1,
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s

T 2C2 i

=

Fig. G.11—Values of Lp, L, and M required to make the network
of Fig. G.10 equivalent to that of Fig. G.8

i<
Om—m — = = = = = =0

-4

Fig. G.12—The bridged-T network finally derived
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We have now to determine the values of Ly, Ls and M necessary
to make the networks of Figs. G.9 and G.10 equivalent. There is
no reason why L, and Ls should not be equal and the transformer
thus becomes of unity turns ratio. The value of M required is
(m — 1)L,/2 from Fig. G.9. The value of L, (and Ls) depends on
the degree of coupling between the transformer windings; if the
coupling is less than unity, L, and L, will be greater than M. If
the coupling is equal to unity, L, and L, are equal to M namely
(m — 1)L,/2 and for this value of coupling the equivalent circuit
has the form shown in Fig. G.11.

T
2Ly
— —
. Ci C)

{ L2 5
vin 2 Volug
! 2cic2 ;

! T ci-c2 ;
| - s 1

Fig. G.13—Alternative form of T-section equivalent to the lattice
structure of Fig. G.4

The primary winding L, can now be combined with the inductor
L,, to which it is connected to form an inductor of value

—1
L,,—I—Ll=(mT).Ll—|—Ll
m+1
=" L,

The secondary winding can similarly be combined with the
inductor to which it is connectcd to form another inductor of
(m 4 1)L /2. Provided the mutual inductance remains at the
value (m — 1)L,/2, these changes do not affect the properties of
the network. The network finally derived, shown in Fig. G.12, is
physically realisable and is identical in its properties to the networks
of Figs. G4, G.8 and G.11.

If in the derivation of the T-section equivalent to the original
lattice network the inductors L, had been omitted instead of the
capacitors, a different form of equivalent T-section is obtained;
itis shown in Fig. G.13. If C, is less than C, a negative capacitance
is required in the shunt arm ; thus this network is physically
realisable only if C, exceeds C,.
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PART 111: VIDEO-FREQUENCY AMPLIFICATION:
LOW-FREQUENCY CONSIDERATIONS

CHAPTER 10
INTER-VALVE COUPLING CIRCUIT

10.1 INTRODUCTION

THE requirements of the low-frequency performance of a video-
frequency amplifier were briefly stated in Chapter 1: in short they
are that the amplifier should be capable of amplifying the field-
and picture-frequency components of the signal without appreciable
distortion. Furthermore, there should be a response at zero
frequency to cnable the mean picture brightness to be transmitted
and (this amounts to the same thing) to ensure that the black level
remains constant. If the amplifier satisfies these requirements, it
will also be capable of amplifying the ficld-sync signal without
introducing excessive sag.

The necessity for a zero-frequency response suggests that the
entire video chain from camera tube to picture tube should be
d.c. coupled. Such an arrangement would be very difficult to
achicve technically but fortunately is not necessary. Capacitance-
coupled amplifiers can be used and the low-frequency components
introduced artificially, whenever required, by d.c. restoration or
d.c. clamping. There arc a number of points in the chain where
this is necessary; for example, d.c. clamping of the picture signal
is essential at early links in the chain when blanking and sync
signals arc inserted to form the video signal. It is also necessary
at later points whenever the video-frequency waveform is monitored
or displayed. In particular it is desirable in high-power video-
frequency stages of a television transmitter. Here clamping results
in economy of operation because it has the effect of reducing the
effective absolute excursion of the signal, implying that the valves
can be smaller, or that more ecfficient use can be made of existing
valves than is possible in the absence of clamping. The entire
video chain could be capacitance-coupled but this would require a
large number of d.c. clamps; the number of clamps should be kept
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low to economise in cost and because they tend to introduce
spurious signals into the video-frequency waveforms. The number
of clamps is therefore kept small by use of d.c. coupling in some
of the links of the chain; for example, d.c. coupling is generally
employed in the vidco-frequency amplifier between the detector and
cathode-ray tubec in television reccivers.

Sometimes d.c. coupling is employed for reasons unconnccted
with the provision of a zero-frequency response; for example, it
may be used to prevent low-frequency instability in a feedback
amplifier or to ensurc a good response at very low frequencies.

In general the low-frequency response of a video-frequency
amplifier is satisfactory if the field-sync wavetorm (effectively a
rectangular wave) can be amplified without introducing excessive

& - —oOHT+
<;Rf
s
sg‘> () +
3Ra Coom
L E "l_ L ve
i Cq |
| I
| B
[} 1
e
¢ ]
r:l':_- Vout
(&2 ]
1 <
:Ct ‘: ::Rg
g ]
0 1
1 ]
! f
]
® |l OHT—~

Fig. 81—Basic circuit of RC-coupled amplitier employing a pentode

sag (2 per cent is often quoted as the maximum permissible tolerable).
To obtain such a performance at a field frequency of 50 c/s requires
a good phase and frequency response extending to frequencies of
less than 1 ¢/s. Moreover, there are certain points in the video chain
where two or more stages must be d.c. coupled. The following

chapters describe the circuits which can be used to achieve such
results.

10.2 StmpLE RC-courLED AMPLIFIER AT LOW FRIQUENCIES

The performance at low frequencies of a simple RC-coupled
amplifier such as that shown in Fig. 81 is in general not up to the
standard required in a video-frequency amplifier because of the
numerous sources of phase and attenuation distortion. The chief
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sources of distortion are as follows:

(a) inter-valve coupling components R,Cy,

(b) cathode-decoupling components Ry.Cy,

(¢) screen-decoupling components Ry,Csg,

(d) anode-decoupling components R;Cy.

Of these the coupling components R,C, are the most important
because it is often possible to eliminate the effects of the decoupling
components: some of the methods which can be used for this
purpose are described in later chapters. In this chapter, therefore,
we shall assume that the low-frequency performance is determined
solely by the coupling components. Thus the circuit under con-
sideration is that shown in Fig. 82 from which all decoupling

" —oHT+

R
SOURCE OF °
CONSTANT

POTENTIAL

OHT=-

Fig. 82—A simple RC-coupled amplifier with all decoupling
components removed

components have been eliminated. The effect of R, and C, on the
frequency and phase response is shown first by vector diagrams.

10.3 EFFECT OF INTER-VALVE COUPLING COMPONENTS ILLUSTRATED
VECTORIALLY

The coupling components R,C, are usually so chosen that the
reactance of Cy is small compared with Ry at low frequencies. There
are, however, upper limits to the values of Ry and C, which can be
used and at very low frequencies the reactance of C, inevitably be-
comes comparable with R,. At these frequencies the impedance
of the circuit RyCy is reactive and the current in the circuit leads
the applied voltage (V1 output) as shown in Fig. 83. The input to
V2 is developed across R, and is in phase with the current; it
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therefore leads the output of V1 by a phase angie of ¢° as shown.
The increase in impedance of R,C, at low frequencies also causes
the voltage across Ry to fall with decrease in frequency. Thus the
phase lead is accompanicd by a fall in amplitude.

The magnitude of the amplitude loss and the leading phase angle
can be calculated by the following method.

.

Vak
1 Img c
DIRECTION OF V2;r1Rg NS | 9 o ——
VECTOR ROTATION " ” F :
™~ i ; )
[') out L gmVoe Rg Rg V°|ug
Fig. 83—Vector diagram illustrating i
the phase lead introduced by a Z,
coupling capacitor-grid leak com- . L e .
bination at low frequencies Fig. 84—Equivalent circuit for Fig. 80

10.4 LOW-FREQUENCY RESPONSE OF SIMPLE RC-COUPLED AMPLIFIER

The equivalent circuit of Fig. 82 is given in Fig. 84. Normally
Ry is large compared witn R, and the current / in Fig. 84 may be
assumed to flow in R, only. The voltage Vo developed across R,
is thus given by

Va =—nggkRa oo oo oo (138)

the negative sign indicating the phase reversal between anode and
grid potentials. Ry and C, form a potential divider across R; and
Vout is given by
R,
out = ‘ .V
A Ry + 1]joCy ¢

Substituting for ¥, from (138)

Ry
Vout = — gmVyxRa * .
out EmVgkla Ry + 1/jwCy
giving
o Vout
Ay = Vo
o gmRaRy
= TR, + jwCy' .. .. (139)
But
Amf = —gmRa
Ay Ry

" Aws Ry + 1juCy
Let wy = 1/R,Cy and x = w/w,. As in the analyses of circuits
8¢ 161
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used at high frequencies, x is a variable directly proportional to
frequency.

Ay 1
“Amg 1+ 1jx
_
=1 Fx (140)
From this
/jlf\ — 25
Amp T V(L) .. .. (141
and the frequency response is given by
response in decibels = 20 log , 3”
mf
X
=20 log,, VI + x9) (142)

The curve of this expression is plotted in Fig. 85 and this shows
that the loss is 3 db when x = |; this occurs when wlwg = 1, that is
when wRyCy =1 or when Ry = |/w(,. The loss is thus 3 db at
the frequency for which the reactance of the coupling capacitor
equals the grid resistor. If this frequency is calculated for given
coupling components, the response curve for the combination can
be obtained directly from Fig. 85 by locating a logarithmic frequency
scale along the horizontal axis so that the calculated frequency
coincides with x = 1. This has been done in Fig. 85 for coupling
components having a product (time constant) of 0-01 sec, ec.g.,
0-01 uF and 1 MQ; for this combination x = | corresponds to
16 c/s.

From the frequency response curve of Fig. 85, the loss is 7 db at
x = 0-5, one octave below the frequency for which 1jwCy = R,
and as the frequency decreases the rate of loss increases to 6 db
per octave and remains constant at that value. This can be seen
from expression (142) for when x is small compared with unity
the response in db becomes 20 log v, i.c., every doubling (or halving)
of x gives a 6 db change in response. Thus as frequency decreases
the response curve becomes a straight line; if this line is produced
it meets the ordinate at x = [ at a point corresponding to zero loss.
A similar result holds for the high-frequency response of a simple
RC-coupled amplifier as shown in Fig. 38.

10.5 PHASE RESPONSE

The phase response of the simple RC-coupled circuit can be
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Frequency, ¢fs for fg=16c/s

Fig. 85—Universal frequency-responsce and phase-response
curves for simple RC-coupled circuit at low irequencies

deduced from expression (139). Since I = gnVgr this can be
written

Voo IRgR,
o Ry + 1/jwCy
V‘}"” — 1-’:LR;3\_ T ¢ V%)
Rationalising
Vout _ R jx + x2
I 0] 4 N2

which is of the form (R + /X). The phase angle between Vout and
I, the alternating component of the anode current, is given by
tan-1X/R, i.c.,

1

== -1
¢ =tan"t .. 50 50 .. (149
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This expression is also plotted in Fig. 85. This diagram shows that
the phase angle is 45° (leading) at the frequency for which x = 1,
i.e., at the frequency for which the reactance of the coupling capacitor
equals the grid resistor.

In a simple RC-coupled amplifier, the phase angle is lagging at
high frequencies due to shunt capacitance and leading at low
frequencies due to series capacitance. At a certain medium
frequency, therefore, there is zero phase shift, and, as we have
seen, to minimise distortion in reproducing detail in pictures it is
essential to make phase shift proportional to frequency above this
medium frequency. There is, in practice, no need for such strict
proportionality below the frequency of zero phase shift but to mini-
mise variation in background shading from the top to the bottom
of the picture, the phase response at low frequencies of the entire
television system must be so controlled that a square-wave at field
frequency is reproduced with less than, say, 2 per cent sag.

Such a test signal provides a realistic criterion of response
because the video signal corresponding to a picture consisting of a
white half separated from a black half by a horizontal line is a
square wave at field frequency (50 c¢/s in the British system).
Moreover the field-sync signal approximates in form to a
rectangular wave at field frequency.

10.6 CHARGE AND DISCHARGE OF A CAPACITOR IN A RESISTIVE
CIrRCUIT

In order to understand the process of amplifying a low-frequency
square wave in an RC-coupled amplifier, it is instructive to consider
the operation of a simple circuit such as that shown in Fig. 86.

CHARGE

Cq
DISCHARGE, = 1

F-----1

L I | i

Fig. 86—Circuit for the charge and discharge of a capacitor

In this a capacitor may be charged from a battery via a series resistor
and, by operating the switch, may be discharged through the same
resistor. If the switch is repeatedly reversed, the waveform de-
veloped across the resistor has the same shape as the output of an

RC-coupled amplifier with a square-wave input.
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10.6.1 Large Time Constant

To begin with, suppose the capacitor is uncharged when the
switch is operated to the charge position. At this instant the
current is large because there is no back e.m.f. from the capacitor
and the current is limited only by the resistance in the circuit. As
current flows into the capacitor, the latter begins to acquire charge
and the voltage between the plates rises exponeniially towards the
battery value; this voltage is in opposition to that of the battery
and thus the current falls exponentially as charging proceeds.

To simulate the behaviour of an amplifier with a square wave
input, the switch is reversed after a certain interval of time. If
the time constant R,Cy is large compared with this period, the
capacitor has acquired only a small fraction of its total charge
when the battery voltage is removed. Current flows through Ry
throughout the whole period of the applied voltage, although it
falls exponentially from the moment the battery is applied. Pro-
vided R,Cy is very large, however, the fall is small during the period
of application and the current is only slightly less than its initial
value when the battery voltage is removed.

(o]

Time

vollage across resistor

Fig. 87—Output of RC circuit for a square-wave input when
the time constant is large compared with the period of the input

When the switch is operated to the discharge position, the
capacitor begins to discharge through the resistor and there is an
instantaneous reversal in the direction of the current through Ry.
The current is initially high, being limited only by the value of the
resistor Ry, but again falls exponentially as discharging proceeds.
If the discharge period is of the same duration as the charge period,
the current is only slightly less than itsinitial vaiue when the battery
voltage is restored by the next operation of the switch. At this
moment the current again reverses in direction and C, begins to
charge again as already described. Thus the current in Ry reverses
when the switch is reversed but is otherwise substantially constant.
Thus, provided RyCy is large enough, the voltage across Ry is a
reasonably faithful copy of the applied voltage (Fig. 87).
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10.6.2 Small Time Constant

If the time constant R,C, is small compared with the period of
the applied voltage, the output waveform has a different shape.
When the switch is first operated to the charge position, the
current jumps to a large value and the capacitor begins to acquire
charge as before. But because of the small time constant the
charging process is practically completed and the current in Ry
falls almost to zero before the switch is operated to the discharge
position. At this instant, the capacitor begins to discharge through
the resistor (the current being opposite in direction to that which

| N

Time

voltage across resistor

Fig. 88—Output of RC circuit for a square-wave input when the time
constant is small compared with the period of the input

flowed during charging) and the discharge is virtually complete
before the battery is restored. The voltage across Ry has, of
course, the same waveform as the current and is illustrated in
Fig. 88; it represcnts a very distorted version of the input signal.
The waveform is, in fact, an approximation to the first differential
co-cfficient of the square-wave signal and such an RC combination
with a small time constant is sometimes referred to as a differentiating
circuit.

10.7 EFFECTS OF SERIES AND PARALLEL RC CIRCUITS ON A SQUARE
WAVE

The preceding pages show that the effect of passing a square wave
through a series RC circuit, such as the coupling components of
an amplifier, is to introduce a slope (known as sag) in the horizontal
scctions of the wave, the vertical sections being reproduced without
distortion. This can be contrasted with the effect of a parallel
RC circuit (such as the anode resistor and anode shunt capacitance)
on a square wave: this circuit distorts the vertical edges by
introducing a rise time, but the horizontal sections remain
unaffected. Just as there is a simple relationship between the rise
time and the time constant of the parallel RC circuit which produces
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it, so is there a simple expression connecting the sag and the time
constant of the series RC circuit: it may be deduced as shown
below.

10.8 RELATIONSHIP BETWEEN SAG AND TIME CONSTANT

As proved in Appendix B, the discharge curve of an RC
combination obeys the law:

Vi = Voo t1,C, .- .. .. (145)
where V, = initial voltage across the resistor
V, — voltage across the resistor after a time / (Fig. 89)
This equation may be rewritten

Vo — Vi = V(1 — e 11,C)
The left-hand side of this equation (V, — Vi) is the difference
between the initial voltage aand the value after a time f; it is, in
Vol ==-

Vif---

o

Time
Fig. 8¢—Distortion of square wave due to smail time constant

fact, the sag as shown in Fig. 89. Thus expression (145) may be
rewritten
sag
Vo
The left-hand side of this expression (sag/V,) may be termed the

relative sag but it is more usual to multiply this by 100 to obtain
the percentage sag which is thus given by

1 euHRg(wg . 5o 00 (146)

sag
Vo

100 (1 — ¢-YR,Cp)

A sag of 2 per cent means that the fall in voltage during half a
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cycle of a square wave is g5th of the initial voltage. Expanding
e~tFgCq we have

! 12 3
percentage sag =100< G 2RC,E ol ﬁRT,“Cg‘* — ) (147)
Provided RyCy is large compared with ¢ the second and later terms
can be neglected in comparison with the first.  Thus we have
100t

percentage sag = R.C .. .. .. .. (148)
g9

This simplification is equivalent to assuming that the decay curve
is linear.

If we decide that the sag for a 50 c¢/s square wave shall be 1 per
cent (representing an extremely high standard of performance) we have

1001

= ]

RyCy

The duration ¢ of half a cycle is 0-01 sec; substituting for ¢ in the
above expression
1

ReCo ™~
RyCy =1 sec

1

Any combination of grid capacitor and grid leak having this time
constant will give the desired performance. Two possible com-
binations are 1 uF and 1 MQ or 01 pF and 10 MQ. These are,
however, inconvenient combinations, the first because a capacitor
of 1 pF is large physically and its shunt capacitance to earth
degrades the high-frequency response; the second because a grid
leak of 10 M@ is too high for the type of valve commonly used for
video-frequency amplification. A time constant of 1 sec is thus
impractically high.

- To keep shunt capacitance to a reasonable value the coupling
capacitor is usually kept below 0-1 uF and to avoid any possibility
of grid emission the grid leak should not exceed 1 MQ. For these
values the time constant is 0-1 sec and substitution in equation (148)
shows that the sag, for a 50 c/s square wave, is 10 per cent. This
is too much to be tolerated even in a single stage and further stages
will, of course, introduce additional sag.

It is obvious that a simple RC-coupled stage, if left uncorrected,
would produce intolerable distortion at low frequencies and some
form of correction is essential. Some of the methods which can be
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used to effect this compensation are described later but before
describing these we shall deduce the relationship between sag,
frequency response and phase response.

10.9 RELATICNSHIP BETWEEN SAG AND FREQUENCY RESPONSE

Sag is related to frequency response according to the following
expression which is deduced in Appendix H

— V"“‘)].. .. (149)

percentage sag = 1007 4/ lz(hn ,
l n

In this Viz and Vo are the input and output amplitudes of a sinu-
soidal signal having the same frequency as the square wave used in
sag determinations.

10— T /77‘

L T o

, =

Percentage sag

©-001 0-002 0003 0-004 0-005 0-0l 002 003 004005
Percentage fall in sine-wave response

Fig. 90—Relationship between sag and frequency response for a
simple RC circuit

This expression is plotted in Fig. 90 and shows that even if the
loss of sine-wave amplitude is as low as 0-05 per cent, there is a
10 per cent sag when square waves of the same frequency are
reproduced. In order to keep the sag less than 2 per cent the loss
in sine-wave amplitude must te less than 0-0025 per cent. This
implies that if the square wave has a frequency of 50 ¢/s, the response
must be less than 0-00025 db down at 50 c/s and less than 3 db
down at 0-3 ¢/s. This latter result is perhaps easier to deduce
from expression (148); this shows that RgCy must be at least 0-5 sec
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to keep the sag less than 2 per cent. Now

1
RyCy
1
0-5

2
<

g

The loss is 3 db at the frequency for which w = ay, i.c.. when

0-3 ¢/s approximately

10.10 RELATIONSHIP BETWEEN SAG AND PHASE RESPONSE

Sag is related very simply to the phase shift at the fundamental
frequency of the square wave. The rclationship may be deduced
in the following way.

From (144)

tan ¢
But x = w/wy; = wCyRy = 27fR,C,
SO2mfRyCy — tan g .. .. .. .. (150)

In expression (148) t represents the time of one half-cycle, i.c., 1 /.
Substituting this for ¢ gives

100
percentage sag 2R, C, (151)
Eliminating 2fR,Cy between (150) and (151) gives
percentage sag — 100 = tan ¢ .. .. .. (152)

This expression is plotted in Fig. 91; the curve shows that a
phase shift of as little as 1° corresponds to a sag of 5-5 per cent.
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Fig. 91—Relationship between phase shift and sag for a simple
RC circuit

10.11 EFrFECTIVE INCREASE IN GRID RESISTOR BY CURRENT FEEDBACK

One way of extending the low-frequency of an RC-coupled
amplifier without resorting to the use of prohibitively large coupling
capacitors or grid resistors is by use of necgative feedback. A
simple method of applying such feedback is iliustrated in Fig. 92
which shows the grid resistor returned to a tapping point on the
cathode circuit of V2. Due to current feedback in Ry, the effective
value of Ry is several times greater than its physical value; in fact
it is shown ia Appendix J at the end of this chapter that the effective
grid resistor of valve V2 is equal to (I + gmRk)Ry Where gm is the
working mutual conductance cf V2 and Ry is the ohmic value of
the grid resistor. This is greater by the factor (1 4 gmRy) than
when R, is returned to h.t. negative. Thus the effective time
constant in the grid circuit is RyCo(l + gmRr).

As a numerical example consider a circuit in which g = 8 mA/V,
Ry =1%kQ. Cg=0-1pF and Ry =1 MQ. The factor by which
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the value of the grid resistor is effectively multiplied is given by
(I + gmRr) = (1 + 8 X 1073 x 10%)
=0

The circuit thus behaves as though the grid resistor had a value of
9 MQ and the effective time constant in the grid circuit is equal to

9RyCy =9 X 108 x 0-1 X 10~ sec
=09 sec

which is nearly equal to the value of 1 sec deduced above as necessary
to keep the sag in a 50 ¢/s squarc wave to less than | per cent.

OHT+

AAAA
VWWhy
x

Fig. 92—Extension of low-frequency response by current feedback

The ecffective multiplication in the value of the grid resistor is
cquivalent to an extension in low-frequency responsc. In fact we
can say that if the response is 3 db down at a frequency f, without
feedback (e.g. with Rx = 0) it will be 3 db down at a frequency
Nlp + 1) with feedback, where p = gnRi. The frequency and
phase response of a circuit such as that illustrated in Fig. 92 are
given, in terms of p, in Figs. 96 and 97.

The extension of low-frequency response is obtained at the
expense of a reduction in gain in the valve V2. Because of the
current feedback, the gain of this stage is reduced in the ratio
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1/(1 4- gmRx), the same ratio in which the time constant is increased.
As shown on p. 94 a circuit similar to that in Fig. 92 can in
addition be used to exterd high-frequency response by shunting
R with a capacitor which effectively removes the current feedback
at the upper video frequencies. This capacitor has negligible
effzct at low frequencies and thus by means of such a circuit the
response can be extended at both ends of the frequency range.

APPENDIX H

RELATIONSHIP BETWEEN SAG AND FREQUENCY RESPONSE
of AN RC Circult

Fic. H.1 illustrates a simple RC circuit which is frequently en-
countered in amplifiers, particularly in inter-valve coupling circuits.
If the input to this circuit is a sinusoidal signal of constant
amplitude but falling frequency, the output is also sinusoidal but
its amplitude falls because of the rising reactance of the capacitor.
The output is of the same frequency as the input but is advanced
in phase, the phase difference increasing asymptotically to 90° as
frequency approaches zero. Fig. H.2 represents the relative
amplitudes ard phases of the input and output signals at one
particular frequency; the output has half the amplitude of the
input and the phase difference is 30°.

7 It y 7
e a
\{i'\ R Yout
L l 5

Fig. H.1—Simple RC circuit as used in coupling the output of one
valve to the input of the next

Suppose now a square wave is applied to the input of the circuit.
This is equivalent to the simultaneous application of a large number
of sinusoidal components of harmonically-related frequencies.
Each is subjected to an amplitude loss and a phase advance in
passing through the circuit and all combine at the output to produce
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(Left) Fig. H.2—Illustrating the fall in amplitude and phase ad-

vance of a sinusoidal signal when applied to the circuit of Fig. H.1

(Right) Fig. H.3—Illustrating the sag introduced into a square-
wave signal when applied to the circuit of Fig. H.1

a squarc wave with sag as shown in Fig. H.3. The sag is usually
expressed as a percentage and is equal to 100(Vo — Vi)V, where
Vo is the initial voltage and V; the voltage after a time 1.

There is a relationship between the value of (Vin — Voue)/Vin
for a sinusoidal signal and (V, — V1)V, for a square-wave signal
and it is the purpose of this appendix to deduce it.

Fig. H.4 rcpresents the relative phases and magnitudes of the
current and voltages in the circuit of Fig. H.l. The vector OX
represents the phase of the current and OA represents, to some
chosen scale, the voltage developed across R; this voltage is in
phase with the current. OB represents in magnitude and direction
the amplitude and phasc of the voltage developed across C; this
voitage lags the current by 90°. The vector sum OC of OA and
OB represents the applicd voltage in ‘'magnitude and direction and
¢ is the angle of lead between the voltage across R and the applied
voltage. From this diagram

AC
tan =
¢ OA
voltage across R direction of
. vector rotation
[ iR A
— — =X
current i

voltage ——»
across C

—+———applied voltage
Vin

aC=—--

Fig. H.4—Vector diagram of voltages in RC circuit with sinusoidal input
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and if the angle ¢ is very small OA is practically cqual to OC and
we may say

1an ¢ == AC

oC
This, of course, is tantamount to saying that the tangent of a small
angle is approximately equal to its sine. From Pythagoras
AC = /{0OC?* — OA?)
and hence
A/(0C? — OA?)
oC

\/’( Vir{'z - Vout":)
Vin

=\/ [( Vin - Vout) (Vin + Vout)]

tan ¢ =

Vin2

When ¢ is very small V:, and Vo are approximately equal and
(Vin + Voue) can be replaced by 2V, giving

NV, —
tan ¢ — \/ [-—( th Vout)]
Vin

From expression (152) in the text
percentage sag = 100 7 tan ¢

2( [/in - Vout) ]

7
Lin

= 100,7\/[

APPENDIX J

INCREASE IN ErricTIVE VALUE OF GRID RESISTOR BY
SERIES-CONNECTFD CURRENT FEEDBACK

IT was explained in the text that the value of the grid resistor of a
valve can be effectively incrcased by returning the resistor to a
point on the cathode circuit of the valve as shown in Fig. J.1,
this point not being decoupled to h.t. ncgative at signal frequency.
It is the purposc of this appendix to derive an expression for the
effective value of the grid resistor in such a circuit.

The resistor Rp provides grid bias but not current feedback, for
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it is decoupled by the capacitor Cp assumed to have negligible
reactance at the signal frequency. Ry is not decoupled, however,
and gives rise to a feedback voltage Vyp equal to IRy where I,
is the alternating component of anode current. This may be
written

Vie = LRy

= gm Ve Re

Sy

2

(e m mmmm = =

Fig. J.1—Current feedback circuit for increasing effect:ve value
of grid resistor

From the diagram
Vin = Vor + Vo

== ng +nggkRk
= Vyk(l +ngk)

The effective value of the grid resistor is given by Vin/F where I is
the current flowing through the input terminals; this current in
flowing through Ry sets up the valve input signal Ver and is thus
given by Vyx/Rg.  The effective resistance in the grid circuit is thus
given by

Vin _ Vin | R
Vor|Rg 7 !

= Ry(1 + gmRx)

showing the input resistance to be greater than R,.
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CHAPTER 11

ANODE-DECOUPLING CIRCUIT

11.1 INTRODUCTION

WE have so far examined the effects of the inter-valve coupling
components (RgCy in Fig. 93) on the low-frequency response of
an amplifier. In a practical amplifier, however, there are a number
of other RC circuits which can affect the low-frequency response,
namely the anode-, screen- and cathode-decoupling components.
Here we describe the effect of the anode-decoupling components
(R;Cy) and the circuit with which we deal is that shown in Fig. 93.

* —oHT+
R¢
Ce
R T b
Cg
Vi -1 v2
Rg
- & ¢ —OHT~

Fig. 93—An RC-coupled amplifier containing inter-valve
coupling and anode-decoupling components

Anode-decoupling components were originally used in multi-
valve amplifiers to minimise positive feedback (and possible
metor-boating) due to the impedance of the h.t. supply (which
is common to all stages) and to provide additional smoothing of
the h.t. supply to early stages. Such networks are often unnecessary
for these purposes in video-frequency amplifiers because these are
fed from well-smoothed h.t. units of very low impedance.
Nevertheless anode-decoupling components are often included in
video-frequency amplifiers because of a third effect, namely that
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they can, by suitable choice of component values, give a useful
extension of the low-frequency response. The term decoupling
is perhaps inappropriate to describc components introduced into
an amplificr purely to extend the low-frequency response but this
term will nevertheless be retained.

The cxtension of the low-frequency response arises in the
following way. At middle and high video frequencies, Ry is short-
circuited by Cy and the effective anode load consists principally
of Ra. At low frequencies where the reactance of C; is high, the
effective load is greater, consisting of R, in series with the parallel
combination of Ry and Cy; at zero frequency the load is simply
Rq and Ry in series. The components Ry and C; also introduce a
lagging phase angle which increases as frequency is reduced. This
cfiect is opposite to that of the coupling circuit R,C, and, by
suitable choice of component values, it is possible to arrange for
the effect of one network to cancel that due to the other. The
compensation thus achieved cannot be perfect down to zero
frequency but it is possible by this means to extend the low-frequency
response of an amplifier by two or three octaves.

11.2 EFFECT OF ANODE-DECOUPLING COMPONENTS ILLUSTRATED
VECTORIALLY

The effect of the anode-decoupling circuit can be illustrated by
means of a vector diagram such as that given in Fig. 94. At middle
frequencies for which the anode load is purely resistive, the vector
diagram has the form shown at (a); the anode current I, is in
phase with the input signal ¥, and the anode-cathode potential is
in antiphase with I,.

DIRECTION Of VECTOR

DIRECTION OF VE
ROTATION Vak A ague
F N Zl T
v, ’ "\ V, 1 g N
ak v Yk e '@ L Vek la
b

(a) ( )

Fig. 94—Vector diagram illustrating the effect of anode-decoupling
components

At low frequencies for which the reactance of C is appreciable,
the effective anode load has a capacitive component and the voltage
developed across the anode load lags relative to the voltage for a
purely resistive load (Fig. 94b). The angle between the vector
Vgr and Vyx (measured anti-clockwise) is less than in (a) indicating
the phase lag caused by the anode-decoupling circuit.

178



ANODE-DECOUPLING CIRCUIT

11.3 DESIGN OF ANODE-DECOUPLING CIrcult

There is little point in deducing the frequency and phase response
of the anode-decoupling circuit alone because it is generally
proportioned to offset the distortion introduced by the inter-valve
coupling circnit. We shall therefore deduce the frequency response
of an amplifying stage which includes both anode-decoupling and
inter-valve coupling circuits (Fig. 93). To obtain maximum
extension of frequency responsc the values of coupling and de-
coupling components must satisfy certain simple mathematical
relationships which can be deduced in the following way.

9 mv§(

Cq

9mVgk Rg Vout

LY

( TCf |

Fig. 95—Equivalent of the circuit shown in Fig. 93

We shall assume that R, is very much greater than (Re + Ry);
the anode load of valve VI is thus composed effectively of Rq in
series with the parallel combination R;Cy as shown in the equivalent
circuit of Fig. 95. The impedance of Ry and Cs in parallel is
given by

7 RyljwCs
T Ry + 1jwCy
Ry
I+ jwCsRy g
The anode load is given by
R
Ro+Zr =Ret | Ljucyrs

and the voltage developed across the anode load by the current
gm Vi flowing in it is given by
. Ry
°ngk<Ra T +j‘“CfRf)
the negative sign indicating the phase inversion between anode and
grid potentials.
The voltage delivered at the grid of V2 is developed across Ry
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and is less than that developed across the anode load because Ry
and C, behave as a potential divider connected across the anode
circuit. The ratio in which Ry and G, step down the anode potential
is given by
R, . ijaRa
Ry + 1/jwCy — 1 + jwCyR,

Thus Vou, the grid voltage for V2, is given by

Vou = = nbi Re + (Frecn,) (1‘1%5’%&)
and the stage gain Ay, is expressed by
Ay = ’:ﬁ:‘
==k + o) (k)
= B CoRo(Ra+Ry) |k TIOCRE o

(I + joCR)(1 + jwC,yRy)

where R, is the resistance of R, and Ry in parallel and is given by

’ RaRf
= =— 155
Rq Rt R (155)
Expression (154) may be written
. 1 4 joCR,'
Aif = — gmjwCyR, +_Jw L R:—Cf —
.. (156)

Now as shown in expression (155) if Ry is large compared with Ry,
Rd is approximately equal to R, and the first bracketed term in
the denominator of the above expression simplifies to jwCy.

The stage gain of the circuit (Fig. 93) as a whole is then given by
ReCy 1 + jwCsRy'

This expression is independent of frequency if
Ra’Cf = RgCg . . . . (158)

This shows that the design of the anode-decoupling circuit is
intimately bound up with that of the inter-valve coupling circuit.
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Applying the conditions of expression (158) to (157) we have

R,C,
Jp = =iz 0 ST
if Em @

= —gmRd .. . ... (159)

Since there is now no term in j in the expression for Ay the circuit
gives no phase shift at any frequency. From the foregoing the
conditions to be observed to maintain this performance are:—

1. Ry shouid be large compared with Re

2. The time constant Ry’ Cy should equal RgCy. If the previous
condition is observed, Rq is approximately equal to R and
this second condition implies that the product of anode
resistor and decoupling capacitor should equal that of grid
resistor and coupling capacitor.

The second of these conditions can usually be observed without
introducing any practical circuit difficulties but if the first were
strictly maintained the h.t. voltage on the anode of VI migat be
reduced to too low a value; Ry is therefore sometimes made no
more than 2 or 3 times Rq to keep the anode voltage at a reasonable
value. This means that the compensation canrot be perfect down
to zero frequency. Even so, the effect of the decoupling circuit
is to bring about a great improvement in low-frequency performance.
To show this we must derive an expression for the frequency response
of a circuit with inter-valve-coupling and anode-decoupling com-
ponents. This may be done in the following way.

11.4 FREQUENCY RESPONSE OF DECOUPLED CIrCUIT

When the second of the above conditions is observed expression
(154) may be written
_ gmjwCyRy(Ra + Ry)

Ay = | + jwCiRs (160)
Eliminating R, between (155) and (158) we have
RaRy RyCy
Ra ’f:Rf - 7Cf _
from which
&q=&q.&iﬁ.. DN ¢ (7))
Substituting for RyCy in (160)
Ay =— gm:/'(_uggfzg(Ra + Ry)
1 + jwCgRg(Ra + Ry)/Ra
JjwCgRy(Ra + Ry)[Ra (162)

= —mRe: | CyR(Ra + Rp)IRa
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But —gmRa = Amy, the gain at medium frequencies.

Ay _ ./"”CgRy(Ra;i‘ RJ)/Ra

L= . .. (163
Anp 1+ joCoRy(Ra + R)[Ry (163
Putting p = R¢/Ra, wy = 1/RyCy and x = wlwg we have
Aif Jx(p+ 1)
= s . (164
Amp 1+ Jx(p £ 1) (e
The frequency response of the circuit is thus given by
A[f‘ (p + 1).\'
= oy .. .. (165
Amr VI (p + D)) (163)
and the response in decibels by
_ Ay
response = 20 log,, 4 db
mf
— (P + 122
_10]og101 F(p + D db .. (166)

This expression is plotted in Fig. 96.

The dotted curve labelled p = 0 gives the response of an RC-
coupled amplifier with no anode decoupling (R; = 0), and is 3 db
down at the frequency for which the reactance of the coupling
capacitor cquals the grid resistor. The effect of increasing p (i.e.
increasing Ry) is to move the characteristic bodily to the left,
without change of shape, thus extending the low-frequency response.
When p = 5 the frequency at which the response is 3 db down is
at x = 0-17 compared with x = 1 for the circuit without decoupling.

The effect of the decoupling circuit is to reduce the frequency for
a given fall in response in the ratio 1/(p 4+ 1). This can be deduced
in the following way. Let f, be the frequency at which an RC-
coupled amplifier without decoupling has a certain loss and let
J» be the frequency at which the circuit when decoupled has the
same loss.

Let x, be the normalised frequency corresponding to f1. Then

)
X, =
Wy

_h
Ji
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Relative response, decidels

e ¥
o o o

Value of X
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o ¢ w0 - 03 L B 4 2 g %
o9 6 o ©

30~

Frequency cfs (orjg-écjs
Fig. 96—Universal frequency-response curves for simple RC-

coupled circuit with anode decoupling

where f; is the frequency at which the reactance of the coupling
capacitor is equal to the value of the grid resistor. Similarly

e
7

where x, is the normalised frequency corresponding to f&.
For the circuit without decoupling, at the frequency f,, we have

X

Ay i
Amr 1 +Jx,
= ! (167)
1 1jx,
and for the decoupled circuit at the frequency
Ay Jxop D
Amys 1 4+jx.p+ 1
]
= . .. 168
U+ Ujxp + 1) e
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For the same fall in response expressions (167) and (168) are equal

. 1 - — — “1
T+ jxop + D1+ 1/jx,

giving X(p+1)=x,
3
from which o =p~j:*‘_—1 .. .. .. (169)

which shows that the addition of decoupling has lowered the
frequency, for a given loss, in the ratio (p + 1).

This extension of low-frequency response can be regarded as due
to an effective increase in the time constant of the inter-valve
coupling components, such as is brought about by the use of current
feedback, and in fact the curves of Figs. 96 and 97 apply equally
to the anode-decoupling and feedback circuits.

Numerical Example

As a numerical example of the design of a video-frequency stage
with low-frequency compensation by means of the anode-decoupling
circuit, consider a valve in which the value of Ra has been fixed by
high-frequency considerations at 2,000 @. Ry is given the highest
value compatible with adequate h.t. voltage on the valve anode.
If the valve consumes, say, 10 mA from an h.t. supply of 250 Vv,
Ry can usually be 10 kQ (leaving 130 V on the anode). An arbitrary
value is chosen for C;—say 16 uF.

The time constant R,’Cy can now be evaluated from expression
(155), the value of R, being given by

RaR;
Ra + Rf

_2><10><10°Q
T 12x 108

= 1-7 kQ approximately
. Ra'Cr =17 x 10% x 16 x 108 sec
= 0027 sec

For maximum extension of low-frequency response the grid circuit
time constant R,C, must equal this value. Suitable component
values are 1 MQ and 0-03 rF or 270 k@ and 0-1 uF or, of course,
184
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any other combination of resistance and capacitance which has this
value of product.

In order to calculate the frequency response of the circuit so
designed we must first determine the response in the absence of
decoupling components. This is most conveniently expressed in
terms of the parameter wy, the angular frequency at which the
reactance of the coupling capacitor is equal to the grid resistor.
This frequency is given by
1
a kﬂc‘g
1
7 0-027
= Y

27

wy

from which fa

1

- ¢l
6-284 % 0027 °

=59¢/s

At this frequency the response of the circuit without decoupling
is 3 db down and if a logarithmic frequency scale is placed along
the horizontal axis of Fig. 96 so that 5-9 c/s coincides with x =1,
the response curve for the undecoupled circuit is given by the curve
labelled p = 0.

For the decoupled circuit Ry = 5Rq, giving p =15 and the
frequency response with decoupling is given by the curve labelled
p =15 in Fig. 96. As shown by this curve, the response is 3 db
down at approximately 1 cfs, one-sixth of the frequency at which
the undecoupled circuit is 3 db down. This confirms that the
addition of decoupling has the effect of increasing the time constant
of the coupling circuit by (p + 1), i.e. 6 times, to the value 6 x 0-027
= 0-162 sec. From expression (148) the sag introduced by this
circuit in reproduction of a square wave is given by

100t
percentage sag = R.C.
g9

If the frequency is 50 cfs, 1, the time of half a cycle, is 0-01 sec
and we have

percentage sag = R—ng
g-g

1
~ 0162
= 6 approximately
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11.5 PHASE RESPONSE OF DECOUPLED CIRCUIT

Although the percentage sag introduced by a particular circuit
can be determined from stcady-state frequency-response con-
siderations and the design can be carried out on the basis of such
response curves, it is nevertl.cless useful to know the phase response
of the circuit. For the circuit of Fig. 93 this can be determined in

the following way. Putting 4,; = —guRq in expression (164) we
have
. Vout
Ay = Vor
— L’mfaji(pi‘i‘ 1)
L+jxtp+ 1D

But gmVor = I, the alternating component of the anode current.
Substituting / for gn Vyx gives

Your _ _ Rajx(p +1)
P It xp + 1) e (70)
Rationalising
Vou _ _ p ix(p+ 1)+ x%p + 1)*
/ ¢ 1 4+ x%p + 1)2

This is of the form (R + jX) and the phase angle ¢ between Voue
and / is given by tan—1X/R, i.c.

et X(p 1)
#o= 0 4y
Ll
= tan 1.\'(p+1) .. .. .. (171

This expression shows that the phase angle is positive, i.c. Voue
leads 1.

This expression is plotted in Fig. 97 which shows thkat at a given
frequency x, the phase shift is reduced by increasing p, that is by
increasing the value of the decoupling resistor Ry. The curves in
this diagram have the same shape but are progressively displaced
to the left as the value of p is increased. Thus increase of p
decreases phase shift and renders the amplifier more suitable for
amplification of video signals.

Expression (171) shows that the effect of adding the decoupling
network is to reduce the phase shift ¢ at a given frequency equivalent
to x, to 1/(p + 1) of its former value (provided, of course, that
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Fig. 97—Universal phase-response curves for simple RC-coupled
circuit with anode decoupling

RJ'Cy is equal to RyCy). This reduction in phase shift is, from
expression (151), equivalent to an cqual reduction in sag during
the reprodiction of square waves. This confirms the deduction
made from consideration of the frequency response.

Alternative Circuit

Fig. 98 shows an alternative circuit giving substantially the
same performance as Fig. 93. At high frequencies the effective
anode load is R, because the reactance-of Cy is negligible: at low
frequencies when the reactance of Cy is high, the anode load tends
to the value R;. The circuit
of Fig. 93 is probably better > —OHT+
because R;Cy provide anode
decoupling and smoothing R¢
in addition to extending the
low-frequency response. [

Rq

C¢

AAAAA
VWWWA

for extending low-frequency
response ® —OHT-
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CHAPTER 12

CATHODE-DECOUPLING CIRCUIT

12.1 INTRODUCTION

WE have so far discussed the effects on the low-frequency response
of an amplifier of the inter-valve coupling and anode-decoupling
components and have shown that these can be arranged to cancel
over a limited frequency range. We shall now describe the effects
of a third RC circuit, namely the cathode-decoupling components
(RiCy in Fig. 99). These components are similar to the inter-valve
coupling components in their effect on frequency and phase response:
in other words they produce a falling amplitude response and an

— OHT+

-
n 2 Rg —%Ck §Rg Volut
Ry I
0 D ) S )

Fig. 99—RC-coupled amplifier including inter-valve coupling, anode
decoupling and cathode-decoupling components

v

increasing (leading) phase angle as frequency is reduced. This
suggests that it should be possible to arrange for the anode-decoupling
components to cancel the ecffects of the cathode-decoupling com-
ponents. As shown here, this can be done and the frequency and
phase response at the anode of the valve can be made perfect
down to zero frequency. It is not possible, however, to arrange
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for the anode-decoupling components to neutralise the effects of
inter-valve and cathode-decoupling components simultaneously.

12.2 DisTORTION DUE TO CATHODE COMPONENTS ILLUSTRATED BY
VECTORS

The resistor Ry is included in the cathode circuit to provide the
valve with grid bias. It also gives current fcedback and an attendent
loss in amplitude response which is normally undesirable and Ci is
included to eliminate feedback. The capacitor is effective in doing

his at all frequencies for which the reactance is small but unless a
tprohibitively large capacitor is used, feedback is present at very low
frequencies. This causes a fall in output, and a phase shift in the
output of V1 at frequencies near the value for which the reactance
of Cr equals Rg. The phase shift can be illustrated in a vector
diagram such as that shown in Fig. 100. This shows the anode

DIRECTION OF VECTOR ROTATION

VYak € Y ng IO

Fig. 100—Illustrating the phase lead of an RC-cathode circuit

voltage Vgi in antiphase with the grid-cathode signal Vgr and the
anode current I,. At the frequencies for which the reactance of Ck
is comparable with Ry, the potential Vi developed across the cathode
components lags the anode current by an angle ¢ of less than 90°,
as shown in the diagram. The input voltage Vin to the valve is
made up of Vgi and Vi and its phase and magnitude can be deter-
mined by completing the veetor parallelogram as shown.

At frequencics for which the cathode circuit is of negligible im-
pedance, the anode potential is in antiphase with the grid potential
and the vectors representing these voltages therefore have the
relative positions of Var and Vg in Fig. 100. At low frequencies
an input signal ¥, gives an output signal Var. The angle between
Vin and Vag, measured in an anticlockwise direction (the conven-
tional direction for vector diagrams), is (180 + #)° which exceeds
the angle between Vi and Var by ¢°. Thus it may be said that the
cathode components cause a phase lead of ¢°.
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12.3 FREQUENCY RESPONSE

The magnitude of the attenuation and phase distortion introduced
by an RC cathode-decoupling circuit can be calculated in the
following way.

The impedance Zy of Ry and C in parallel is given by

1
Ry - ..
ZI.‘ K .Iw(-k
1
JwCy
4 Ry
1 + jwCkRy

Ry +

(177)

In flowing through this impedance, the valve cathode current [ sets
up a voltage Vy given by

Vi = IZ .. .. .. .. (178)

If the valve is a pentode we can neglect the screen current and
assume that the anode and cathode currents are equal. The input
signal Viy is equal to the sum of the grid-cathode signal, Vg, and
the cathode-carth signal, V. Thus

Vin = Vor + Vi

= Vor + 1Z;
But 1 = 89m ng
Vin = Var(1 + gmZ)
from which
Vin
Vor = .. (179
=) ot gnZ (179

The output signal, Vo, is given by — IR, and substituting gm Vyx
for I,

Vour = — gmVyrRa
Substituting for ¥, from (179)
Vout = — gmRa 1 _:Z;Zk
= - img’fnazk ... (180
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This can be simplificd by putting Ansfor — gmRa
Ay 1

= T EgnZs .. .. .. (181
Substituting for Z;; from (177) and re-arranging
Ay _ 1+ jeCiRe a8

Ay 1 +ijkRk + ngk

Now gm = 1/r where ri is the ratio of a small change in cathode
potential to the corresponding change in cathode current. Sub-
stituting 1/r for gm in (182) and re-arranging we have

Ay rit+JjeCkRire
Ams ri + Ri + joCrRirk

Dividing numerator and dcnominator by (r + Ri)

Ay ril(re + Ry) + joCrRE

Angt 1 4 jwCkR' - (18
where
rkRk
Ry = .. .. .. 184
k ri + Re (184)

Ry’ is the resistance of the external cathode resistor Rj and the
internal cathode resistance ry in parallel. It is the resistance which
would be measured by an a.c. bridge connected between cathode
and h.t. negative

Expressicn (183) can be arranged in a simpler form by the sub-

stitutions
wir — 1/R'Ck . .. .. (185)

x = wlwr O ¢ £-19)

wy is thus the angular frequency at which the reactance of the
cathode capacitance equals the external cathode resistance Ry and
the internal cathode resistance (rx = 1/gm) in parallel. As before
x is a variable directly proportional to frequency. Making these
substitutions we have

Ay rilre + Ri) +Jx

Ay e .. .. (187
From which

Ay re®l(re + Ri)* + x*

oy [ ! (188
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The response in decibels is thus given by
ri®l(re + Ri)? 4 x2
I 4+ x2

(1 4 gmRi)? + 2
1 4+ x2

20 log j’f = lOlogm[

|Amf

= 10 log,, [ (189)

This expression is plotted in Fig. 101 for values of gm Ry between 0
and infinity. The diagram shows that there is a step in the
frequency response which may be regarded as beginning below a
frequency corresponding to x = 1, i.c,, at the frequency for which
the reactance of C equals Rx and ry in parallel. The curves are all

v [T7
o ImRk=0
% _ . //
S 9mRk= | 17
3 T 1] ,/j/
:.- 8 SmRk=2 ——
i"’ ! ! /
ImRik =S
T
gmRk+
& - 20| 9mRk=Io // -
=24 N @ ¥ n /v N mgn - N M €N
6 8838 5 3338
& D Value of x
o2 s 10 20 50 100 200

Frequency, c/s for fx =50 ¢/s

Fig. 101—Effect of finite cathode impedance on frequency response
of an amplifier

asymptotic to the line gnRr =0 representing zero loss at high
frequencies and to the loss — 20 log,e (1 + gmRi) at low frequencies.
This loss can be evaluated very simply by putting x —= 0 in expression
(189). The low-frequency loss is thus 6 db when gmRr = 1; this
occurs when Ry = 1/gp, i.e., when the external cathode resistance
equals the internal resistance (1/gm). In most practical amplifiers
the value of the cathode bias resistance is approximately equal to
1/gm and the curve for gnRr = 1 is thus of great importance.

12.4 PHASE RESPONSE
The phase characteristic may be deduced from expression (187).
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Fig. 102—Effect of finite cathode impedance on phase characteristic
of an amplifier

This may be restated thus

V,
Ay = V::t
- ref(r + Ri) + jx
- nga- l +Jx
Rationalising
Vour re/(ri+Ri) +jx —jxref(ri+Ri) +x*
= —gmRa 2

Vin 1 +x

This is of the form (R + jX) and the phase angle ¢ between Vout
and Vi, is given by tan—'X 'R, i.e.,

x — xrg/(rk 4 Ri)
ref(re + Rp) 4 x?

XRg
x¥rr + Ri) + rk

xgm Rk
x¥(1 + gmRi) + 1
Since x, gm and Ry are all essentially positive qualities ¢ is also
positive implying a phase lead. This expression is plotted in
Fig. 102 for the values of gmRx used in Fig. 101. It can be seen
13 193
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that the phase angle rises to a maximum as frequency is lowered and,
except when gm Ry is infinite, returns to zero again.

Numerical Examples

From the universal curves of Figs. 101 and 102 it is possible to
deduce the frequency and phase response for a particular valve and
cathode circuit or alternatively to determine what component values
are necessary to givea desired response.

For example consider an amplifier stage in which g, is 8 mA/v,
Ry is 125 @ and Cy is 50 pF. The frequency and phase responses
are required.

We have

ry = -

8 x 10-3 9
= 125¢Q
_reRe
re + Ry
_ 125 x 125
250
= 62-5Q
The reactance of Cy is equal to Ry’ at the frequency for which
,_l —
Ri'Cg
1
S = 277R1ka

Ry =

w =

1 .
6-284 X 62:5 x 50 x 10-6 3
= 50 c/s approximately

The frequency response of the amplifier can be obtained by locating
a frequency scale along the horizontal axis in Fig.101 so that x = |
corresponds with 50 cfs. This has been done in this diagram and
the response of the amplifier (given by the curve labelled gmRe =1)
shows that the loss is 2 db at 50 c/s, 4 db at 25 ¢/s and 6 db below
approximately 10 ¢/s.  The phase response of the amplifier can be

194



CATHODE-DECOUPLING CIRCUIT

obtained in a similar manner from the curve labelled gnRx =1 in
Fig. 102. As shown the phase shift is nearly 20° at 50 c/s; this
would cause prohibitive sag in the reproduction of a 50 ¢/s square
wave.

The phase shift can be decreased by increasing the value of Ci
but what value of Ci is necessary to limit the sag to, say, 5 per cent
at 50 ¢/s? This can be calculated from Fig. 102 in the following
way. From Fig. 91, 5 per cent sag corresponds to a phase shift of
1° approximately ai the fundamental frequency of the square wave.
Substituting gmRx = 1 and ¢ = 1° in expression (190) we have that
x is approximately 28-5. Hence

w

2 = 185

wk -

at 50 ¢/s. Now wp = 1/R;'Cr. Hence

Ck

I

_ 85
~ 6784 x 50 X 625
= 1450 uF

This is a large value of capacitance and even though only a low
value of voliage rating is necessary, the component is bulky and
inconvenient to use. The necessity for it can be avoided by some
of the alternative methods of design now to be described.

12.5 Use oF EXTERNAL SOURCE OF GRID BIas

From expression (182) for the effect of an RC circuit on the
frequency response of an amplifying stage it is clear that the loss in
low-frequency response (and the phase distortion) can be eliminated
by putting Rx = 0, i.e., by omitting the RC combiration and con-
necting the cathode directly to h.t. negative. This is permissible,
provided the negative grid bias required is obtained from an external
source as shown in Fig. 103.

12.6 USE oF RESISTIVE CATHODE CIRCUIT

If it is essential to obtair grid bias by a resistor in the cathode
circuit, the loss in low-frequency response and the accompanying
phase distortion can be avoided by omitting the decoupling capacitor
Ch, leaving the cathode circuit as shown in Fig. 104.  This eliminates
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the j-term in expression (182) but introduces a loss at all frequencies
given by

20 log,o(1 + gmRy) db
and if gn = 8 mA/V and Ry = 150 q,
loss = 20 log,,(1 4+ 7 Rk)
= 20 log,42-2
= 6:85db

—OHT +

—OHT—
—0GB—

Fig. 103—By using an external bias source, distortion due to
cathode components can be eliminated

If the anode resistor Rg is 2,000 O, the gain in the absence of feedback
is given by
A = gmRa
=8 x107% x 2 x 103
=16
and with feedback the gain is reduced to
gmRa
I 4+ gmRe
16
14+ (8 x 103 x 150)
16
T 22
= 76

A =
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The loss is serious but there are circumstances where it can be
afforded. The loss can be reduced, of course, by decreasing the
value of Ri; this can sometimes be done when the itput signal for
the valve is very small (as, for instance, in a camera head amplifier)

HT +

‘-L * 3 —oHT —

Fig. 104—Distortion due to cathode components can also be
eliminated by omission of the decoupling capacitor

where there is little likelihood of the valve taking grid current. In
such circumstances it might be possible to reduce Ry to, say, 80 Q,
which gives a grid bias of nearly 1 V with 12 mA cathode current,
and the gain reduction due to feedback is 4-3 db.

12.7 CANCELLING DISTORTION DUE TO CATHODE COMPONENTS BY
ANODE-DECOUPLING COMPONENTS

If neither of the above methods can be used and an RC-cathode
circuit is essential, the distortion introduced by the cathode-
decoupling components can be eliminated by arranging for it to
cancel that produced by the anode-decoupling circuit. (This is
only possible, however, if the anode-decoupling circuit is not already
being used to offset the distortion due to the inter-valve coupling
components.) To effect this neutralisation the anode-decoupling
and cathode-decoupling components must saisfy certain conditions
which can bz deduced in the following way.

The gain 4 of a valve with anode decoupling and cathode de-
coupling (Fig. 105) is given by

— gmZa
A [ T gnZs .. .. .. (191)
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Fig. 105—Compensating distortion due to cathode components
by anode decoupling

where Z, is the impedance of the anode circuit and Zy is the im-
pedance of the cathode circuit. The anode load Z, is made up of
Ra in series with the parallel combination of Cr and Ry and is thus
given by

Ry
I + jwCyRy

The cathode circuit impedance is simply composed of Cx and Rg in
parallel. Thus

ZazRa+

| + jwCrRy

Substituting for Z, and Zj in (191)

Ry
—g,,,(Ra * 1 +.iwaRf>

gm R
1 + jwCiRi

Multiplying numerator and denominator by
(I + jwCeRE) (1 4 jwCrRy)

Zy

Ay =
I +
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we have
(1 +jwCrRi)(1 +ijfRf)+!;{“‘(l +jwCrRE)
Ay = = enRe (1o, CLRY(IHwCrRy)+ gnRi(1 +jwCrRy)
.. .. .. (192)
This expression can be made independent of frequency and equal to

— gmRa by so choosing component values that the following two
equations are satisfied

RiCr = RiCr .. .. .. .o (193)
Ry = gmRxRa .. .. .. (199

Dividing (193) by (194) we have
Cr = Cir/zmRe .. .. .. (195)

Expressions (194) and (195) give the values of Rr and Cy necessary
to achieve this compensation.

As an illustration of the magnitudes of Ry and Cy required in a
practical amplifier, suppose the valve has an anode-load resistor of
2,000 @, a mutual conductance of 8 mA/V and that the cathode
components are 150 @ and 50 uF. From (194) we have

Ry = ngkRa
= 8 x 10-3 x 150 x 2 x 103 Q
= 2,400 O
and from (195)
Cr = Ci/gmRa

= 50 x 10-8/(8 x 10-3 x 2 X 10%) F
= 3 uF approximately

These are easily-rcalisable component values and thus the com-
pensation can be made perfect and independent of frequency,
implying that the response curve of the amplifier, measured at the
valve anode, is level down to zero frequency. The zero-frequency
response will, of course, be lost if the anode is capacitance-ccupled
to the grid of the succeeding valve.

In the previous chapter the anode-decoupling circuit was used to
offset distortion occurring in the inter-valve coupling circuits and
it was not possible in such a circuit to make the compensation
independent of frequency because this necessitated an infinite value
of Ry. Thus practical values of Ry, though they appreciably extend
the low-frequency response, cannot give a zero-frequency response.
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CHAPTER 13

SCREEN-DECOUPLING CIRCUIT

13.1 INTRODUCTION

THE last of the four RC circuits which can affect the low-frequency
response of an RC-coupled amplifier is the screen-decoupling circuit
RsyCsy in Fig, 106.

This has an effect similar to that of the cathode circuit, namely
that it gives a fall in amplitude response and a leading phase angle,
both of which increase as frequency is reduced. The process by
which this occurs can be described in the following way. The value
of Rs, is initially chosen to give the desired steady screen voltage;
if Csg is not included, this resistor also behaves as a screen load,
causing the screen potential to vary in antiphase with the grid signal.
The variations in screen potential modulate the anode electron
stream in antiphase to the grid potential causing a negative feedback
effect and consequent loss of signal output. (s, is included to
prevent this effect; it presents the screen with a low value of load,
reducing the signal amplitude at the screen, and the feedback effect.
The capacitor is effective in reducing feedback at all frequencies
for which the reactance is small but unless a very large capacitor is
used, feedback is still present at very low frequencies and causes a
fall in output. At frequencies for which there is an appreciable
signal amplitude at the screen the feedback causes phase shift.

We shall first illustrate qualitatively by means of vector diagrams
the production of this distortion by a finite screen load and will
then show how the magnitude of the distortion can be calculated.

13.2 EFFECT OF SCREEN-DECOUPLING CIRCUIT ILLUSTRATED
VECTORIALLY

Fig. 107 (a) illustrates the relationship between the electrode
potentials and anode current when the screen load is purely resistive.
The grid-cathode potential Vi gives rise to an anode current I
which is in phase with Vgi; the anode potential V,; and the screen
potential Vg are both in antiphase to the anode current.

It the screen load is made purely capacitive, the screen potential
lags 90° on the phase indicated in Fig. 107 (b); that is to say the
screen potential now leads the anode current by 90°. The relative
200
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Fig. 106—Complete circu't diagram of an RC-coupled amplifier
using a pentode

DIRECTION OF VECTOR ROTATION

Vax Vagk v Vak I

(®)

Vak

Fig. 107—Vector diagram illustrating the distortion produced by
the screen-decoupling circuit at low frequencies
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phases of grid potential, screen potential and anode current for a
capacitive screen load are illustrated in Fig. 107 (b). The phase of
the anode current relative to the grid potential differs from that in
Fig. 107 (a) because the anode current is primarily determined by
control-grid and screen-grid potentials (the influence of the anode
potential being negligible). In constructing the vector parallelo-
gram to illustrate the relationship between grid potential, screen
potential and anode current, due allowance must be made for the
fact that the anode current is not equally affected by a given change
in control-grid and screen potential; the control-grid potential is
much more effective than the screen potential in changing the anode
current. The effects of these potentials are measured by the con-
ductances of the respective electrodes; the change in anode current
per volt change in control-grid potential is the mutual conductance
gm of the valve whereas the change in anode current per volt change
in screen potential is the screen conductance gs which, in a typical
valve, may be, say, 1/20th of gm. If the lengths of the potential
vectors in Fig. 107 (b) are made to represent the product of con-
ductance and potential (the directions of the vectors still representing
the phase of the potentials) the relationship between anode current
and electrode potentials can be illustrated by a parallelogram as
shown dotted. The anode potential Vg is still in antiphase to the
anode current and, in Fig. 107 (b), is advanced in phase by ¢° com-
pared with Fig. 107 (a). This is the phase advance caused by the
capacitive screen load.

13.3 CALCULATION OF DISTORTION DUE TO SCREEN-DECOUPLING
CIrcuIlT

The effect of the screen-grid impedance is calculated in Appendix K
where it is shown that

Ay 1
Amf o 1+ Gsng (196)
in which G; is the conductance of the screen circuit, i.e.. the change
in screen current per volt change in screen potential and Zsg is the
impedance of the external screen circuit. This expression is of the
same form as (181) for the effect of the cathode circuit impedance
with G; substituted for g and Z, substituted for Zy. If, as is usual,
the external screen circuit consists of a dropping resistor Rsg and a

decoupling capacitor Cs, in parallel, we have

ng

29 = T juCigRe
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Substituting for Zg in (191)

:4If — 1 + jwCsgRsy . (197)
Amf 1 +ijsyng + Gsng o

which can be re-arranged to give
Aif _ 1sgl(rsg + Reg) +Jx (198)

Ams 1 +jx

in which rs is the screen a.c. resistance, i.e., the ratio of a small
change in screen potential to the resulting change in screen current.
rey is the reciprocal of Gs. x is given by w/ws where

wsg == l/R’sngg oo .o .o (199)
and

R’sy = Rsgrsg/(rsg + Rsg)

Expression (198) is identical in form with (187) for the cathode
circuit. Thus the curves of Figs. 101 and 102 apply equally to the
loss and phase shift due to the screen grid circuit provided Gs is
substituted for gm (or rsg for ri), Rsy for Ry and Cgq for Cy. For the
screen circuit x = 1 corresponds to the frequency for which the
reactance of the screen decoupling capacitor equals Rsy’, the resistance
of the external screen resistor Rsy and the screen a.c. resistance rsy
in parallel.

The curves of Figs. 101 and 102 can be used to determine the
frequency and phase response for a given valve and screen-
decoupling components or to determine the component values
necessary tc give desired responses.

As an example of the former use, consider a pentode amplifying
stage in which G; = 0-04 mA/V, Rsy = 25 kQ and Csy = 8 pF.

Gsng = 004 X 10_3 X 25 X 103
=1

and thus the frequency and phase responses of this particular
amplifier are given by the curves labelled gmRe =1 in Figs. 101
and 102, To calibratc the frequency axis, however, we must
determine the frequency for which x = 1.
1
rsg = G‘

1
T 004 x 1073

= 25kQ

Q
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Rsyl _ "ngsy
rsg + ng

_ 25 X 10% x 25 x 10°®
a 50 x 103

= 12:5 ko
w
Jio =y

|
277 ngl ng

I
6284 X 125 x 105 x § x 10-6 /5

=16¢/s

Thus x = 1 in Figs. 101 and 102 corresponds to 16 ¢/s for this
circuit. Fig. 101 shows that the response is 2 db down at 1-6 c/s,
4 db at 0-8 c/s and 6 db at 0-3 c/s. Fig. 102 shows that the phase
shift is approximately 20° at | c/s, 5° at 10 ¢/s and 2° at 50 c/s.
A phase shift of 2° represents a sag of 11 per cent in reproducing
a 50 c/s square wave.

As an example of the second type of calculation we will determine
the value of Cyy necessary to keep the sag at 50 ¢/s below 2 per cent
in an amplifier in which Rsg must be 25 kQ to give the required
screen potential.  As before G; is taken as 0-04 mA/V.

From Fig. 91, to keep the sag within the prescribed limit, the
phase shift at 50 c/s must be less than 0-35°.  The value of x can
be calculated from expression (190) by putting gmRr — 1 and
¢ = 0-35; this gives the result x — 83.

The required value of Csy can now be calculated in the
following way.

=83 when /= 50 ¢/s

oc f:«rg _—Xf

=06 ¢/s
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. 1
fsg - 2Trng’C3g

1
271'/:9gR3g’

Now

from which Csg =

T 6284 x 06 x 12°5 x 10°

— 212 uF

This capacitor requires a high voltage rating and is hence a rather
bulky component. 1t is sometimes possible to avoid the necessity
for such components by use of the techniques now 10 be described.

13.4 PENTODE WITHOUT SCREEN-DECOUPLING RESISTOR

From expression (197) we can see that if Ry is omitted, the
low-frequency gain becomes independent of frequency and equal
to the medium-frequency gain. All terms in « disappear which
implies that there is now no phase distortion. Rs and Cy can
be omitted by choosing a pentode which will operate satisfactorily

— ’ ~OHT +
Re
L e—0
}
= 2
A |
*
Il Ct 3SRg Vout
I
Vin |
! ]
b
- b our-

Fig. 108—Pentode RC-coupled amplifier with screen grid fed
directly from the h.t. line

without exceeding the maximum safe dissipation with the screen
fed directly from the h.t. supply, say 250 V, as shown in Fig. 108.
The screen load thus becomes the internal impedance of the h.t.
supply unit which is usually very low in units designed to feed
television amplifiers.
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—OHT ¢

Fig. 109—Pentode RC-coupled amplifier with screen grid fed
from a cathode follower

13.5 Use oF CATHODE FOLLOWER TO FEED SCREEN

Alternatively, if the screen potential must be considerably lower
than the h.t. supply voltage, it is possible to feed the screen from a
cathode follower situated in the amplifier or in the h.t. unit as
shown in Fig. 109. The screen load is the output impedance of
the cathode follower which is, of course, very low and gives
negligible degeneration.

APPENDIX K

PHASE AND FREQUENCY RESPONSE DUE TO
FINITE SCREEN IMPEDANCE

IF the external screen impedance of a pentode valve is not zero,
the screen impedance will vary at signal frequency when a signal is
applied to the control grid. This variation of screen potential
affects the anode current, reducing the anode voltage and causing
phase shift by a process somewhat similar to that by which the
external cathode impedance affects the anode output. The
magnitude of the effect can be calculated as follows.

The alternating component I, of the anode current of a pentode
is given by

Ia=nggk +gsngk + gaVark .. .. )
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in which  g. = mutual conductance, defined by AL/AVgk,
Vgx = grid-cathode voltage,
gs = anode-screen conductance, defined by Ala/A Vg,
Vs = screen-cathede voltage,

ga = anode conductance, defined by Ala/AVar, ie., it
is the reciprocal of the anode a.c. resistance, ra,

Vix = anode-cathode voltage.
For the type of pentode valve commonly used in video-frequency
amplifiers, ga is very small, the anode current being almost

unaffected by changes in anode voltage. We may thus take ga
as being negligible and expression (1) then becomes

la = nggk + gsngk 0o 0o 0o (2)

The alternating component 7s of the screen current is given by
a similar expression
13 = Gngk + GaVagk .. . . (3)

in which  Gp = the mutual conductance defined by Al/A Vo
and G, = the screen conductance defined by AZs/AVigr.

When a pentode valve is used as an amplifier and the external
screen impedance is finite, the anode current is determined by the
control-grid and screen-grid voltages; the latter is the product of
screen current and screen impedance and is opposite in phase to
the control grid potential. Thus

ngk = = Isng . .. . .o (4)

where Z, is the impedance of the external screen-grid circuit.
Substituting for Vg in (2)

In = gnVgr — gelsZsg .. .. .. (5)
Substituting for ¥ in (3)
18 = Gm ng - GsIGng

from which
. Gm ng
18—1+Gsng” .. .. .. (6)
Substituting for I in (5)
gsZsme Vok
= V —_—
Io = gnVok 1 4+ GiZsy
2sGmZsg
= gmVor|1 — o
m ﬂk[ gm(l + Gszsy)] (7)
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Now
&sGm _ AL Als A ng
8m AVege A ng Al

_ AL
A ngk

=G8

Substituting for gsGpu /g in (7)

o o Gsng
+ o= gnVr [l 1 —{—Gsng]

v 1
EmVok - | 4 GoZsg
The output voltage, Vous, is given by

Vout - IaRa
1
= — gmVyrRs . [ 4+ GeZsy
. Vout
Aif Vo
R |
= Emita 1+ Gsng

Substituting Aps for — g, R,
Alf _ |
Amf 1 + Gszsg

Gs is the reciprocal of the screen a.c. resistance re, and this
expression may thus be written

Ay _ 1
Amf 1+ Zsy/"sg

which is similar to the expression due to the impedance in the
external cathode circuit namely

Air _ 1
Amr 1 + Zijr
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CHAPTER 14

D.C. COUPLING

14.1 INTROL:UCTION

WE have now discussed the influence of the inter-valve and
decoupling circuits on the frequency and phase response of video-
frequency amplifiers and have shown that correct choice of com-
ponent values in these circuits can extend the low-frequency response
by several cctaves down to frequencies of the order of 1 ¢/s. If,
however, RC-coupling is used between successive stages it is not
possible to extend the response down to zero frequency and such
a response is needed in video-frequency amplifiers for certain
amplifications. We shall now describe a circuit, known as d.c.
coupling, which can be used to achieve this result. When correctly
designed, a d.c.-coupled amplifier has a frequency response which
is level down to zero frequency. Such amplifiers are often used,
however, in applications where a good response is wanted at very
low frequencies such as 0-01 c/s and where a response at zero
frequency is no disadvantage.

14.2 DEesioN ofF D.C.-courLED CIRCUIT

In its simplest form d.c. coupling is achieved as shown in Fig.
110, by connecting the anode of one valve directly to the grid of the
succeeding stage, without using the usual coupling capacitor and
grid resistor. Provided effects due to anode-, screen- and cathode-
decoupling circuits can be overcome, this simple circuit gives a
response down to zero frequency but it has a number of practical
inconveniences associated with the steady voltages it is necessary
to maintain on the various electrodes. For example the grid of
V2 carries the steady voltage on VI anode, necessitating a high
cathode voltage for V2 in order that V2 shall have the correct value
of grid bias. To offset the effects of this voltage and give a reason-
able value of anode-cathode voltage for V2, the h.t. voltage applied
to this valve must be considerably higher than normal. This
difficulty is aggravated in a multi-valve direct-coupled amplifier of
this type and necessitates an inconveniently-high value of h.t.
voltage. Moreover component values must be adhered to very
precisely because valve bias voltages depend on them; thus close
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tolerance components are required. Further, any change in the
steady electrode potentials in an early stage (due, for example, to
an ageing component or valve) may become large enough, after
amplification by subsequent stages, to prevent normal operation
of a later stage. For example, as a result of the voltage change,
the steady potential on the grid of the final stage may become
sufliciently negative to bias the valve beyond anode-current cut-off.
This can be prevented by a system of zero-frequency feedback
described later.

.
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Fig. 110—Basic form of d.c.-coupled circuit

These difficultics can be reduced by modifications to the basic
circuit and Fig. 111 shows the form most commonly used.
This may be regarded as a conventional RC-coupled circuit
with an anode-decoupling circuit and with an additional resistor R,
connected in parallel with the coupling capacitor to provide the
zero-frequency response. The value of R, is chosen in the
following way.

Because of the presence of the anode-decoupling circuit, the
zero-frequency gain measured at the anode of VI is greater in the
ratio (Ra + Ry)/Rs than at medium frequencies when Ry is
effectively short-circuited by Cy. However, signals being transferred
from the anode of V1 to the grid of V2 are attenuated by the
network R.CyRy; the attenuation is very small at medium
frequencies and above because Cy effectively short-circuits R, but
increases as frequency is reduced and is equal to Rg/[(Re + Ry) at
zero frequency. Thus the decoupling components give a rising
low-frequency characteristic and the coupling components give a
falling characteristic. These characteristics are both produced by
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RC circuits of the same form, consisting of a parallel resistance-
capacitance combination in series with a resistor. By suitable
choice of component values the frequency characteristics of these
two networks can be made exactly complementary and the overall
response is then level down to zero frequency. To achieve this
compensation two conditions must be satisfied. Firstly the ratio
of the two resistances in each network must be the same. Thus

Rc - Rf )
R=R (200)

Secondly the product of capacitance and resistance in one network
must equal that in the other, i.e. both must have the same time
constant. This equality may be written

The desigr of a circuit of this type can be carried out in the
following way. There are six component values to be decided,

OHT +

- —oHT—

Fig. 111—Practical form of circuit giving a response level down
to zero frequency

namely Rq, Ry, Re, Ry, Crand Gy The value of R, is determined
by high-frequency considerations and a typical value is 2,000 Q.
The decougling resistor Ryis usually made 5 or 6 times Rq, €.2. 12kQ.
Ry is given a large value which will not, however, encourage grid
emission; a common-used value is 470 kQ. The value of R¢ can
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now be calculated from the first of the two relationships given
above. We have

_ ReRy
Rc = R;

_ 12X 10° x 470 x 108

2 x 103
= 3 MQ approximately

We now have to determine suitable values for Cy and Cy. These
capacitances are related according to the second of the above two
relationships and if the numerical values are substituted for Rc and
Ry in this, we find that C; must be 250 times Cy to give a response
level down to zero frequency. It would appear, therefore, that the
absolute values of Cy and C; do not matter provided Cr = 250 Cg.
There are, however, practical limits to the values of capacitance
which can be used; for example if C, is made too large its shunt
capacitance to earth is considerable and the high-frequency
performance of the amplifier is affected. For this reason G
should preferably not exceed 0-1 xF. On the other hand if Cr
is made too small it becomes ineffective as a decoupling and
smoothing component. Cy should ideally not be less than, say,
16 pF.  Using this value we have that C, = (/250 = 0-07 unF.

Thus suitable component values for the circuit are

Re=2kQ
R =12 kQ
Ry = 470 kQ
R =33 MQ
C; =16 uF
Cy = 0-07 uF

Rc is 6 times R, and the steady potential applied to the grid of
V2 is Jth of the anode potential of V1.  The latter is approximately
110 V and the steady voltage on V2 grid is only 110/7, nearly 16 V,
which can readily be offset by appropriate choice of cathode
potential. This circuit does not, therefore, necessitate the provision
of an inconveniently-high h.t. supply voltage.
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PART 1V: FEEDBACK IN VIDEO-FREQUENCY
AMPLIFIERS

CHAFTER 15

BASIC PRINCIPLES OF FEEDBACK

15.1 INTRODUCTION

THEe principle of feedback, i.e. that of taking a voltage from one
stage of an amplifier and returning it to an earlier stage to aid or
oppose in phase the input there, is extensively empioyed in video-
frequency amplifiers. Such feedback has numerous advantages: it
can be used to eatend the frequency range; to decrease harmonic
and phase distortion and to improve the signal-handling capacity
of valves (an example of this is given in Chapter 5). Feedback also
makes the characteristics of the amplifier less dependent on valve
paramcters, cnabling valves to be changed without significant
alteration in amplifier performance.

Feedback may also have an effect on the input and output
impedances of the amplifier, and can increase or decrease either
according to the feedback connections used; this change in amplifier
characteristics is sometimes desirable, sometimes not.

The advantages of feedback are not obtained without cost; the
gain of an amplifier is reduced by the app.ication of negative
feedback, Moreover when ccnsiderable feedback is used there is
a risk of instability.

In this chapter we shall discuss the fundamental principles which
govern the use of feedback in video-frequency amplifiers, and
subsequent chapters will describe the various types of circuit which
can be used to apply feedback.

15.2 FUNDAMENTAL CONSIDERATIONS

There are many different ways of deriving the feedback voltage
from an amplifying stage and as many methods of reiniroducing
it at an earlier stage. Three typical circuits are shown in Fig. 112.

In Fig. 112 (a) feedback is obtained from the resistor Ry which
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Fig. 112—Three circuits providing negative feedback
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may also function as an automatic bias component. The alternating
component of the cathode current sets up a signal-frequency feed-
back voltage across Ri and the grid-cathode signal of the valve
consists of this voltage and the external input signal connecied in
serics. These two voltages are in phase opposition; this may be
deduced in the following way. A positive-going signal applied to
the grid causes an increase in anode current and a positive-going
cathode voltage. The latter is equivalent, in its effect on anode
current, to a negative-going signal on the control grid. Thus the
input signal and feedback voltage are in phase opposition ard this
circuit is an example of negative feedback.

In Fig. 112 (b) the two resistors R, and R, form a potential
divider across the anode load resistor R, and the voltage across R,
is applied to the valve grid as a feedback voltage. C, is a low-
reactance capacitor necessary to avoid direct current flowing
through R,R, from the h.t. supply. A positive-going signal
applicd from an external source to the valve grid causcs a negative-
going (amplified) signal at the valve anode and a negative-going
feedback voltage. The feedback voltage thus opposes the input
signal in phase; this circuit is, therefore, an example of negative
feedback.

Fig. 112 (c) illustrates the elements of a 2-stage amplifier and
feedback is again applied by a potential divider R,R, connected in
parallel witk the anode resistor R, of the second stage. In this
circuit R, also functions as bias resistor for V1. This is again an
example of negative feedback as shown in the following argument:
a positive-going signal applied to VI grid causes a negative-going
signal at VI anode and hence at V2 grid. This, in turn, gives
rise to a positive-going signal at V2 anode and a positive-going
feedback voltage at V1 cathode. A positive-going signal at V1
cathode has the same effect on V1 anode current as a negative-going
signal on VI grid. The external signal which brought about this
feedback veltage was positive-going and thus this circuit gives
negative feedback.

The foregoing paragraphs may be summarised in the following
way. The signal at the anode of an amplifying valve is phase
inverted with respect to the grid signal which produced it. To
obtain negative feedback in a single-stage amplifier it is necessary
to use a feedback circuit without phase shift such as a resistive
potentiometer between V1 anode and grid. If a second amplifying
stage is added, an additional phasc inversion is introduced and to
obtain negative feedback now the resistive potentiometer should be
connected between V2 anode and VI cathode. In negative feedback
circuits, allowance can be made for the sign or polarity of the
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output signal by introducing the feedback voltage into the grid or
cathode of the chosen valve. There is hence no need to preface
expressions for stage gain by a sign to indicate the presence of a
phase reversal and, to simplify the subsequent algebra, all stage
gains are regarded as positive.

The effect of feedback on the gain of an amplifier can be illustrated
by block schematic diagrams as shown in Fig. 113. The upper
diagram (a) shows an amplifier of gain 4. If a signal of 1 volt
amplitude is applied to the input terminals of this amplifier, the
output signal is of 4 volts amplitude.

1 voLT AMPLIFIER A VOLTS
ST > "Gain=a >

(a)

I+ VOLTS IVOLT | AMPLIFIER A VOLTS
i S>> GaAN=a —

Y

NEW INPUT |ORIGINAL
TERMINAL INPUT
TERMINAL

~ 4

voLTs [FEEDBACK| 5 yoi1s
Ap VO CIRCUIT

GAIN=p

(b)
Fig. 113—Illustrating the principle of feedback

The lower diagram (b) represents the same amplifier with a
feedback circuit added. The feedback circuit has the cffect of
abstracting a fraction 8 of the output of the amplifier and returning
it to the input. If the input to the original amplifier terminals is
of 1 volt, the output is still of 4 volts amplitude. This output
is the input to the feedback circuit and the output of this circuit
is AB volts. The phase of this voltage is such that it is necessary
to apply (1 -+ AB) volts to the new input terminals to produce
A volts output. The gain of the amplifier with feedback is

., A
14+ 48

A’ is known as the external gain of the amplifier and A is the
216
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internal gain. For negative feedback 4 and B are both positive
quantities and, from (202), the external gain is less than the internal
gain.

Expression (202) can be written in the form

1
|4+ B
from which it follows that if 1/4 is small compared with B, the
external gain is approximately equal to 1/8. This is a convenient
result to remember; the value of 8in a circuit can often be stated
from an inspection of the camponent values in the feedback chain
enabling the gain to be assessed approximately on inspection.

If the feedback is positive the product APB has the opposite sign
from that in expression (202) and we have

, A
A—I—AB .. .. .. .. (203)
showing that the external gain is greater than in the internal gain,
When 4B = | the external gain becomes infinite; for this value of
AB the amplifier becomes unstable and if 4B is greater than 1 the
amplifier becomes capable of supplying its own input, i.e. it becomes
an oscillator.
The factor (1 4+ AB) which occurs in the denominator of
expression (198) is known as the feedback factor; it always exceeds
unity for negative feedback.

A:l

15.3 VOLTAGE AND CURRENT FEEDBACK

The performance of a feedback amplifier is dependent on the
value of 8 and this can be determined by inspection of the circuit.
For example in a circuit of the type shown in Fig. 112 (b) and (¢)
in which feedback is applied by means of a potential divider the
value of 8 is given by

f=g g
Ry + R
Fig. 114 (a) shows the general form of a circuit of this type in which

the load and the potentiometer arms are all impedances. We thus
have

The impedance (Z, + Z5,) is generally made large compared with
Z, in order that the addition of the feedback potentiometer shall
have no significant effect on the output load of the amplifier. In
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Fig. 114—Distinction between voltage and current feedback
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a circuit of this type the feedback voltage ¥y is proportional to the
output voltage Vout and the circuit is often said to provide voltage
feedback.

A circuit such as that shown in Fig. 112 (a) belongs to the gereral
type shown in Fig. 114 (b) in which the impedance Z, is equivalent
to the anode load resistor Rq and the impedance Zjs is equivalent
to Ri. In such circuits Zp is usually made small compared with
Z, in order that the insertion of the feedback ccmponcent does not
affect the output load significantly. The feedback voltage is
equal to IZp and is thus proportional to the current in the load
circuit; such circuits are said to have current feedback.

Examination of Fig. 114 (b) shows that the feedback voltage
Vo can be expressed as a fraction of Vour just as in the voltage
feedback circuit of Fig. 114 (a). In fact we have, for the current
feedback circuit,

Zp
Zp+Z,

which compares directly with the expression for 8 given above for
the voltage feedback circuit. The concept of feedback fraction is
thus common to voltage and current feedback circuits and if, in
the mathematical treatment of feedback, all expressions are given
in terms of B, it becomes unnccessary to draw a distinction between
these two types of circuit. This simplified approach to the subject
is used in the following text.

It will be noticed that the value of 8 for a voltage feedback circuit
does not involve the load impedance Z,. In the current feedback
circuit, however, the load impedance forms the upper arm of the
feedback potentiometer; B is then dependent on the value of Z,.
This has important practical consequences, because the load
impedance Z, is not always an independent variable; frequently
its value and nature are determined by design requirements other
than those involving fecdback. Thus in a current feedback circuit
Zsp may be the only parameter which can be chosen to give the
desired performance. In a voltage feedback circuit both Z, and
Z, can be given any value we please to obtain the required
performance. Thus in general current feedback circuits are less
flexible than their voltage feedback equivalents.

B =

15.4 SERIES AND PARALLEL-CONNECTED FEEDBACK

Feedback is used to extend frequency response and improve
linearity but in addition it has an effect on the input and output
impedances of the amplifier. The effect on output impedance
depends on the type of feedback used; voltage feedback decreases
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output impedance and current feedback increases it. The effect on
input impedance is independent of the type of feedback and is
determined by the nature of the circuit used to introduce the feed-
back voltage into the amplifier. In general this circuit can be
designed to inject the feedback voltage in series with the external
input signal or in parallel with it. The distinction between series-
and parallel-connected feedback is illustrated in Fig. 115. 1In (a)
the grid-cathode signal ¥, of the valve consists of the input signal
Vin and the feedback voltage V5, connected in series. This is an
example of series-connected feedback and the input impedance is
greater than the value of R,; such a circuit was in fact used in

———9———OHT+ OHT +

~oHT—~

(o)

Fig. 115—A circuit providing series-connected feedback is shown
at (a) and parallel-connected feedback at (b)

Chapter 10 to increase the effective time constant RyCy in the grid
circuit of a valve. Since Ry provides current feedback, this circuit
also has the effect of increasing the output impedance. In (b) it is
assumed that R;, the internal resistance of the signal source Vi, is
very small compared with R,. The input signal therefore appears
in full between the grid and cathode of the valve. R; also behaves,
however, as the lower arm of the feedback potentiometer, the upper
arm being R,. The feedback voltage also appears across Rs and
between the grid and cathode. This is an example of parallel-
connected feedback and has the effect of decreasing the input
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impedance which is therefore smaller than Rg.  This circuit provides
voltage feedback and the output impedance is also reduced.

The conclusions of the preceding paragraphs may be summarised
thus: the effect of feedback on output impedance is determined by
the type of feedback; the effect on input impedance is determined
by the type cf connection. A more precise summary of these effects
is given in the following table:

Impedance Type of feedback Type of connection Effect
Input Voltage or current | Series Increased
Input Voltage or current Parallel Decreased
Output \ Voltage i Series or parallel Decreased
Output [ Current . Series or parallel J Increased

15.5 FREQUENCY-DISCRIMINATING FEEDBACK

Negative feedback extends the frequency response of an amplifier
even if the fzedback fraction g is independent of frequency, as when
a purely resistive potential divider is used. However, greater
control of the overall frequency response of a feedback amplifier is
possible if the feedback fraction is made to vary with frequency.
By appropriate choice of the nature and magnitude of Z,, Z,
(Fig. 114 (2) ) and Zs (Fig. 114 (b)) it is possible to make £
constant or frequency-dependent at will and by altering the degree of
frequency-dependence of B, a variety of different shapes of overall
frequency response is possible.

For example, it may happen that an amplifier has a satisfactory
frequency response but feedback is needed to improve linearity or
signal-hancling capacity. In such circumstances the circuit must
be designec to have no effect on frequency response. This is possible
by correct choice of components for the feedback potentiometer,
such feedback being termed aperiodic.

Alternatively it may be desirable to design the feedback circuit
to give critical damping of the transient oscillation which occurs
during reproduction of a steep transient. Such feedback is termed
critical and it leaves the shape of the frequency-response curve
unaltered but increases the frequency coverage; in other words the
equation to the curve is still of the same form (e.g., still cubic) but
the values of the coefficients are changed by critical feedback.

As a third possibility, feedback may be used to obtain a maximally-
flat frequency response, i.e., a response witk an equation containing
only a single term in frequency. Such feedback is termed raaximal
and in certain simple circuits, such as a single-stage RC-coupled
amplifier, maximal feedback requires the same type of feedback
circuit as critical feedback.
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Fourthly, the constants of a feedback circuit can be proportioned
to give an optimally-flat response, i.e., one with an equation having
no terms in frequency. Such feedback is termed optimal and gives
the widest possible frequency coverage.

In the majority of video-frequency amplifiers employing feedback
the circuits are designed to give maximal or optimal feedback and
in the following pages emphasis is mainly on these forms of feedback.
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CHAPTER 16

FEEDBACK IN A SINGLE-STAGE
RC-COUPLED AMPLIFIER

16.1 INTRODUCTION

THe advantages of feedback in a video-frequency amplifier were
described in general in the previous chapter; it was shown that one
of its most useful effects is that on frequency response. By exterding
the high-frequency resporse, feedback can reduce rise time and by
extending thz low-frequency response it can reduce sag. Although
the same feedback components can be used to extend high- and
low-frequency response simultaneously, the effects on the two
extremes can be considered separately and we shall first consider
the design of feedback circuits to give a desired shape of high-
frequency response; the effect on low-frequency response is con-
sidered later. For the sake of simplicity this chapter deals with the
application of feedback to single-stage RC-coupled amplificrs.
Later chapters describe the design of multi-stage feedback amplifiers.

16.2 APERIODIC VOLTAGE FEEDBACK

It will be recalled that this form of feedback improves linearity
and signal-handling capacity but leaves frequency response (and
hence rise time) unaffected. With feedback of this nature the
external high-frequency gain Ans is related to the internal high-
frequency gain according to the relationship

o Ans
Anf' = K .. .. .. (204)
where K is a real constant, the value of which is determined by the
degree of fecedback. The type of voltage- and current-feedback
circuit required to give a performance of this nature can be deter-
mined in the following way.
From expression (202) the external gain is given by

_An
1+ AnsB

where B is the feedback fraction. Aps is related to the medium-
223
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frequency gain A,y according to expression (16), namely

— Aws
A= g
and substituting for Ay in the denominator of (205) we have
, A
Ahf - hf

L+ AmgB/(1 + jx)
Equating this with expression (204)

_ AmsB
K=+ i
which gives the value of 8 as
K—1 .
B = Ty (1 +jx)

In this expression for 8, K and Ay are both real numbers with no
imaginary components. Thus 8 must be a simple multiple of
(I + jx), i.e.,, must be of the form

B = Kyl +jx)

where K, is another real constant. To determine the form of B
more precisely it is desirable to expand x thus

B = Kl +)x)
= Ky(1 + joofowy)
= Ky(1 + jwCiRy) N 0 7))

A feedback fraction of this type can be obtained by correct choice
of components in the feedback circuit and we shall first determine
the component values required in a voltage-feedback circuit of the
type shown in Fig. 114 (a). B is given by

— Zz
B=2z 41z,

Z, is often small compared with Z, and the feedback fraction is
given approximately by

_ 2

:B - Zl

Now Z, and Z, can both have resistive and reactive components if
necessary and in general 8 has real and imaginary components. By
choosing the nature of Z, and Z, appropriately 8 can be made
of the form as in expression (207). This can be done in two ways.
224
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(1). By making Z, purely resistive and Z, resistive and inductive as
shown in Fig. 116. Here Z, consists simply of a resistor R,
and Z, cf a resistor R, in series with an inductor L,. We thus
kave

Z, = R,
and
Z, = R, + JowL,

Substituting in (208)
B ="

— g (209)

This is of the form of expression (207). These two expressions can
be equivalent only if their real and imaginary parts are equal.

—oHT +

—OoHT~
Fig. 116—One circuit for aperiodic voltage feedback
Equating real parts we have
= R,
Equating imaginary parts
K,CiRa = L,/R,

Substituting for K, from (210) gives the required value of inductor as

15 225
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L, =RCRs .. .. .. .. @

Provided expressions (210) and (211) are satisfied, the feedback is
aperiodic.

As a numerical example suppose R, =2 k@, C; = 25 pF and
gm =8 mA/V. The internal gain of the amplifier at medium
frequencies is given by

Amf = nga
= 8 x 103 x 2 x 103
=16

Suppose now aperiodic voltage feedback is to be applied to this
amplifier, sufficient to reduce the gain to 8 at medium frequencies.
From expression (202) the required value of 8 is given by

A— A
B=" 44
16 —8
16 x 8
1
16

This gives us the ratio of R, to R, because as shown in (209) the
value of 8 approximates to R,/R, at medium frequencies. Now
R, is the resistance of the signal source and if we take this as being
2 kQ, R, is given by

R,
Ry ="

=16 x 2 x 103 Q

= 32 kQ
The required value of inductance is given by

L, = R,C(Ra
=2x103x25x 10712 x 2 x 10 H
= 100 uH
(2. By making Z, purely resistive and Z, a parallel network of
resistance and capacitance as shown in Fig. 117.  For this circuit
we have
Z;, = R,
Ry
Zi =1 JjwC,R,
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The feedback fraction is thus given by
_ Zy
B - Zl

R, . .

= Rl-(l +_](UC11{1)
R, .

= R, + jwC,R, ..

which is of the same form as expression (207).
parts of these expressions we have

_ Ry

K, = R,

and comparing the imaginary parts

RICI = RaCt
from which
. RaCt
= R,

12)

Comparing the real

(213)

(214)

Provided the component values satisfy expressions (212) and (214),

the feedback is aperiodic.
—OHT +

Fig. 117—Another circuit for aperiodic voltage feedback

If this form of feedback is appliec to the amplifier of the previous
numerical example we have R, =2 kQ and C: =25 pF. As
before, we will assume R, to be the internal resistance of the signal

source which has a value of 2 kQ.
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We will assume the same degree of feedback is to be applied, as
before, and hence K, = 1/16. Thus

R, = ,’j
=16 x 2 x 10%Q
= 32kQ

Substituting in expression (214)

€, = 2X10° X 25 x 10712
L 32 x 108

= 1-5pF

16.3 APERIODIC CURRENT FEEDBACK

We will now determine the nature of a current-feedback circuit to

give this same performance. For current feedback the feedback
fraction is given by

where Z, is the impedance of the anode load which, for the single-

stage amplifier under consideration, is composed of R, and C; in
paraliel. Thus

— Ra -
2 = T3 juCiRa
giving
Z ,
8 = o (I + jwCiRy) ae .. (215)
a

Comparing this with the value of B required for aperiodic feedback
we have

— Zk

=z

which shows that the only condition to be satisfied is that Zg should
be purely resistive.  Thus if the valve is given an undecoupled
cathode resistor Ry as shown in Fig. 118 the feedback is aperiodic.
The value of the cathode resistor is given by

K,

Ry = KR, ac 55 .. 36 (216)

As a numerical example we will calculate the value of Ry necessary
to apply aperiodic current feedback to the single-stage amplifier of
the previous two examples.
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—_— —oHT +
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Fig. 118—A circuit for applying aperiodic current feedback to
a single-stage amplifier

It has already been established that K, =116 and from (216)
we have
R[c = KlRa
2 x 108
16

= 125Q

16.4 CRITICAL VOLTAGE FEEDBACK

This type of feedback extends the frequency response of the
amplifier but does not change the form of the equation to the
response. For example, the high-frequency response of a single-
stage RC-coupled amplifier obeys the equation

14 jx
and by the application of critical feedback, the response is modified
according to the equation

Ang

o Amf/Kz

Ang = 1+ jx|K, . .. .. 17
where K, is a real constant. Comparing these two equations we
see that one effect of the feedback is to divide the numerator by K,;
this, of course, expresses the reduction in gain due to feedback. In
the denominator we note that x is divided by K,; this expresses the
improvement in frequency response due to feedback because it is
the coeflicient of x which determines the rate of fall of the high-
frequency response.
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We shall now determine what type of circuit is necessary to apply
critical feedback to a single-stage amplifier.
From (205) the high-frequency gain is given by

Anf

Any = I + AnsB

Substituting Ams/(1 + jx) for Ans we have

Amf/(l + Jjx)
1 + AmsBl(1 + Jx)

Amf
1 +jx + AmgB

o Amf/(l + Amlﬂ)
T 4 Ay @I®)

Apf =

Comparing this with expression (217) we see that the condition for
critical feedback is that

Kz =14 Amfﬂ
which gives
K, —1
= 219
=1 219)

K. and Apy are both real terms and hence B must also be real. In
a voltage feedback circuit this can be obtained by use of a purely
resistive feedback potentiometer as shown in Fig. 119.

——OHT+

l}______ D

=i
O
&

—oHT=-

Fig. 119—One circuit for critical voltage feedback in a single-
stage amplifier
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In this circuit we have

B =

and in the amplifier discussed earlier, in which R, = 2 kg, C: =
25 pF and gm = 8 mA/V we have that

R, 1
R, 16
to give sufficient feedback to reduce the gain to 8. If, as assumed
before, R, is the internal resistance of the signal source and is cqual
to 2 kQ, R, is given by

R, = 16 R,
= 16 x2x10°Q
= 32kQ

-
O
-~

=

P - = . ———

 OHT~-

Fig. 120—Circuit for critical voltage feedback when the impedance
of the signal source has a capacitive component

If the source is a previous amplifying stage, its impedance is
likely to consist of resistance in parallel with capacitance as indicated
in Fig, 120, It is still possible, however, to obtain critical feedback
by using a parallel RC network for the upper arm of the feedback
potentiometer. In sucn a circuit the feedback fraction is given by

Z,
5
where
Z, = Ry + jwC,Ry)
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and

Z, = Rz/(l +ij2Rz)
Thus
R(1 ‘*‘jf“C]Rl)
Ry(1 + jwC,Ry)

This expression for g can be real only if the complex quantities in
numerator and denominator are equal. This gives

RiCy =RC, .. .. .. .. @)

and this is therefore the condition for critical voltage feedback.

To give some indication of the practical magnitudes of the feed-
back components suppose R, = 2 kg and C, = 25 pF, the remain-
ing parameters having the values quoted for previous numerical
cxamples. The feedback fraction at low frequencies is given by

_Rz
Ie—Rl

g — (220)

and as shown carlier this ratio must equal 1/16 to give a stage gain
of 8, this corresponding to 6 db feedback. We thus have

R, = 16 R,
=16 X2x10%
= 32k
From (221)
_ ljzcz
C, = R,

Substituting for C,, R, and R,

Cc. — 2%10%x 25 x 10-12
e 32 x 103

= 1-5pF

16.5 CRITICAL CURRENT FEEDBACK

For critical current feedback we have

— Zk
B_ZL

where Z, is the load impedance and is given by Ra/(1 + jwCiRy).
The feedback fraction can be real only if Zy is also made up
of resistance and capacitance in parallel asin Fig. 121. If Z; con-
sists of Rx and Cy in parallel we have Zr = Ri/(1 + jwCrRy) and
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8 Ri(1 + joCtRa)
Ra(l +j“’Ck‘Rk)
This expression is of the same form as (220) and the condition for

B to be real is that
RiCr = RaCe .. .. .. .. (223)

i.e., the time constant of the cathode circuit stould equal that of the
anode circuit.

(222)

OHT +

e e
0
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[q]
=
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Fig. 121—Circuit for critical current feedback

We will determine the vatues of Rx and Cj required to give critical
feedback in the single-stage amplifier of earlier examples. The
feedback fraction at low frequencies is 1/16 to give a gain of 8 and
hence

Ry 1
Re 16
from which
Rq
16
2,000

=5 4

= 125

Ry =

From (223)
RaCt
Ry

2 X 10% x 25 » 1012
125

Cr =

— 400 pF
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16.6 MAXIMAL VOLTAGE AND CURRENT FEEDBACK

This form of feedback gives a maximally-flat frequency response,
i.e., one having an equation with only a single term in frequency.
Now the frequency response of a single-stage RC-coupled amplifier
is maximally flat without feedback. This follows from expression
(17) which may be written in the form

l2

'4"”, =1+ x? P .Y
Any |
which contains only one frequency-dependent term.

It does not follow from this that there is no point in applying
maximal feedback to such an amplifier. Such feedback is still
worth while because it can be designed to reduce the coefficient of
x® in expression (224) which improves the frequency response.
This can be shown in the following way. From expression (217)
the external high-frequency gain of a single-stage  RC-coupled

amplifier with feedback is given by
A v Aﬂl/l\/
MOT U xIK

where K = (1 4 AugB). Now Ams/K = Ay, the medivm-frequency
external gain, and thus we have

f{mf’ jx
y = 1
Ans + K
from which
Amys 2 S
Amf ©
= (225)

Provided K is real, this is the equation to a maximally-flat curve.
For K to be real, 8 must be real and this is the condition required
for critical feedback. This can also be inferred from examination
of expressions (224) and (225); both are of the same (maximally-
flat) form differing only in the value of the coefficient of x=. Applica-
tion of maximal feedback has not then changed the form of the
equation to the response and this is, by definition, critical feedback.
For a single-stage RC-coupled amplifier therefore the conditions for
maximal feedback are also those for critical feedback: this is not
true, however, for an amplifier with more than one RC-coupled
stage.

16.7 OPTIMAL VOLTAGE FEEDBACK

This form of feedback extends the frequency response to the
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maximum degree and gives a response with an equation having no
frequency-dependent terms.
Under the section on critical feedback it is shown that

’ Amf

Anf' = - . .. 226

M= jx o+ AugB £
for a single-stage RC-coupled amplifier with feedback. To obtain
optimal feedtack it may be necessary to employ & complex value of
B and thus we may put

B=oa+Jy
where « is the real component and y the frequency-dependent com-
ponent of the feedback fraction. Substituting for B in (226) and re-
arranging

Ant | L jx + Amgla +7)
Ahf

= (1 + Amsa) +.j(x + Amsy)

Amy 2 o

e = (L Ange)® + (5 Anpy)?
in which the first term is real and the secord term frequency-
dependent. The condition for optimal flatness is that the second
term should be zero, i.c.,

X + Amf)r’ == 0
giving
. X
¥ Amf
Substituting x = w/w, = wRaC; and 4,,, = g,,R, we have

y— —“C e
Im
Thus the feedback fraction required for optimal flatness is of
the type

8 = (a —joCilgm) -~ .- .. (228)

in which « determines the medium-frequency gain according to
the expression

o Amf
Al =1 1 admy

It is clear from this that if a« is put equal to zero, the external gain
becomes equal to the internal gain, i.e., feedback of this type does
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not reduce the gain of the amplifier. Putting « = 0 in (228)

g="% L o
gm
and if this form of feedback is applied to an amplifier, there will
be no effect on medium-frequency gain which remains at gmRe and
the high-frequency gain is also made equal to gmRq up to (theoreti-
cally) an infinite frequency.

To apply optimal voltage feedback we must so choose the nature
of Z, and Z, in Fig. 114 (a) that the feedback fraction Z,/Z, is of
the form of expression (228). This can only be achieved by using
a negative capacitance for Z, (Z, being resistive) or a negative
inductance for Z 2 (Z, being resistive). It may be thought that an

’ —OHT+

-r

.
nnn
U
0
-

.

A

V

VW

AAA
LA

—OHT-

Fig. 122—One circuit for optimal voltage feedback

inductor behaves as a negative capacitor but this is not true because
the reactance of an inductor is proportional to frequency whereas
that of a negative capacitor is inversely proportional to frequency.
For a similar reason a capacitor cannot be used as a negative
inductor.

The effect of a negative capacitor can, however, be obtained if
the feedback voltage is derived not from the anode of the RC-
coupled amplifier itself but from some point in the following stage
where the signal voltage is in antiphase to that at the anode. One
suitable circuit is that shown in Fig. 122. In this R, and R,
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constitute the feedback potentiometer, and C, (shown dotted) is
the required negative capacitance connected between anode and
grid of V1. The effect of C, is, in fact, provided by the capacitor
C, connected between the anode of V2 and the grid of VI, the
signal at V2 anode being in antiphase to that at V1 anode.

If in Fig. 122 C, is madc equal to the required negative capacitance
(C.), the gain of V2 neced only be slightly greater than unity to give
the required feedback; the frequency response of V2 then hardly
affects the overall performance of the amplifier. If, however, C,
is made smaller than C,, V2 must have appreciable gain to give the
desired performance and the high-frequency response of V2 begins
to have an effect on the overall response.

The required values of R, R, and C, can be determined in the
following marner. From Fig. 122 the value of 8 is given by

8=%
in which Z, is composed of R, and C, in parallel and Z, consists
simply of R,

Ry(1 4 jwC,Ry)

-.B= Rl

R iR, . L (230)
Ry
Comparing this with expression (228) we have

=% .. 5% o .. .. (231

Co=——5 . .. .o (232)

As a numerical example we will calculate the values of R,, R
and C, necessary to apply optimal feedback to the single-stage
amplifier of earlier examples. To reduce the gain to 8, it has been
established that « = 1/16. Hence from (231)

R,
a

R|=

If R, is taken as 2 kQ
R, =16 x2x 1030

= 32kQ
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Putting gm = 8 mA/V and C; = 25 pF in (232)

—12
. 25 X 1012

= — 1'5pF

If V2 has a gain of unity, therefore, C, should be approximately
15 pF.

If the feedback is required to have no effect on the medium-
frequency gain it is necessary to make a =0. As shown in
expression (231) this can be achieved by omission of R,, which is
equivalent to making R, infinite. This does not affect the value
of C, required for optimal flatness.

The feedback provided by R, and R, is negative because it is
derived from the anode of VI where signal voltages are in antiphase
with those at the grid. The feedback provided by C, at high
frequencies is positive, because the signal voltage at V2 anode is
in phase with that at V1 grid. It is therefore necessary to guard
against the possibility of continuous oscillation if C, is greater
than the value necessary for optimal flatness. If R, is omitted,
this circuit is identical with that of an anode-coupled multivibrator
(see Volume III) in which the degree of regeneration is insufficient
to cause oscillation.

As shown by the calculation above, the value of C, for optimal
flatness is very small and is difficult to manufacture with accuracy;
thus the danger of instability is a very real one. The risk can be
reduced, however, by use of the alternative circuit shown in Fig. 123.
In this circuit the resistive potential divider is connected, as before,
between anode and grid of VI. C,, shown dotted, is the negative
capacitance required between anode and grid to give optimal
feedback. In this circuit the positive feedback voltage is applied
to the cathode circuit of VI and must hence be obtained from
a voltage source in phase with VI anode potential. It cannot be
obtained by connecting a capacitor between anode and cathode of
V1 for such a capacitor would behave as a capacitive load on the
valve; it is obtained instead from a cathode follower fed from V1
anode. There is no need to introduce a cathode follower purely
for the purpose of providing feedback. It is customary to use a
cathode follower as the final stage of a video-frequency amplifier
in order to give the amplifier a low output impedance which matches
the characteristic impedance of a cable; this follower can be used
to supply feedback in addition. Although the positive feedback
voltage is generated across a resistor in the cathode circuit of V2,
this is not an example of current feedback. In effect V2 provides
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at its cathode a copy of the volitage at V1 anode (but with a low
source resistance) and the circuit thus provides voltage feedback.

The advantage of this circuit over that illustrated in Fig. 122 is
that the value of C, required to give optimal feedback is larger
and can therefore be more accurately adjusted to the desired value.
The capacitaace value required can be calculated in the following
way.

——oHT+

»—OHT-

Fig. 123—A morc convenient circuit for optimal voltage feedback

Fig. 123 contains two scparate feedback potentiometers, ramely
R,R, and T Rg. The first-mentioned provides negative feedback
according to the expression

a R,
R,
and the second positive feedback according to the expression
- Rk
V7T R+ 1[G,

Ry is generally small compared with 1/jwC, and this may be
simplified 10

y = — JoC,Rk
Thus the feedback fraction is given by
g — 152—ijle @)
1

which corresponds with expression (228) for optimal feedback.
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Equating the coefficients of the j-terms in these two expressions
we have

Cy
RC, ==
kL, gm
giving
Ce
C,=-— -
! gmRrk

If C¢ =25 pF, g =28 mA/V and R; = 150 Q, the value of C,is
given by
C. — 25 X 1012
178 X 103 x 150

= 21 pF

a more convenient value than the 1-5 pF required for the previous
circuit. In practice it is likely that C, would be made variable and
adjusted on test to give the desired frequency response.

16.8 OpTiMAL CURRENT FEEDBACK

To obtain optimal flatness by means of current feedback in a
single-stage amplifier, the feedback fraction Zy/Z, must be of the
form given in expression (228).

Thus
Ze _ , _JeC
zZ, &m
But Z, is composed of R, and C; in parallel
. _ R . _JuCy )
"% = juCia (“ on

This expression is of the general type (4 — jwB)(C + jw D) where
A, B, C and D are constants and it is extremely difficult to devise
a network with an impedance of this form. Optimal flatness is
therefore normally obtained by use of voltage feedback.

16.9 NEGATIVE FEEDBACK AT Low FREQUENCIES

We shall now deduce the conditions necessary to give various
types of feedback at low frequencies in a single-stage RC-coupled
video-frequency amplifier. It is assumed that the low-frequency
response is controlled entirely by the grid capacitor C, and grid
resistor Ry, a practical assumption because losses at low frequencies
due to cathode and screen circuits can be minimised by the methods
discussed earlier.
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From expression (139) the internal gain Ay of the amplifier at
low frequencies can be written

_ _8&mRaRy
Ry + 1[jwC,

__ Amr
T 1/jwCyRy

in which the negative sign indicating phase reversal between grid
and anode circuits has been omitted for the reasons given at the
beginning of Chapter 15. If wg = 1/RyCy expression (234) may be
written

Ais

(234)

Amf
AU o 1 + wg/_]'z
and if y is substituted for e/ we have
. _ Amg
. Alf 1 —jy
Since w, is constant for given values of Ry and Cg, the variable y
is inversely proportional to frequency.

Expression (235) is similar to expression (16) for the high-frequency
performance with —y substituted for -+x and, subject to this
substitution, the conditions deduced for feedback at high frequencies
also hold for low frequencies. For this reason the subject of
feedback at low frequencies will not be treated here in detail; the
nccessary calculations can be made using the basic principles
already described. We shall, however, give one example of such
a calculation, and this is the determination of the form of feedback
circuit needed to give maximal feedback in a single-stage amplifier.

The circuit required to give maximal feedback also gives critical
feedback in a single-stage amplifier and both have the effect of
producing an external gain defined by

A =_ﬁ1'_"f,/]£~
(A 7T

(see expression 217). The internal gain is given by

(235)

(236)

A
Ay =

In general the external gain of any amplifier is given by expression
(2095), i.e.

Ay =
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Substituting for Ay from (235)
A r_ Amf/(l —.1)’)
iy = ,
I+ AngBl(1 — jy)

1 —Jjy+ AmsB

_ Ang(1 + ApmB)
1 — v/l + AmsB)

Comparing this with (236) we see that the condition for maximal
feedback is that

K = 1 + An[fﬁ
which gives
K—1
—oOHT +
Ra
*
[}
2 = I
T—“ ' !
) ]
| I
| 1
i ' ; v
i 1 o
Vin pg ! :
i R
I ':]_'C‘
L] )
| i
I 1
| I |
[}
L — 23 —oHT -

Fig. 124—A critical-feedback circuit which increases input and
output impedances

K and Ay are both real terms and hence B must also be real. This
derivation follows precisely that given on p. 229 for feedback at
high frequencies. Such a value of 8 can be obtained in a voltage
feedback circuit by use of a purely resistive feedback potentiometer.
In a current-feedback circuit B is given by Z;/Z, and at low fre-
quencies Z, is equal to R,, the shunting effect of C; being negligible.
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Thus maximal feedback at low frequencies is obtained with a purely-
resistive cathode circuit.

Maximal feedback at low frequencies requires a real value
of B. This is also the condition required to give maximal feedback
at high frequencies and thus a purely-resistive fecdback potentio-
meter will give maximal feedback at both extremes of the band.

Some of the circuits described in this chapter employ parallel-
connected feedback and others series-connected feedback. For
example Fig. 119 shows a circuit with parallel-connected critical
feedback; such feedback has the effect of decreasing the input
and the output impedances. If this decrease is undesirable, critical
feedback can be alternatively obtained by series-connected current
feedback which has the effect of increasing both input and output
impedances. The circuit is given in Fig. 124 which differs from that
shown in Fig. 121 in that the grid resistor is returned to a tapping
point on the cathode resistor.
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CHAPTER 17

FEEDBACK IN MULTI-STAGE AMPLIFIERS

17.1 INTRODUCTION

FEEDBACK is more effective in improving linearity and extending
frequency response as the internal gain of the amplifier is increased.
Thus feedback applied over a multi-stage amplifier is more useful
than that applied to a single-stage amplifier. We shall now discuss
the nature of the feedback circuit required to give maximal and
optimal flatness of frequency response in multi-stage amplifiers,
using the methods of the previous chapter. For simplicity we
shall deal first with a 2-stage amplifier, and will deduce the nature
of the feedback circuit required to give the required response at
high frequencies. As we have seen, such a circuit will, in general,
also produce maximal flatness at low frequencies.

17.2 MAXIMAL FEEDBACK IN A 2-STAGE AMPLIFIER

Consider an amplifier containing two similar RC-coupled stages.
The internal gain Az, of each stage is given by

A mf1_
I+ jx

in which A4y, is the medium-frequency internal gain and x is equal
to wC¢Rq as before.  The internal gain Any2 of the complete amplifier
is thus given by

Anfy = (237)

=~’1“L%—.. . .. .. (238)

where Ay, is the medium-frequency internal gain of the amplifier.
The external high-frequency gain is given by the general expression
(205) namely
Ahf2’ = hAhfz_‘
1+ AnsoB

In this Aps, is defined by (238) and B, the feedback fraction, will
_probably need to be complex and can thus be replaced by (¢ 4+ jy).
244



FEEDBACK IN MULTI-STAGE AMPLIFIERS
Making these substitutions we have
pgie | Amal £
22T |+ Awsu(a + I +Jx)?

jmle =(1 +jx)2+ Amgo{a + j¥)
hfz2

=1 —x% 4 Anps.a +j(2x + '}’Am}'e)

A 2
Amle = (I — xt 4+ Amfz”)2 + (2x + '}’Amfz)2
hf2
=(l +Amffl)2+ 4 X)'/‘mfz +2x%(1 —Amf-_ga)+'}’2/4mfz2
+xt..(239)

Of these five terms all except the first are frequency-dependent,
i.e., contain x or y. The condition for maximal flatness of frequency
response is that there should be only a single term in frequency.
This is usually chosen to be the term containing the highest power
of frequency, the last term in expression (239). Maximal flatness
is thus obfained by arranging for the second, third and fourth
terms to cancel and the relationship to be satisiied is

Ampady® + dxyAmse + 2x%(1 — adms) =0 .. (240)
Solving this quadratic equation for y we have

—2x+ x\/[2(l + aAmfz)] B

= 241
Amfz ( )
The feedback factor, for maximal flatness, is thus given by
2(1 + a Amy.)] — 2
p= otV RULeAmI=Z 0 on)

Amfz

A feedback fraction of this nature is obtained with a potential
divider, tke upper arm of which consists of resistance (R,) and
capacitance (C,) in parallel, the lower arm consisting of resistance
(Ry) only. Fig. 125 shows such a potential divider used in a
2-stage RC-coupled amplifier.

Unless R, is of a high value it will be necessary to include a
blocking capacitor C. to avoid d.c. flowing in R, from the h.t.
supply.  Such a capacitor is no disadvantage at high frequencies
because it can be made large enough for its reactance to be negligible
in comparison with R,. It is, however, impossible to make the
reactance of C, negligible at low frequencies without using a
prohibitively large capacitance. This difficulty is usually solved by
omitting C, and obtaining feedback from a cathode-follower output
stage; the circuit is given later.
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OHT +

Fig. 125—Two-stage video-frequency amplifier with maximal
voltage feedback

For the circuit of Fig. 125 we have

But R; is in general small compared with R,/(1 + jwC,R,) and
thus we have

B-r-]]::(l-l—ijIRl).. L e

which is of the same form as (242). Equating real parts we have

R,

a =

(244)

Equating imaginary parts

2(1 + adpyp)]— 2
wCyRy= XV J;:hmfz)] X

Substituting wC;R, for x, R,/R, for a and g,,2R,2 for Amys. We have

C.—C VI[(1 + gmzRaszlRl)]*‘ 2
! ! gn RaR, .

which gives the value of C, necessary for maximal flatness.
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The circuit of Fig. 125 sometimes requires an inconveniently-small
value of C,. This is an indirect consequence of the fact that R,
is effectively in parallel with R,, the anode load resistor of V2.
R, cannot be less than the optimum load of V2, say 2 kQ and to
give a reasonable degrec of feedback the ratio R./R, may be of the
order of 1/20 giving R, as 200 ©. Substitution in (245) shows that
C, should be approximately 2 pF for maximal flatness.

This difficulty, as well as that of the blocking capacitor C,, can
be avoided by connecting the feedback potential divider across the
output of a cathode follower stage V3 which is fed from V2 anode.
Such a stage is often used to give a video-frequency amplifier a low
output impedance and it has the advantage of isolating the feedback
circuit from V2 anode, thus permitting the use of reasonable values

HT 4

Fig. 126—Two-stage RC-coupled amplifier with output and
feedback from a cathode-follower stage

of capacitance in the feedback network. Typical practical com-
ponent valuss are calculated in the following numerical example.

Suppose gn = 8 MA/V, R, =2 k@ and C; = 25 pF. Theinternal
stage gain is 16 and the overall internal gain approximately 250.
We will calculate the component values required to give an external
gain of 10, in the circuit of Fig. 126.

The required external gain is small compared with the irternal
gain and is given approximately by 1/8. Thus 1/8 = 10 giving B as
1/10; and the arms of the feedback potentiometer are related by

R,~ 10R,

In such a circuit R, can be as low as 300 @, making R, 30 Q. The
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value of C, can be calculated from expression (245) by substituting
for gm, Ra, Ry, R, and C;. We have

_ ¢ V201 + 250/10)] — 2
C1= 25 0 2% 109 % 30 P

=25 V0 =2

F

52
=25 X 6 pF
= 216 pF

17.3 INSTABILITY IN MULTI-STAGE FEEDBACK AMPLIFIERS

The methods used to calculate the component values in single-
and two-stage feedback amplifiers could be applied to amplifiers
with more than two stages but the calculation is somewhat tedious.
Moreover when two or more stages are included within a feedback
loop there is a tendency for oscillation to occur at a frequency
outside the passband. Even if oscillation can be avoided, the
response curve may have an undesirable rise towards one or both
ends of the passband. These effects usually occur at the low-
frequency end of the passband because there are more sources of
phase shift at such frequencies than at the high-frequency end. To
reduce these effects, feedback is not usually applied over more than
two stages and, in an amplifier containing numerous stages, feedback
is applied in a number of separate loops, each embracing only two
stages. This method has the advantage that the component values
required for, say, maximal feedback can be readily calculated; it
also simplifies the detection of faults in the amplifier.

Even in a two-stage amplifier, however, the possibility of oscilla-
tion due to feedback still exists and must be minimised. The
instability can arise whenever there are three or more RC or RL
circuits in the chain comprising amplifier and feedback circuit.
For example, there may be one RC-coupling circuit between V1 anode
and V2 grid, a second in V2 cathode circuit and a third (constituting
the feedback circuit) between V2 anode and VI cathode. Although
phase shift may be very small over the passband, at frequencies
much lower than the field frequency these circuits all introduce
phase shift, and, if this totals 180°, the feedback voltage is in phase
with the signal at the point of introduction of the feedback voltage.
Such feedback is positive and increases the gain of the amplifier,
causing oscillation if the feedback voltage is large enough. Whether
oscillation occurs depends on the overall gain of amplifier and feed-
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back circuit (known as the loop gain AB). It will occur if the loop
gain exceeds unity at the frequency of 180° phase shift. Such
oscillation is likely to occur if the RC circuits have approximately
the same time constant, because in such circumstances 180° phase
shift is obtained for a small value of attenuation. The attenuation
can be increased, thus decreasing the likelihood of oscillation, by
making the time constants of the RC circuits as different as possible.
For example an RC circuit giving 60° phase shift has an attenuation
of 6 db (as shown in Fig. 85); three such circuits thus give 180°
phase shift and 18 db attenuation. If the time constants can be so
adjusted that, at this same frequency, one circuit has 35° phase
shift, the second 60° and the third 85° the overall phase shift is
still 180° but the attenuations are now 2 db, 6 db and 21 db respec-
tively making a total of 29 db, 11 db greater than before. Thus by
choosing the time constants appropriately it is possible to avoid
instability due to feedback; the condition required is that 180° phase
shift occurs at a frequency for which the RC circuit with the shortest
time constant gives enough attenuation to reduce the loop gain to
less than unity.

This emphasises the need for elimination of RC circuits whenever
this is possible and preceding chapters give some of the methods
used for this purpose in amplifiers. In addition, however, it is
desirable to eliminate time-constant circuits from the feedback
network. This is usually achicved by use of direct coupling from
a cathode-follower output; an example is given in Fig. 126. Although
there is an RC circuit in the feedback network of Fig. 126 the values
are chosen to have no effect at low frequencies; the capacitor C, is
ir fact included to give maximal feedback at high frequencies. By
use of this direct coupling phase shift is avoided at low frequencies
and in fact feedback is effective down to zero frequency.

Instability may also occur at high frequencies when feedback is
applied 10 a video-frequency amplifier and may be avoided by
methods similar to those used at low frequencies. The RC circuits
controlling the phase shift of the amplifier at high frequencies are,
of course, those formed by the anode-load resistors and the associated
shunt capacitance. These time constants should be dissimilar to
minimise the risk of instability; thus in a two-stage amplifier it
is preferable to use anode load resistors of 1 k@ and 4 kQ rather
than equal resistors of 2 k@. As suggested in the next few para-
graphs, it is preferable to make the high-value resistor the anode load
of the first valve rather than that of the second.

17.4 OVERLOADING OF FEEDBACK AMPLIFIERS
One of the properties of feedback amplifiers which must be
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allowed for during design is that the largest input signal which can
be accepted without overloading is smaller when the rise time is
small than when it is large. To quote typical figures. an amplifier
may accept a 2 V signal with a rise time of 0-5 psec but only I V
when the rise time is 0-1 psec. This happens because the feedback
voltage, having travelled through the amplifier and the feedback
circuit, has a rise time appreciably longer than that of the initial
input signal and cannot arrive in time to limit the input to the
first valve to a value acceptable by this valve without overloading.
If under steady-state conditions the external input is, say, 10 V
amplitude and the feedback voltage 9 V, the grid-cathode signal of
the first valve is of 1 V amplitude. If the 10 V signal builds up to
its final amplitude very rapidly, the feedback voltage may be unable
to keep up with it and for a brief period following every input-
voltage change, the valve may receive an abnormally large input.
This momentary signal may be large enough to cause grid current
or anode current cut off, either of which cause severe distortion of
the output signal.

This effect disappears if the external input signal is reduced to
1 V amplitude because the valve can handle this even in the absence
of feedback. It also disappears if the rise time of the input signal
is increased until the feedback voltage can follow the input signal
fairly closely, because the difference between them is never large
enough to overload the valve. If the input signal has a rise time
short compared with that of the amplifier and feedback circuit, the
magnitude of the largest amplitude which can be accepted without
distortion decreases as the rise time is reduced.

In the preceding argument it was assumed that overloading
occurred in the valve to which the feedback voltage is applied. These
are the conditions in a single-stage feedback amplifier but there are
additional factors to be taken into account in a two-stage amplifier.
In such an amplifier, as in any multi-stage amplifier, overloading
usually occurs in the later stages because of the greater amplitude of
the signals there. Thus in a two-stage amplifier the second stage is
likely to overload before the first; this is true in the absence of
feedback and irrespective of the time constants used.

When feedback is applied, the relative size of the anode time
constants affects the overloading characteristics. If the rise time of
the amplifier and feedback circuit is larger than that of the input
signal, VI will receive momentary abnormally-large signals as
explained above and these will tend to overload V2. Whether \p
does overload or not depends on the allocation of time constants
between VI and V2 anode circuits. If V1 anode has a short time
constant and V2 anode a large one, signals at V1 anode have a
250



FEEDBACK IN MULTI-STAGE AMPLIFIERS

rapid build up and V2 ancde potential will have difficulty in follow-
ing them; V2 is thus likely to overload. On the other hand if VI
anode has a large time constant and V2 anode a short one, signals
at V1 anode are comparatively slow in build-up ard V2 anode poten-
tial is able to follow them; V2 is thus unlikely to overload. To
minimise overloading difficulties therefore, it is preferable to have
the larger time constant in the anode circuit of the first valve.

To conclude this chapter we shall give two circuits of video-
frequency amplifiers with feedback and will point out the methods
adopted in their design to obtain the desired performance.

17.5 VIDEO-FREQUENCY AMPLIFIER WITH MAaAXIMAL FEEDBACK

The circuit of the first of these amplifiers is given in Fig. 127;
it has two RC-coupled amplifying stages V1 and V2 preceding a
cathode-follower output stage. There are no series or shunt
inductors in. the amplifier but the response is made level up to
10 Mc/s by maximal feedback. This is applied by the com-
ponents R;, Rg, Ryg Ryy, and Cy which form a potential divider
of the type required for maximal feedback. The feedback fraction
is given by

p_  RetRe
Rs 4 Rg + Rip + Rys
Substituting component values
- 10 + 22
P = 104 2+82F220
32
334

= 10 approximately

The internal gain of this amplifier at medium frequencies is probably
of the order of 250, i.e., approximately 16 per stage and this value of
B represents a large degree of feedback. The danger of low-frequency
oscillation is prevented by eliminating as far as possible RC net-
works with large time constants and by making the time constants
of those which remain markedly different. For example therc are
no RC networks in the screen-grid circuits of any of the valves, the
screen grids being connected to h.t. positive via 47 Q resistors
(included to suppress parasitic oscillation). Similarly there are no
RC networks in any of the cathode circuits. The cathode circuits
of V1 and V3 are purely resistive and the cathode of V2 is bonded
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directly to h.t. negative, grid bias being supplied from an external
source. Only two RC circuits are present, namely the inter-valve
coupling circuits R,C, and Ry C;. The first of these has a time
constant given by

R,C, = 470 X 10® X 0-25 X 107% sec
= 120 millisec approximately
and the second has a time constant given by
R,,Cs = 69 X 10® X 0-05 X 107 sec
= 3-5 millisec

These are in the ratio 34 : 1, sufficient to avoid low-frequency
oscillation,

The large degree of feedback ensurcs a good low-frequency
response but there is an RC network (R,C,) at the input of the
amplifier, apparently outside the feedback loop, and it is interesting
to consider the effect of this on the amplifier performance. In
fact the feedback does have an effect on the time constant of this
network, tecause R, is returned to a tapping point on VI cathode
circuit. R, thus behaves as a component with many times its real
resistance and the effective time constant is larger than its apparent
value of 0-47 second (C, = 1 uF; R, =470 kQ). This effective
multiplication of the value of R, is, of course, another method of
expressing the increase in input resistance of V1 caused by the
series-connected voltage feedback of the amplifier.

The value of C, required to give maximal feedback can be cal-
culated as illustrated on p. 247, where a value of 21-6 pF was
obtained for an amplifier very similar to that under examination.
The value of C, used in this amplifier is 23 pF.

This amplifier has so much feedback that it is possible to state its
gain by inspection of the component values of the feedback circuit.
These components give f as approximately 1/10 and thus the gain
is 10.

17.6 VIDEO-FREQUENCY AMPLIFIER WITH MAXIMAL AND OPTIMAL
FEEDBACK

Fig. 128 gives the circuit of a four-stage video-frequency amplifier
with two feedback circuits, one giving maximal feedback and the
other optimal feedback. The circuit is basically similar to that of
Fig. 127 with maximal feedback derived from V3 cathode and
applied to VI cathode; this feedback is in effect derived from V2
anode, V3 behaving as a cathode follower and giving a copy at its
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cathode of the voltage applied to its grid. In addition, however,
V3 is used as a gain stage having an anode load resistor Ry, which
feeds the output cathode follower V4. The feedback from V3
cathode circuit does not, of course, compensate for the falling high-
frequency response due to Ry, and the associated stray capacitance
C, (shown dotted) or the falling low-frequency response due to the
coupling components R, and Ci.

The high-frequency response is corrected by optimal feedback
applied by means of the capacitor Cj from the cathode of V4 to the
cathode of V1. The signal at V4 cathode is of the same phase as
that at V3 anode which is phase-reversed with respect to that at
V3 cathode. Thus the signal at V4 cathode is in the right phase to
provide optimal feedback via C5. The capacitance of Cs depends
on the value of R,, decreasing as R, is increased. By correct
choice of the value of Cj the frequency response of V3 and of the
whole amplifier can be maintained level up to 10 Mc/s for values of
R,, up to 1 k@ and to 5 Mc/s for values of R,  up to 3-3 kQ.

The low-frequency response of Cs and Ry is made good by using
a large time constant (CgR,s = 0-47 sec) which is effectively
multiplied to a much greater value by feedback due to the un-
decoupled cathode resistor Ry;. 1f we assume V4 to have a mutual
corductance of 8 mA/V and R,, is 1 kQ, the time constant is
effectively increased 9 times to over 4 scc, as shown by the expression
derived in Appendix J of Chapter 10.
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PART V: NOISE IN VIDEO-FREQUENCY
AMPLIFIERS

9

CHAPTER 18
SOURCES OF NOISE

18.1 INTRODUCTION

IN the preceding sections of this book we have taken no account of
the noise which is always present in video-frequency amplifiers.
We have, in fact, assumed that the video signal is large compared
with noise in all stages of the amplifier. This is true of the video-
frequency amplifiers used in the later links of the television chain
but does not apply to amplifiers at the beginning of the chain.
Amplifiers fed from the output of a camera tube, for example, have
a small input voltage which may not be large compared with the
noise introduced in the early stages of the amplifier and by the
components coupling the tube to the amplificr. Very careful
design is necessary to preserve a good signal-noise ratio in these and
other amplifiers which have small inputs. In this section we shall
illustrate some of the methods used to minimise the effects of noise
but will first show how the magnitude of noise voltages and currents
may be calculated.

Noise may arisc from numerous sources; it can occur as a result
of induction from leads or heaters carrying mains-frequency currents
and from valve microphony when the amplifier is moved. Noise
from these sources can, however, be practically climinated by careful
design and choice of valves. Far more troublesome is the noise
duc to thermal agitation in conductors (Johnson noise) and to
electron streams in valves and camera tubes (shot effect).

18.2 THERMAL OR JOHNSON NOISE

The free electrons in a conductor are in constant movement and
the rapidity of movement increases as temperature is raised. If
there is no voltage to cause a drift of electrons in a particular direc-
tion, the number of electrons passing any given point in a conductor
in any direction equals the number passing the point in the opposite
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direction. Although this is true in general there can be momentary
surfeits or deficits of electrons at particular points in a conductor.
This implies that there are varying voltages in the conductor and
these, if amplified and reprcduced by a loudspeaker, have the
sound of a smooth hiss. If such noise voltages occur in a video-
frequency amplifier and are 1 roduced together with a picture on
a cathode-ray tube they give rise to spurious items of detail on the
screen.  As suggested by the previous few paragraphs, thermal noise
increases with temperature. This is indicated in the following
expression for the r.m.s. noise voltage in a conductor.

Vot — 4RKT/ [ L (40)

where R is the resistance of the conductor,
k is Boltzinann's constant — 1-374 X 10 23 Joule per °C,
T is the temperature of the conductor in degrees absolute, and
/\ f'is the passband over which the noise is measured.

Substituting for & and putting T equal to 290" (equivalent to 17° C
or approximately 63° F. i.c., average room temperature) we have,
taking the square root of expression (246),

Va 1:25 X 10-1°4/(RA{) volts .. 247)

showing that the noisc voltage for a given bandwidth is proportional
to the square root of the resistance.

Thus the noise voltage developed between the ends of a 10 kQ
resistor over a passband of 3 Mc/s is from (247) given by

Va 125 % 1071 x /(10 X 3 X 10%)
2165 X 1078V
21-65 uV

18.3 Suot NOssE
In an clectronic tube or valve the number of electrons passing a
given point in the emission or beam from the cathode varices slightly
from instant to instant although the current, averaged over an
appreciable period. may be constant. These minute variations
constitute a naise current of magnitude
Dt 2lenNt .. . . . (248)
where 15 is the r.m.s. noise current.
Iz is the average value of the clectron stream,
e is the charge on an electron,
and A/ is the bandwidth over which the noisc is measured.
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Substituting the value for e gives the noise as

Ins = 545 x 10 WA pA .. (249)

This expression holds only for a saturated valve, i.c., one in which
all the electrons liberated from the cathode are collected by the
anode. For a triode as commonly used for amplification, the anode
current is limited by space charge and the noise current is approxi-
mately 2/3rds that given by expression (249).

As an example the noise produced by a space-charge limited triode
consuming 10 mA and within a 3 Mc/s bandwidth is from (249)
given approximately by

Ins = 0-67 ><5-45><10-4><\/(10><10-3><3><lO‘*)A
= 0063 nA

and if the valve has an anode load of 2 kQ, the noisc due to shot
effect, developed across it is given by 2,000 X 0-063 — 126 A

18.4 EQUIVALENT NOISE RESISTANCE

From expression (249) the shot-noise current is proportional to
the square root of the current and the bandwidth; thus the noise
voltage produced across the anode load Z, due to shot effect in a

OHT+
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= aAAY

g

L

Fig. 129—Equivalent noise resistance of a valve

HT-

valve is proportional to Za(IaAf). Tt is convenient to regard this
noise as due to thermal agitation in a fictitious resistor connected
between the grid and cathode as shown in Fig. 129; this resistor is
known as the cquivalent noise resistance, R),.
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From (247) the Johnson noise voltage produced by such a resistor
is proportional to V/(RpAf) and, if the valve gainisgmZa, the amplified
noise appearing in the anode circuit is proportional togmZa VI(RaAS)-
Thus

J,’mza‘\/’(RnAf) oC Za‘\/(laAf)

from which R, is proportional to fa/gm®. Thus to obtain a low value
of shot noise, that is a low value of equivalent noise resistance, a
valve is required to have a low value of anode current and high
mutual conductance. Special triodes with such propertics have
been developed for use in amplifiers where the signals are of very
low amplit.ade.

18.5 PARTITION NOISE

In general, triodes give less shot noise than tetrodes or pentodes
with the same gain and for this rcason are often used instead of
pentodes in the first stage of a camera head amplifier. The superiority
of the triode in signal-noise ratio is duc to the division of current
between znode and screen which occurs in tetrodes and more
complex valves. The fraction of the cathode current which reaches
these two electrodes does not remain preciscly constant fror moment
to momert. Minute variations occur and these cause effects of a
similar nature to thermal-agitation and shot noise. Because of this
partition effect, the noise of a pentode is from three to five times that
of a triode.
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CHAPTER 19

NOISE IN CAMERA HEAD AMPLIFIERS

19.1 INTRODUCTION

THERMAL-AGITATION and shot noise is particularly troublesome in the
carly stages of video-frequency amplifiers fed from the output of
camera tubes as the output of these tubes is in general very small.

Shot noise can arise in the camera tube itself, and in subsequent
valves, but it is generally necessary to take account of the noise of
the first two valves of the head amplifier. The signal amplitude in
later stages is usually so large that the additional noise introduced
by these stages is negligible in comparison with it. In asscssing the
cffects of noise duc to thermal agitation it is usually necessary to
consider that produced by the signal resistor and the anodc load of
the first valve: the noise in resistors later in the chain is swamped
by the signal.

The relative magnitude of the noise from these sources depends
on the type of camera tube. In an iconoscope, or one of its de-
rivatives, or an orthicon (i.e.. in any tube having a signal plate) the
noise in the camera-tube beam is small and the chief sources of noise
are shot effect in the first valve and thermal agitation in the signal
resistor.  For a camera tube such as the image orthicon, there is an
important additional source of noise, namely the clectron beam of
the tube; this noisc is present whether there is a signal output
from the tube or not.  As explained in Volume I, the beam current
in these tubes is kept to a minimum to reduce noise as far as possible.

19.2 NOISE SOURCES

In confirmation of the statement that shot effect in the first valve
and thermal noise in the signal resistor are the chief sources of noise
in an orthicon head amplifier, we will calculate the noise voltage at
the anodc of the second stage due to the following sources
Shot effect in camera-tube beam current.
Shot ecffect in first valve.
Shot cffect in second valve.
Thermal noise in signal resistor.
- Thermal noise in first valve anode resistor.
The essential features of the circuit are shown in Fig. 130.
260
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1. Shot Effect in Camera-tube Beam Currert
If the beam current is 1 pA, the noise current is, from (249)
Ins = 5-45%10-' X 4/(10-8 X3 % 10%) A
= 0-001 A

and if the signal resistor is 2 k@, the noise at the first valve grid is
0-001 X 10-% X 2 X 103 V =2 uV. The gains of VI and V2 will
be taken as 10 and thus the noise at the anode of V2, due to shot
effect in the camera tube beam, is 2 X 10 > 10 uV <= 200 pV.

¢—OHT+

THERMAL NOISE IN
ANODE RESISTOR

BEAM CURRENT
v

SIGNAL <
RESISTOR

1k
T

EQUIVALENT NOISE EQUIVALENT NCISE
RESISTANCE OF RESISTANCE OF
FIRST VALVE SECOND VALVE

Fig. 130—Essential features of carly stages of a camera head
amplifier illustrating sources of noise

2. Shot Effect in First Valve

This calculation is made on page 258 and the noisc voltage at the
anode of V2 is 126 uV. After amplification by V2. the roise duc to
shot effect in V1 is 126 x 10 V == 1.260 pV.

3. Shot Effect in Second Valve
The noise at the anode of V2 is. of course, 126 pV.

4. Thermal Noise in Signal Resistor
If the signal resistor is 2 kQ. the voltage across it duc to thermal
agitation is given, from (247) by
Va 1-:25% 10 124/(2x 103 x3 x10%) V
10 uV.
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The gain from the grid of V1 to the anode of V2is 100, and thus
the voltage at the anode of V2 due (o thermal agitation in the load
resistor is 10 X 100 uV = 1,000 A

5. Thermal Noise in First Valve Anode Resistor

The voltage at the grid of V2 due to thermal agitation in the anode
load of V1 (assumed to be 2 kQ) is, from the previous calculation,
10 1V and after amplification by V2, this beconmes 100 uVv.

Examination of the results of these calculations shows that the
chief sources of noise are shot effect in Vi (1,260 V) and thermal
agitation in the signal resistor (1,000 V), which are of the same
order. The noise due to shot effect in the first valve is kept at a
minimum by use of a low-noise valve such as the special triodes
which have been developed for use in such positions; thermal
agitation noise is kept low by choice of the value of signal resistor,
The choice of signal-resistor value is, however, complicated because
the frequency response of the camera-tube output circuit is dependent
onit. We will now consider this point in greater detail.

19.3 CaMera-TUBE OUTPUT COUPLING

The simplest type of camera-tube output-coupling circuit is that
shown in Fig. 131. A load resistor R; is connected directly in the

HT+
Ra
1 \
\ L * ) 4 ==
i/ :
[}
‘:::-J.C
SIGNAL  R1 Fr=tt
RESISTOR !
T 4 ——OHT-

Fig. 131—Basic output coupling circuit for camera tube

output circuit of the tube and the voltage developed across this is
directly connected to the input terminals of the head amplifier.
Camera tubes of the iconoscope, image-iconoscope and orthicon
type have a very high output impedance, being mainly the reactance
of the signal plate-carth capacitance. This impedance is normally
very large compared with likely values of load impedance R;. The
tube thus behaves as a constant-current source and the output voltage
is directly proportional to the value of the load resistance.
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Thermal agitation noise is proportional to the square root of the
resistance as shown by expression (247). Thus the signal-noise ratio
is proportional to the square root of the resistance and increases as
the resistance is increased. It is advantageous, therefore, to usc as
high a value of signal resistor as possible, but an upper limit is set
by the shunt capacitance C, across the load. If the load is high, the
capacitive reactance is an appreciable shunt at kigh video frequencies
and reduces the effective load, causing the output voltage to fall at
the upper end of the video range. To enable high values of load
resistance to be used, it is essential to minimise stray capacitance.
To this end the head amplifier is located as close to the tube as
possible, but even so the capacitance cannot be reduced much below
approximately 25 pF. This value is made up of the capacitance of
the signal plate itself, the lead to the first valve grid and the input
capacitance of the first valve. To avoid partition noise the first
valve is almost certain to be a triode and its input capacitance may
considerably exceed the value of the grid-cathode capacitance because
of Miller effect.

A capacitance of 25 pF has a reactance of 2,000 @ at 3 Mc/s and,
to minimise the shunting effects of this on the load resistance, the
latter cannot be more than 2,000 . Sucha low value of load re-
sistance gives a poor signal/noise ratio and it is essential to find
methods of reducing the shunt capacitance still further.

One method which can be employed is to reduce the Milier effect
in the first valve of the head amplifier. The increase in input
capacitarce due to Miller effect is given by Cag(A4 + 1) where Cqg is
the grid-anode capacitance and A is the stage gain. This capacitance
can thus be reduced by decreasing 4, i.e., by decreasing Rq the anode
load of V1. This load resistance is sometimes reduced to a value
less than that required for frequency-response considerations in
order to reduce input capacitance.

Even by adopting measures of this nature it is not possible to
use tube load resistances much higher than a few thousands of
ohms without losing gain at the upper end of the video-{requency
band due to capacitive shunting. With such low load values the
signal-noise ratio is poor unless a prohibitively large light input is
used. Thus it would appear to be very difficult to reduce the shunt
capacitance to an acceptably low value.

There is, however, an alternative solution to this problem which
is commonly adopted. The shunt capacitance is made as small as
practicable and a large value of tube load resistance is used. This
results in an acceptable signal-noise ratio but the frequency response
of the tube output circuit falls as frequency rises. The frequency
response is corrected in subsequent stages of the head amplifier by
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designing this section to have a rising high-frequency response.
The noise voltage across the tube load resistance has equal-amplitude
components at all frequencies in the video-band and, because of the
frequency response of the amplifier, the high-frequency components
are subjected to a greater amplification than the low-frequencies.
Thus the signal-noise ratio at the amplifier output is better at low
frequencies than at high ones; this is sometimes referred to as a
triangular noise spectrum. By arranging for the signal-noise ratio
to vary in this way, more noise can be tolerated than if the signal-
noise ratio were made constant and independent of frequency. By
confining the noise to the upper end of the video band, the noise is
seen as a fine grain superimposed on the picture; this is more
acceptable than the larger grain which is obtained when the noise
components are spread uniformly over the spectrum.

HT +

. * ——OHT ~

Fig. 132-—Basic features of a circuit used for camera-tube
output coupling

By using this technique it is possible to use tube load resistances
as high as 1| MQ. This is large compared with the reactance of the
shunt capacitance and the frequency response of the tube output
circuit is very nearly inversely proportional to frequency, i.c., the
response falls at the rate of 6 db per octave throughout the video
band. To correct this, the head amplifier must have a response
which riscs at the rate of 6 db per octave throughout the spectrum.

Fig. 132 illustrates the basic features of a circuit arrangement
which can be used to give such a performance. The rising frequency
characteristic is obtained by use of frcqucncy-discriminating feed-
back applied from output to input of a 3-stage video-frequency
amplifier. The feedback circuit consists simply of a potential
divider with a resistive upper arm, and a capacitive lower arm: such
a circuit makes 8 inversely proportional to frequency and gain
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T+
SIGNAL PLATE  CATHODE FOLLOWER |
ve \v3 \ va

Fig. 133—Circuit of Fig, 132 with feedback derived from a
cathode foilower

directly proportional to frequency. The most interesting feature of
the circuit is that the upper potential divider arm is the tube load
resistance and the lower arm is the capacitance shunting the tube
output circuit. This circuit may alternatively be regarded as an
example of parallel-connected feedback; the parallel connection
makes the effective input impedance of the amplifier very much less
than R; the value of the load resistor, thercby eliminating the
effect of the shunt capacitance and the high-frequency loss.

In practice the load resistor is not returned to the anode of V3
but to the output of a cathode follower fed from V3 anode, the
circuit having the basic form illustrated in Fig. 133.
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Optimal Voltage Feedback:
Single-stage Amplifier, 234
Multi-stage Amplifier, 253
Overshoot, 25, 32, 69,91, 93, 113

PArTITION Noisg, 259
Phase Equalisers:
Design, 129, 138
Frequency Response, 126, 134
General, 27
Phase Response, 128, 135

270

Phase Response:
Anode-decoupled Circuit, 186
Cathodc-decoupling Circuit, 192
Distributed Amplifier, 123
Phase Equaliser, 128, 135
Series-inductance Amplifier, 85
Shunt-inductance Amplifier, 63
Simple RC-coupled Amplifier,

39, 46, 162, 170
Positive Feedback, 177, 238, 248

RESPONSE TO VOLTAGE STEP:
Muliti-valve Amplifier, 112
Series-inductance Amplifier, 90
Shunt-inductance Amplifier, 68
Simple RC-coupled Amplifier, 50

Ringing, 26, 91

Rise Time, 19, 24, 31, 46, 52, 69,

90, 98, 112, 115, 129, 166, 223,
250

Sag, 28, 35, 158, 164, 166, 173, 186,
195, 223

Shot Noise, 257

Signal Inversion, 29

Stage Gain of Cascaded Amplifier,
114 .

Streaking, 27

TesT CaRD C, 35

Thermal Noise, 256

Time Constant, 51, 98, 162, 165,
184, 211, 233, 249, 253

T-scction Phasc Equaliser, 136, 150

Turnover Frequency, 43, 59, 105,
109, 142

UNDERSHOOT, 25
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