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GENERAL EDITOR’'S FOREWORD

by
SIR GRAHAM SUTTON, C.BE., D.Sc., F.RS.

Chairman of the National Environment Council and
Director-General, Meteorological Office,
Formerly Dean of the Royal Military College of Science, Shrivenham,
and Bashforth Professor of Mathematical Physics

THE present volume is one of a number planned to extend the Physical
Science Texts beyond the Advanced or Scholarship levels of the General
Certificate of Education. The earlier volumes in this series were prepared
as texts for class teaching or self-study in the upper forms at school, or
in the first year at the university or technical college. In this next
stage, the treatment necessarily assumes a greater degree of maturity in
the student than did the earlier volumes, but the emphasis is still on a
strongly realistic approach aimed at giving the sincere reader technical
proficiency in his chosen subject. The material has been carefully selected
on a broad and reasonably comprehensive basis, with the object of ensur-
ing that the student acquires a proper grasp of the essentials before he
begins to read more specialized texts. At the same time, due regard has
been paid to modern developments, and each volume is designed to give
the reader an integrated account of a subject up to the level of an honours
degree of any British or Commonwealth university, or the graduate
membership of a professional institution.

A course of study in science may take one of two shapes. It may
spread horizontally rather than vertically, with greater attention to the
security of the foundations than to the level attained, or it may be deliber-
ately designed to reach the heights by the quickest possible route. The
tradition of scientific education in this country has been in favour of the
former method, and despite the need to produce technologists quickly, I
am convinced that the traditional policy is still the sounder. Experience
shows that the student who has received a thorough unhurried training
in the fundamentals reaches the stage of productive or original work
very little, if at all, behind the man who has been persuaded to specialize
at a much earlier stage, and in later life there is little doubt who is the
better educated man. Itis my hope that in these texts we have provided
materials for a sound general education in the physical sciences, and
that the student who works conscientiously through these books will
face more specialized studies with complete confidence.






PREFACE

THE object of this book is to give a general introduction to the subject
of electronics suitable for a first degree or diploma course in physics or
electrical engineering. Empbhasis is laid on the basic principles of opera-
tion of valves, transistors and other electron devices and of the circuits
in which they are used. It is intended to provide the general common
background which is essential to the physicist or the engineer prior to
specialization in any particular branch of electronics. For most of the
book the standard of mathematics required is no more than that of the
Advanced Level of the General Certificate of Education.

After the introduction there are three chapters on the behaviour of
free electrons and electrons in matter. These provide the physical back-
ground needed to explain the nature of the characteristics of the various
types of vacuum and gas valves and transistors, which are the subject
of the next two chapters. This concludes the study of electron devices.
The following thirteen chapters are concerned primarily with the use of
these devices in amplifiers, oscillators, rectifiers, switches, etc. In addi-
tion to the usual small signal analyses, problems are frequently discussed
generally in terms of device characteristics and load lines based on cir-
cuit relations. The final chapter deals with the subject of noise. No
attempt is made to cover specific applications of electronics such as radio,
television, radar, computers, instrumentation, etc.

At the end of the book there is a collection of about 250 examples in
groups corresponding to the chapters of the text. These examples form
an important part of the book. Not only do they provide opportunity
for testing the student’s understanding but they are also used for further
development and extension of principles. In some cases guidance is
given to the solution. Many of the examples have been taken from
recent examination papers of the Institution of Electrical Engineers and
the Institute of Physics; the authors make grateful acknowledgment to
these bodies.

Perhaps a note should be added regarding the use of symbols. In
general these conform to the recommendations of the British Standards
Institution. The small letters ¢,, v,, v,, etc. are used, as is customary, to
denote the instantaneous values of the varying components of the anode
current, anode voltage, grid voltage, etc. Also, when these variations
are sinusoidal, heavy type I,, V,, V. is used to denote the corresponding
complex or vector values. New symbols with capital suffixes, 14, v4
and vg, are introduced to represent total instantaneous values, including
both steady and varying components. These symbols are used to repre-
sent the variables in static characteristics rather than I,, V4, and V. In
this way the possibility is avoided of confusion, particularly in ordinary

vii
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writing, between the capital letters which are used for both vector and
total values.

In conclusion the authors wish to express their deep thanks to Mrs.
Eveline Thorp who has typed the manuscript and to Mr. K. A. White
who has drawn the diagrams.
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CHAPTER 1
INTRODUCTION

1.1. Electronics

Electronics has been defined as ‘‘ that field of science and engineering
which deals with electron devices and their utilization ’’, where electron
devices are ‘‘ devices in which electrical conduction is principally by
electrons moving through a vacuum, gas or semi-conductor *’. The first
six chapters of this book are concerned with the elucidation of this some-
what cryptic definition of electron devices. However, in these days of
radio and television everyone is familiar to some extent with some of the
devices such as valves, cathode-ray tubes and photo-electric cells. Yet
at the beginning of the present century no electron devices as we know
them existed. The nature of the electron itself, as a minute particle
having mass and negative electric charge, had just been established.
The Fleming diode, introduced in 1904, is usually considered to be the
prototype electron device. As the name implies, this diode had two
electrodes; one was a thin filament of wire (the cathode) which could be
heated to incandescence by means of an electric current, and the other
was a metal plate (the anode) close to the wire. The electrodes were
enclosed in an evacuated glass envelope with wire leads through the glass.
The diode acted as an electrical conductor when an e.m.f. was connected
between the anode and the cathode in such a way that the anode was
positive with respect to the cathode; when the polarity was reversed
it acted as an insulator. This asymmetric or non-linear behaviour is
typical to some extent of all electron devices. The one-way conduction
in diodes is utilized in many ways for the rectification of alternating
current.

In 1906 de Forest put a third electrode in the form of a wire grid between
the cathode and anode. With this arrangement the current flowing to
any electrode depends on the potentials of all three electrodes. It is
found that under some conditions the grid potential acts as an effective
control of the current to the anode without taking appreciable current
itself; the grid controls large currents and power, without consuming
much power. Thus three electrode valves or triodes can act as amplifiers
of voltage, current or power. This ability to amplify opens up innumer-
able possibilities and is largely the reason for the importance of electronics
to-day. After the triode, other multi-electrode valves with four, five and
more electrodes were introduced. These give additional advantages of
various kinds, but their operation generally depends on either their non-
linearity or the amplifying property of a grid.

In the development of valves it was found that the presence of gas

1



2 PRINCIPLES OF ELECTRONICS

inside the envelope modified the properties considerably. There is a
variety of gas diodes, triodes and multi-electrode valves.

From the early days of electron devices certain crystals, now called
semi-conductors, were known to show non-linear conduction when used
as diodes. In 1948 a major development occurred when it was found
that the semi-conductor germanium could be used with three electrodes
to give amplification. These new devices are called transistors. One
electrode, the emitter, causes a flow of current to a second electrode, the
collector. This current can be controlled readily by the potential differ-
ence between the emitter and the third electrode, the base, but the latter
takes very little current. Thus, as in the triode, amplification can be
obtained.

We have now had examples of electron devices with electrodes separated
by vacuum, gas and semi-conductor. In all of these, as we shall see later,
the currents are due almost entirely to the movement of electrons. Cur-
rents also flow in metals from the movement of electrons, but this current
flow varies linearly with the potential difference across the metal, and
such behaviour is of minor significance for electron devices.

For the conduction process there must be electron movement. Electron
devices differ in the manner in which the electrons are made available.
In some, the semi-conductors, electrons are available in the solid at

[ch.

(a) Vacuulm Valves

Thermionic emission Secondary emission Photo-emission

Elec!tron PI!otIo- Phot!)-cells
multipliers multipliers
Amplification Light- Light
measurement measurement
Amplification and control
N . I . I
Diodes Triodes Multi- Velocity Cathode-ray
electrode modulation tubes
va.llves vallves
X-ray Recti- Amplilﬂcation Klyst!-ons ‘l‘ra.vellling-
tubes fication  Oscillation wave tubes
Switching Oscillation
Counting Amplification Magnetrons
Control
Oscillation
Amplification
- ! [
Oscillography Electron Camera tubes
microscopy

Picture
transmission
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(b) Gul Valves

| I I
‘l‘hermion!c emission Photo-emission Cold cathodes Mercury pool

cathodes
Photo-cells
| |
Dioldes Triodes Tetrodes Light Rectification
measurement Conversion
Recti- and control
fication Rectification
Switching | |
Counting Diodes Triodes Multi-
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I |
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I
Phot(l)-cells » Rectifiers Therrlnistors Amplification Photo-transistors

Oscillation |
Light Measurement Switching  Light measurement
measurement Control Counting

ordinary temperatures. In vacuum tubes the electrons enter the vacuum
from the cathode. The emission of the electrons from the cathode
requires additional energy in some form. In thermionic emission the
extra energy is given to the electrons by heating the cathode. The
energy may also be supplied as radiation, when photo-emission occurs.
Finally, the electrons may be knocked out of the cathode by impact with
other fast electrons orions. This is called secondary emission. Radiation
may also be used to enhance the conductivity of semi-conductors. In
gases, conduction electrons are produced by ionization of the gas atoms by
means of radiation or fast particles. Positive ions are produced at the
same time, and they may effect the conduction process, but their move-
ment makes little contribution to the currents. In some gas valves
electrons are also produced from a cathode by thermionic or photo-
emission.

1.2. Electron Devices

The tables on pages 2 and 3 indicate some of the great variety of electron
devices and their fields of use under three main headings: vacuum valves,
gas valves and semi-conductor or crystal valves.
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1.3. Diode Characteristics

The properties of any particular electron device can be described con-
veniently by means of characteristic curves, which show how the electrode
currents vary with the potential differences between
the electrodes.

One form of vacuum diode is shown diagrammatic-
ally in Fig. 1.1.  The cathode K is a hollow cylinder
which is heated indirectly by radiation from an in-
sulated wire inside the cylinder. The heating current
is supplied through the leads H. The anode 4 is
another cylinder surrounding the cathode, and the
whole system is enclosed in a glass envelope E,
which is evacuated to a low pressure. The wire
leads to the electrodes and the heater pass through
a glass “ pinch’’ P. The characteristic curves for
such a diode are found using a circuit of the form

HH shown in Fig. 1.2.a, which also shows the circuit
Fre. L1 symbol for the diode. The heater leads H are con-
o nected to a suitable electrical supply. Since there are
only two electrodes in the diode, it follows that 44 4 g = 0. Also the
potentials may be measured from the cathode as zero. Thus there need

7 Ll
A
+
C/) A -
HH -
M |
X = _.-“o v,
A
(a) (s)
Fic. 1.2

be only two variables ¢, and ¢4, and the relation between them is shown
in the characteristic curve in Fig. 1.2.b. It is seen that current flows
when v, is positive but little or no current when v, is negative.

1.4. Triode Characteristics

A cylindrical thermionic triode is illustrated in Fig. 1.3. The grid is
a wire cage surrounding the cathode. Now there are three electrode
currents 4, 7¢ and 7 and three potential differences v4g, ver and v4q, as
shown in Fig. 1.4, which gives the circuit symbol for a triode. However,
by Kirchhoff’s Laws

i4t+ig+ig=0

and Y4k = Y49 + Vox,



1] INTRODUCTION 6

and hence there are only four independent variables. If the potential
differences or electrode voltages are measured from the cathode as v and
vy, then we may take ¢, i4, v and v4 as the four variables. In many
uses of the triode vg is negative and no electrons flow to the grid, so that

¥ r ¥
Yae 4
< L (7 Vak
Yok
N LL i
Fi6. 1.4

t¢ = 0. The relation between 7,, vs and v4 may then be determined
with the circuit of Fig. 1.5.a. The characteristics consist of the family
of curves shown in Fig. 1.5.5 or c. Each curve of the first set shows the

i

i

[._."_

%

Vay vG2 Vey

(0) (8) (¢)

Fic. 1.5

variation in anode current with anode voltage for a fixed value of grid
voltage. Exactly the same information is given in different form in
Fig. 1.5.c, where each curve shows the variation in anode current with
grid voltage for a fixed value of anode voltage. Corresponding points
are marked B, C and D in the two diagrams.
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1.5. Triode Amplifier
In Fig. 1.6.a a resistance R is shown between the anode and the h.t.
battery E,. Now the electrode voltages are

v¢= —E; and v4 = E, — Ri,.

In the latter equation E, and R are constant, and the equation may
be represented by a straight line in an 7, v, diagram as shown in
Fig. 1.6.b. The straight line cuts the vs-axis where v, = E, and the

R
—\VV\V\—
+
A
L
-==1 | ¥
* T

E,T_ :

(9)

Fic. 1.6

t4-axis where iy = E,/R. Whatever the value of ve, 74 and v, must
lie somewhere on this straight line. They must also lie on the valve
characteristic curves which are drawn in the same diagram. Thus the
actual values of #, and v, are found at the point Q on the characteristic
corresponding to vg = — E;. If vs changes by amount v,, ¢4 and v,
must still lie on the straight line, and the new values are found at P.
The change in anode current causes a change in voltage drop across R
and a corresponding change in v4. The
R anode voltage change is found from
the diagram to be vp — vq. If the
magnitude of vp — vq is greater than v,,
E, then the valve has produced voltage
== E, amplification; the change v, is frequently
+ called a signal. The point @ which
gives the initial or quiescent conditions
- before the change occurs is called the
Fic. 1.7 quiescent point or the operating point.
The change in grid voltage may be pro-
duced by an alternator as shown in Fig. 1.7. Now the grid voltage and
anode current vary sinusoidally and an alternating voltage appears across
the resistance R and also between the anode and cathode.

o~
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1.8. Steady and Varying Values

In considering the currents and voltages in a valve there are several
different conditions which have to be distinguished. Thus v4 and v4 are
the actual values of the electrode voltages, however these arise. In the
quiescent state

Vg = — Eln
‘UA=‘Uq=E2—R1:Q
and 14 = 1q,

where g, and vq apply to the quiescent point. When the grid voltage
is changed

Vg = — El + Vs,
V4 = vp = Vg + (vp — ¥q)
and 14 =1p=1q+ (ip —1g).

In each case there is a quiescent value, a change and a total value.
Throughout this book we use capital suffixes to indicate total values
(va, v4 and %) and small suffixes to indicate changes (vy, v, and ¢;). In
the case just considered

Vg = Uy,
Ug=Vp—17q
and fa=1p— iq.

When the anode current increases the anode voltage decreases because of
the greater voltage drop across R, and obviously

Vg = — Ri,.
Also ve=—E; + v,

V4 =109+ ¥
and 14 =19 + 2.

In the absence of a signal the total values are equal to the steady or
quiescent values.
When the signal is a small alternating voltage, say

v, = 7, sin wt,

then v, = ¥, sin w¢ = 9, sin w?,
1 = %, Sin wf
and Vg = — Ri,sin wf = — 7, sin .
Now vg=—E; + v, = — E; 4 9, sin ot,
1y = iq + 15 = tq + % sin ot
and V4 =g + Vs = vq — ¥ Sin wt.

For sinusoidal alternating voltages and currents it is frequently con-
venient to use vector or complex values of these quantities. When
this is done we use capital letters V,, Vg, I,. Much confusion can
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arise in dealing with valves and valve circuits unless care is taken to
distinguish carefully between quiescent values, total values, changes
and vector values. The symbols suggested facilitate this distinction
and are equally satisfactory in print or in writing. At the same
time, the letters used indicate the nature of the quantity, voltage
or current, and the electrode associated with it. The same notation may
be easily extended to other devices. For example, i, 1. and I, represent
the total, change and vector currents respectively for the emitter of a
transistor; ¢g, ¢, and I could represent the same currents in a resistor.



CHAPTER 2
ELECTRON MOTION

2.1. Electron Motion

Electrons may be considered as minute particles having mass and
negative charge. As such, their movements in electric and magnetic
fields can be determined by the application of the laws of electricity and
magnetism and of mechanics. As the result of numerous experiments
the following magnitudes have been established for the charge ¢ and the
mass m of an electron:

e = 1-60 x 10-1° coulomb, m = 9-11 x 10731 kilogram.

This mass is 18 of the mass of a hydrogen atom. The above value for
m is true only when the electrons are at rest or moving with velocities
small compared with the velocity of light. According to the theory of
relativity, the mass of a particle increases as its velocity approaches the
velocity of light. The mass m at velocity # is related to the rest mass m,
by the expression

m
m = _0__’

()

where c is the velocity of light in free space. It may be verified from the
Energy Equation (see Section 2.3) that the change in mass of an electron
is negligible in devices operating below 1,000 V. The increase is about
1 per cent for electrons accelerated through a potential difference of
5,000 V. In most of this book the relativity correction is ignored.

2.2. Motion in a Steady Electric Field
The force F acting on a positive charge ¢ in an electric field of strength
E is, by definition,
F=¢gFE
and the force is in the direction of the field. If v is the potential, then
the field strength is related to the potential gradient by

_dv

= — 5=

ds
This equation gives the component of the field strength in the direction
of s. The component of the force in the same direction on the charge ¢ is
dv
F 1= —q d_s.
9
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For an electron with negative charge the force is given by

dv

F =€ I? ’
and is in the direction of increasing potential. If the electron is free to
move, as it would be in a vacuum, the force does work on the electron.

In moving between two points 1 and 2 the work done is
2
/F‘ds = evz b e‘Ul,
1

where v, and v, are the potentials at the points 1 and 2 respectively,
This work appears as kinetic energy of the electron. If %, and u, are the
electron velocities at the two points, then
mu,2  mu,?
- ="—g- — g
This is to be known as the Energy Equation.

In the particular case where an electron starts from rest and moves
through a potential difference v its final velocity # depends only on v,
and is given by the relation

o ="
T2
The last two equations, which equate the gain in kinetic energy to the
loss of potential energy, show how energy may be exchanged between
electric fields and electrons, and they are of fundamental importance in
the understanding of the operation of electronic devices. This energy
exchange is considered in more detail in Chapter 14.

2.3. The Electron-volt

In dealing with electrons it is convenient to introduce a unit of energy
called the electron-volt. This is defined as the amount of kinetic energy
acquired by an electron in moving through a difference of potential of
one volt. One electron-volt (eV) is equal to 1-60 X 1071® coulombs X
one volt = 1-60 x 1071? joules.

From the Energy Equation of Section 2.2 it follows that an electron
starting from rest and moving through a potential difference of v V
acquires a velocity given by u = /(2 ev/m) = 5:94 X 105v/vm/s. If
v=1 YV, then the velocity is 594 X 10° m/s. An energy of 1 eV is
extremely small, but it imparts an enormous velocity to an electron
because of the small mass.

Although the electron-volt has been defined in terms of the electron,
it may be used to measure any quantity of energy. For example, a
proton, i.e., a hydrogen atom which has lost an electron, has a positive
charge numerically equal to e and acquires a kinetic energy of 1 eV when
it moves through a potential difference of 1 V. Since the proton has a
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much greater mass than the electron, an energy of 1 eV imparts to it a
lower velocity. The Energy Equation, which applies to any charged
particle, shows that the velocity varies inversely as Vm, ie., ﬁt—;g or
5 in this case. Sometimes the ‘‘ electron '’ is omitted from ‘‘ electron-
volt ”’.  For example, a beam of 100 V electrons means a beam in which
the electrons have started from rest and moved through a potential
difference of 100 V. The energy of each electron is 100 eV or 1-60 x 10717
joules.

2.4. Electric Fields

The user of an electron device controls the potentials of the electrodes
by making suitable connections to the electrode leads. However, if the
behaviour of electrons inside the device is to be studied the potential
distribution in the space between the electrodes must be known. In the
absence of appreciable charge in the space the potential must satisfy
Laplace’s Equation, which, in cartesian co-ordinates, is

o | 0% , o%
Tyt
When the charge density p in the space is not negligible the potential
obeys Poisson’s Equation

e aﬁ; 0% _ P
et tam= "¢

where ¢, is the primary electric constant having the value 8:86 x 10-3F/m;
it is sometimes called the permittivity of free space. Laplace’s and
Poisson’s Equations follow directly from Gauss’s Theorem. Thus the
problem of finding the potential consists of solving one of these two
partial differential equations using the electrode potentials as boundary
conditions. For all but a few simple geometrical arrangements of the
electrodes analytical solutions are impossible. Methods have been
developed for dealing with special cases, and approximate numerical
solutions of Laplace’s Equation can be obtained experimentally by the
use of analogues, particularly the rubber membrane, the electrolytic tank
and the resistance network. These special methods are beyond the
scope of this book, and we confine our attention to simple idealized cases
which can be readily analysed. The results give some qualitative indica-
tion of what may be expected in the more complicated practical cases.

2.5. Electron Motion in a Uniform Electric Field

A uniform electric field, i.e., one in which the field strength is constant,
can be realized between the plates of a parallel-plane condenser in regions
remote from the edges, provided the dimensions of the planes are large
compared with the distance between them. This case is illustrated in
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Fig. 2.1, in which the y-axis is chosen at right angles to the planes and
the x- and z-axes are parallel to the planes. The potential difference
between the two electrodes, the cathode and the anode, is v,. Obviously,
except near the edges, the potential in the space between the electrodes

\y
/ ANODE/
V=V,
d 2 /tx
z —
Fi1c. 2.1

does not vary in the x and z directions, and Laplace’s Equation becomes
one dimensional, i.e.,

d%
d71 = 0.
Integration gives
dv
@=Aandv=Ay+B,

where A and B are constants to be determined by the boundary condi-
tions. The difference of potential between ¥y = 0 and y =4 is v;
d = the distance between the planes. It follows that the field strength
and the potential are given by

dv_ v and v = 4.

dy~ d d

These expressions confirm that the field is uniform. If there is an
electron in the space it is acted upon by a constant force F given by

dv  evy
F=e dTy = 7'
If the space is evacuated the electron is free to move continuously under
the influence of this force. In air the electron would still move, but its
motion would be interrupted by impact with the air molecules. It is
assumed below that the space is evacuated. Using Newton’'s Second
Law of Motion

d dzy __ €U

F=2-‘(mu)=ma.‘_7.
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Hence

&y _ eu

ar — md’
and the acceleration is also uniform. By integration the velocity is
found to be

where the constant of integration has been put equal to zero on the
assumption that the electron left the cathode with zero velocity at time
t == 0. The distance moved in time ¢ is found by a further integration
to be
— ot
Y= 2md

The constant of integration is again zero. The time to travel a distance
dy is equal to dy/u, and hence the time t for the electron to move across
the space is found from
= [
o %

From the Energy Equation and v = v4y/d, it is found on integrating that

L S
%4 - (5‘94 X 105\/‘04) '

where 4, is the velocity of the electron at the anode. This expression
could have been found by alternative reasoning. Since the motion is
uniformly accelerated, starting from rest and finishing with velocity u,,
the average velocity is #4/2. The transit time is the distance divided
by the average velocity, i.e., 2d/u4.

T =

2.8. Cathode-ray Tube with Electrostatic Deflection

Everyone is familiar with cathode-ray tubes for displaying electrical
quantities visually. The name ‘‘ cathode ray '’ is a relic of the early
days of electron physics, when streams of electrons emanating from the
cathode of a discharge tube were called cathode rays. One common
form of cathode-ray tube is shown in the diagram of Fig. 2.2. A narrow
beam of electrons is produced by an electron ‘‘ gun *’ and passes between
two pairs of deflecting plates. The beam finally strikes a luminescent
screen and produces a bright spot of light. Details of the electron gun
are considered later in this chapter. If the difference in potential between
the cathode and the final anode is 1,000 V, then a fast beam of electrons
leaves the final anode of the gun with the electron velocities corresponding
to 1,000 eV. The deflecting plates are arranged parallel to the beam.
Normally, the first pair, or Y-plates, are horizontal and the second pair,
or X-plates, are vertical. The mean potential of the deflecting plates is
also 1,000 V and the beam passes through the middle of the deflecting
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system and strikes the centre of the screen. The whole of the space
from the final anode of the gun to the screen is at a potential of approxi-
mately 1,000 V, and the electrons move with constant velocity in this
space. If a potential difference is applied to the Y-plates this produces

SCREEN

DEFLECTING
ELECTRON GUN SYSTEM

({ }. ________________ SPOT
( ik (6 ==

CATHODE I FIRST FINAL

ANODE ANODE

X
GRID PLATES PLATES
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a vertical deflection of the beam and the spot is displaced on the screen.
Similarly, a potential difference across the X-plates causes a horizontal
displacement of the spot. The size of these deflections can be deter-
mined approximately by using the results of the foregoing paragraphs.
The passage of an electron beam through one pair of deflecting plates is
represented in Fig. 2.3. The electrons reach O with horizontal velocity
u4, where u4 = 4/(2ev4/m), v4 being the potential of the final anode and
also the mean potential of the deflecting plates and the screen. When

FiG. 2.3

there is no deflecting field the electrons move with constant velocity #,
along the path ONM. The deflecting plates are similar to the parallel-
plane condenser of the previous section, and when a potential difference
is maintained across the plates the electric field is uniform except near
the edges of the plates. In order to simplify the calculations it is assumed
that the deflecting field is uniform over the length / of the plates and is
zero elsewhere. Under these conditions the electrons reach O with
velocity #,4 as before. Since the deflecting field is purely vertical, the
horizontal velocity is unaffected. However, over the length / the deflect-
ing field acts on the electrons so that, at the end of the deflecting system,
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they have acquired a vertical displacement NP and a vertical component
of velocity, say #p. The value of 4y can be found by the methods of the
previous section, and is given by

Uy = evdt/md

where v4 = deflecting potential difference, d = distance between the
deflecting plates and ¢ = time spent in the deflecting plates. Obviously

t = llug and uyp = evgl/mduy-

From P onwards the electrons are free from field and move with velocity
corresponding to potential v,. However, they have now a vertical com-
ponent of velocity equal to #y and at the screen they have a vertical
deflection QR equal to #yT, where T is the time to travel from the de-
flecting plates to the screen. As long as

uy L uy,
T == Llu,,

where L = horizontal distance from the deflecting plates to the screen.
Hence

OR = evylL [mduy?,
ie., QR = lLvs(2dv,.

The total vertical deflection of the spot on the screen from the mean
position should, include NP. However, in most cathode-ray tubes ! < L
and NP is negligible. Thus the deflection y of the spot is given approxi-
mately by

y= lLv¢/2dv4.

The deflection sensitivity of the tube is defined as y/vs. It is frequently
quoted in millimetres per volt. The sensitivity is inversely proportional
tovs. However, the brightness of the spot and the sharpness of its focus
increase with v4, so that a compromise is necessary.

In deriving the formula for y several assumptions have been made.
In particular, the deflecting field has been assumed to be confined to the
length of the deflecting plates. This field must extend beyond these
plates, and as a result deflection occurs over a length greater than .
Also, the horizontal component of the velocity over the length L is less
than #,. In this region, away from the deflecting plates, the potential
is v4. The Energy Equation relates the loss of potential energy to the
total kinetic energy so that

mug®  muyd
u=Tgm T

where uy and vy are used for the horizontal and vertical components.
This equation shows that #g must be less than u,. However, uy is
frequently much less than ug, and then #z and u, are nearly equal.

In some cathode-ray tubes the deflecting plates are flared as shown in
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Fig. 2.4.b. With this arrangement the value of 4 varies along the plates,
and obviously it gives greater sensitivity than parallel plates with a
separation equal to the final value of 4 in the flared plates. The maximum
deflection would be the same for both systems.

Mention was made in Section 2.3 of the enormous velocities which can
be given to electrons by electric fields. The mass of the electron is so

- < d

cm——— d -

Y4 V4
(a) (s)
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small that its response to a change of field is practically instantaneous
and the deflection takes very little energy from the field. In addition,
the electrons move through the deflecting plates very rapidly. For1,000V
electrons and deflecting plates 2 cm long the time taken is about 10° sec.
Thus even for an electric field varying at a frequency of 10® c/s the
field does not change appreciably during the passage of the electrons,
and the formula for y may be used to give the instantaneous deflection,

2.7. Motion in a Uniform Magnetic Field
When an electron moves with velocity # in a magnetic field of flux
density B the electron experiences a force F which is given by

o ® ® @ ®

F ® ®
v
(52} (52}
-¢ 6
B ® (2]
Fi1G. 2.6

(2] (32 (52} (<2} (52}
FiG. 2.6

F = Beu sin 6, where 0 is the angle between the directions of B and «.
This force is perpendicular to the plane containing B and % as shown in Fig.
2.6. The following interesting points may be established from the equation
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for F: (i) there is no force on a stationary electron in a magnetic field,
(ii) the force is greatest when the electron moves at right angles to the
magnetic field, (iii) there is no force on an electron moving parallel to a
magnetic field, (iv) as the force is perpendicular to the velocity, an
electron cannot gain kinetic energy from a magnetic field; the magnetic
field may alter the direction but not the magnitude of the velocity.

In the particular case when the field and the velocity are at right
angles the force is Bex and is perpendicular to both B and #. This case
is represented in Fig. 2.6, where the magnetic field is uniform and is

FiG. 2.7

directed into the paper. Here we have an electron moving with velocity

u and subjected to a force Beu in a direction at right angles to ». This

is a case of uniform motion in a circle. For such a motion the force

towards the centre of the circle is mu?/r, where 7 is the radius. Hence
F = Beu = mu?|r and r = mu/Be.

The time ¢ for one complete circuit is 2r7/x,

ie., t = 2nm/Be

The time is thus independent of # and r; it depends only on the magnetic

field. It may also be seen that the radius of the path varies with «.

These results have importance in many devices, such as the cyclotron,

the mass spectrograph, magnetic lenses, etc.

When the electron velocity makes an angle 6 with the magnetic field
the path is helical, as shown in Fig. 2.7. The velocity may be resolved
into two components % cos 6 parallel to the field and « sin 6 perpendicular
to the field. There is no force due to the former, and the latter gives rise
to a circular motion of radius %ug sin 6. The resultant motion is due to
this circular motion round the direction of the field and the uniform
translational motion % cos 6 along the field. The radius of the helix may
be controlled by varying B.
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2.8. Motion in Crossed Electric and Magnetic Fields—The Magnetron

An important case of electron motion occurs in a combination of uni-
form electric and magnetic fields. This case is illustrated in Fig. 2.8,
where a difference of potential is maintained between two parallel plates
and there is a uniform magnetic field parallel to the plates. An arrange-
ment of this type is called a planar magnetron. If a single electron starts
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from the cathode with zero velocity it experiences a force due to the
electric field, but the magnetic field has no effect. The force due to
the electric field gives an acceleration towards the anode. As a result, the
electron moves towards the anode with increasing velocity. Now,
because of its velocity, there is a force on it due to the magnetic field, and
this force, which is always at right angles to the motion, increases as the
velocity increases. The path, therefore, is curved. If the magnetic

y ¥4
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field is sufficiently great the electron may be turned back towards the
cathode as shown in curve (a), Fig. 2.8. Energy considerations show
that at every point of the path the electron velocity depends only on the
electric potential at that point, and after the electron is turned back its
velocity decreases. As a result, the force due to the magnetic field
decreases, until at the cathode the electron comes to rest again, and there
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is no force from the magnetic field. The electron is ready to start on
another similar path as shown by the dotted line. For a weaker magnetic
field the curvature of the path is less and the electron may move to the
anode without being turned back as shown in Fig. 2.8, curve (b). The
actual shape of the electron path is determined as follows. The problem
is two-dimensional, and the co-ordinate axes are chosen as in Fig. 2.9.
The electron’s velocity at any point is resolved into two components #,
and u, parallel to the axes. These two components, along with the
magnetic field, give rise to forces Beu,and — Beu.in the x- and y-directions
respectively. Due to the electric field E there is a constant force Ee in
the y-direction. From Newton’s Second Law the equations of motion
for the x- and y-directions are then

ax d3y
m = Beu, and m = Ee — Beu,,
i % duy _ Ee _
ie., = O and T = o

where w = Be/m. By differentiating the second of these equations and
substituting from the first it follows that

duy _

an

The solution of this familiar differential equation is
%, = a cos wt + b sin wt,

where a and b are constants to be determined. When the electron starts
from the cathode,

— o2
o’u,.

duy

t=0,u4,=0, and 2

= Ee[m

Using these conditions, it is found that

a =0 and b = Ee/um.
Hence

Ee
Uy = sin wt.

Now by substitution for #, in the original differential equation it follows
that

Ee
Uz = m (1 — COS (o)t).

By integrating these two equations for #, and #,, and using the con-
dition that x = 0 and y = 0 at / = 0, it is found that the position of the
electron at time ¢ after leaving the cathode is given by

Ee .
= (ot — sin wt)

and y= f;—; (1 — cos wi).



20 PRINCIPLES OF ELECTRONICS [cH.

These two equations represent a cycloid of the form shown in Fig. 2.8.
The greatest distance reached from the cathode occurs when y has its
maximum value. This obviously is when cos wf = — 1 and the actual
distance is

Ymax = 2E¢/w?m = 2Em/|B2e.

If this distance is greater than 4, the anode-cathode distance, then the
electron is collected by the anode. The limiting case, where the electron
just reaches the anode, occurs when d = 2Em/B?%. If v is the potential
difference between the anode and cathode, then

E = v/d and B = 4/(2vm/ed?).

This value of B is known as the critical magnetic field. Tor greater
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values of B no electrons reach the anode, and for smaller values all the
electrons which leave the cathode are collected by the anode. If the
anode current of a planar magnetron is measured as the magnetic field
is varied the current should vary as shown by the full line in Fig. 2.10.
In practice, the current cut-off is more indefinite, as shown by the broken
lines in the figure. Some of the factors contributing to this indefinite
cut-off could be: (i) end effects of the finite electrodes, (ii) the electrons
do not leave the cathode with zero velocity but have a velocity distribution
(see Chapter 4), (iii) electron interaction, (iv) the magnetic field may
not be uniform throughout.

Most magnetrons in use have the electrodes as co-axial cylinders with
the magnetic field parallel to the axis. The exact analysis of this case
is difficult, but the path of a single electron is rather similar to that of
the planar magnetron. When the radius of the cathode is not much
less than that of the anode, then the electron path is nearly cycloidal.
When the cathode radius is much less than the anode radius the path is
very nearly circular (see Exx. IT). Typical electron paths for a cylindrical
magnetron are shown in Fig. 2.11. Here the numbers 1, 2 and 3 corre-
spond to increasing values of the magnetic field with a fixed anode voltage.
Curve 2 occurs at the critical value of the magnetic field. These paths
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could also be obtained with fixed magnetic field and decreasing anode
voltage.

In all these considerations of magnetrons so far the effect of space
charge has been neglected, i.e., attention has been given to the behaviour
of a single electron and any forces due to other electrons have been
ignored. Space-charge effects complicate the problem enormously.
They are considered again in Section 5.8.

2.9. Cathode-ray Tube with Magnetic Deflection

The deflection of an electron in a magnetic field is sometimes used in
cathode-ray tubes as shown in the diagram of Fig. 2.12. Two pairs of
coils XX’ and YY"’ are arranged outside the tube. The XX’ coils are
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normally placed horizontally on either side of the tube, and they are
joined in series. 'When a current is passed through these coils a vertical
magnetic field is produced inside the tube. This field, which is pro-
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portional to the coil current, causes a horizontal force on the electron
beam and produces a horizontal displacement of the spot. The other

pair of coils Y'Y’ give vertical displacement.
B
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The deflection sensitivity of this type of cathode-ray tube is deter-
mined by making simplifying assumptions similar to those made for the
electrostatic case. Over the length / of the coils it is assumed that the
magnetic field is uniform and elsewhere zero (see Fig. 2.13). If the
electron arrives at O with velocity « it describes an arc OP of a circle of
radius 7 in the magnetic field. On leaving the field, it moves in a straight
line with uniform velocity until it strikes the screen at R. The distance
L from the coils to the screen is assumed to be much greater than .
With this condition y/L =~ tan 6, where y is the deflection of the spot
and 0 is the angle between the horizontal line OM and the tangent to the
circular arc at P. If C is the centre of the circle of which OP is an arc,
then angle OCP is also equal to 6, and 6 = arc OP/r. The angle 6 is
usually small and tan 6226 and arc OP =~!I. Thus y = Li/r. But it
has already been shown in Section 2.7 that r = mu/Be, and hence

y = LleB/mu

gives the deflection produced by the field B, i.e., the deflection is pro-
portional to the coil current. The velocity % is found from the gun
voltage and the Energy Equation.

2.10. Electron Optics

Electron optics is that branch of electronics which deals with the pro-
duction of beams of electrons such as are used in cathode-ray tubes.
The motion of the electrons is controlled by means of electric or magnetic
fields, and the beams may be brought to a focus by suitable adjustment
of the fields. The whole process has much in common with the control
of light beams by means of apertures and lenses, as studied in geometrical
optics. There are ‘‘ electron lenses’’ of various types, and these have
numerous applications, the most spectacular of which is the electron
microscope, which can give a high magnification with greater resolution
than the optical microscope. Some simple types of electron lens are
considered in the next sections.

2.11. Magnetic Lens

The helical path of an electron moving in a uniform magnetic field is
considered in Section 2.7, and this is the basis of magnetic lenses. In
Fig. 2.14.a a cathode acts as a source of electrons which are accelerated
by means of a high voltage anode with a small aperture. The electrons
passing through the aperture form a diverging beam. An axial magnetic
field B is provided by means of a solenoid. The electrons which pass
normally through the aperture have no motion at right angles to B, and
their motion is unaffected. A diverging electron, making an angle 6
mu
Be
of the electrons at the aperture. As shown in Section 2.7, all the electrons
complete one helical * pitch ’’ in the same time, equal to 2nm/Be. The

with the axis, describes a helix of radius sin 6, where # is the velocity
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distance travelled along the axis is then ‘%T":’-‘ cos 0, since % cos 0 is the
axial component of the velocity. If 6 is small, cos 6 is nearly unity, and
hence all the electrons have approximately the same relative positions
at I, at a distance 2rnmu/Be along the axis. The paths of several electrons
are shown in Fig. 2.14.4, and it is seen that they come together at I,
where an image of the aperture is formed. This type of magnetic lens
gives unit magnification.
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A second type of magnetic lens uses a non-uniform magnetic field such
as is formed by a short coil, Fig. 2.14.5. We consider an electron travel-
ling from the left parallel to the axis but above it, and entering the field
of the coil. There is an inward radial component of the field, and this
gives the electron a velocity component sideways out of the plane of the
paper. This velocity component is normal to the axial magnetic field,
and gives rise to a component of force towards the axis. When the
clectron passes through the coil it is in a reversed radial field which
gradually reduces the sideways component of the velocity. As long as
there is any sideways velocity there is a force on the electron towards
the axis. The electron therefore emerges from the lens with a velocity
directed to the axis, and it ultimately intersects the axis at some point
I'.  Since we started with a parallel ray, F is the focus of the lens.

2.12. Electrostatic Electron Optics

The force on an electron in an electric field is in the direction of in-
creasing potential. Now consider an electron moving with velocity #, in
a region where the potential is v; and which is separated by a small planar
gap from a region where the potential is v, (see Fig. 2.15). There is no
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force on the electron except in the gap, where the force is normal to the
boundary. After crossing the gap the electron moves with velocity u,.
There is no change in the electron velocity parallel to the gap, and hence

%, sin ¢ = u, sin 7,
ie., #,/t4; = sin ifsin 7,
where ¢ and 7 are the angles between the beam and the normal to the
boundary as shown. Using the Energy Equation, it follows that

sin i/sin 7 = v/2,/Vv,.

In the refraction of a light ray at the boundary of two media there is a
similar formula of the form

sin ¢/sin 7 = ny/n,,
where 7, and n, are the refractive indices of the two media. Thus Vv

~
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in electron optics is analogous to # in geometrical optics. In electrostatic
fields the potential does not change discontinuously, so that the strict
optical analogy would require a medium with continuously variable
refractive index.

2.13. Electrostatic Lenses

Fig. 2.16 represents a section through two equal co-axial cylinders
separated by a small gap and maintained at potentials v; and v,. The
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scctions through some surfaces of equal potential are also shown. Three
representative rays of a divergent electron beam are shown entering the
ficld. The force acting on an electron is in the direction of increasing
potential and is perpendicular to the equipotential surfaces as shown by
the small arrows.  Thus up to the gap the electron paths converge towards
the axis, and after the gap they diverge again. Although the field is
symmetrical about the gap, the divergence is less than the convergence,
since the electrons are moving with slightly greater velocity after the gap.
In addition, the force towards the axis increases with the distance from

—& FORCE ON ELECTRON
Fic. 2.17

the axis. This system therefore acts as a converging lens, and the ** focal
length’’ may be altered by varying the potential difference between the
cylinders. Electrostatic cylindrical lenses are sometimes constructed
with cylinders of unequal radius.

Various electrostatic lenses can be formed by means of apertures in
diaphragms. The nature of the lens depends on the potentials of the
diaphragm and the regions on either side of it. An aperture lens is shown
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in Fig. 2.17. An aperture also serves the purpose of limiting the size of
the beam which passes through.

The electron gun in a cathode-ray tube is usually a combination of
aperture and cylindrical lenses. An example is shown in Fig. 2.18,
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where there is an aperture lens and a cylindrical lens. The intensity of
the beam or “ brightness '’ is adjusted by varying the voltage of the
control electrode, and the focus is controlled by means of the first anode

voltage.
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In the electron microscope either magnetic or electrostatic lenses may
be used, and the lenses correspond to the condenser, objective and pro-
jector of an optical projection microscope. One system is illustrated
in Fig. 2.19.



CHAPTER 3
ELECTRONS IN MATTER

3.1. Electrons in Matter

In Chapter 2 the free electron is considered as a small negative charge
having a certain mass. In order to explain some observed properties of
clectrons it is necessary to assume that an electron also has a magnetic
moment, which may be considered as due to the spinning of the electron
charge about an axis. This spin is significant only in a magnetic field,
and the axis of spin has meaning only with reference to the direction of
the field. The spin may be in one of two possible directions relative to
the axis. Electron spin does not concern us to any great extent in
clectronics. It is introduced briefly in the present chapter, in which we
consider the energies of electrons in association with matter.

3.2. Electrons in Atoms—Energy Levels

According to modern ideas, an atom of an element consists of a positive
charge or nucleus surrounded by one or more negative charges or electrons.
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Nuclei are much more massive than electrons. In a normal isolated

atom the total negative charge of the electrons equals the positive charge

of the nucleus, and the atom as a whole is electrically neutral. The

simplest atom is that of hydrogen, which has a nucleus, called a proton,

and a single electron. In order to remove this electron from the normal
27
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atom it is found that the minimum amount of energy required is always
the same. It is concluded that the energy of the electron in the normal
atom has one unique value and is the same for all isolated hydrogen atoms.
The electron may acquire additional energy, say from impact with a fast
moving particle, and the atom is said to be excited to a higher energy
state or level. It is found, however, that only certain definite total
energy values are possible; intermediate energy levels are not observed.
This remarkable result has been established experimentally by the study
of the radiation spectra of elements. The possible energy states for the
isolated hydrogen atom are shown in Fig. 3.1, where the normal unexcited
level is chosen arbitrarily as the zero of total energy. It is seen that
excitation of the hydrogen atom requires at least 10-2 eV of energy from
some outside source. Higher energies may excite the electron to levels
such as B (12-1 eV), C or D. Electrons do not remain in these excited
levels but return to the unexcited state in one or more steps, staying at
each excited level for a short time of about 10-8 sec. During each step
a photon of radiation is emitted in accordance with the familiar relation

hf = E, — E,,

where f is the frequency, 4 is Planck’s constant (6-6 x 10-34 joule seconds)
and E, and E, are the two levels of energy associated with the step.

When the electron is removed altogether the atom is ionized and is left
with a positive charge. The energy required to just ionize a normal atom
is the ionization energy, and for a hydrogen atom this is 13-6 eV ; hydrogen
is said to have an ionization potential of 13-6 V.

In the helium atom there are two electrons. In the normal isolated
atom these two electrons have the same energy but they have opposite
spins. In lithium with three electrons two have the same energy and
opposite spins; the third electron has a greater energy. As we continue
up the periodic table to atoms with higher atomic number and more
electrons, it is found that only certain energy levels are possible and that
each level may be occupied by two electrons, which always have opposite
spin.

The atoms with greater atomic number can also be excited to higher
energy states by external means. However, as there are now several
electrons, there is greater complexity of energy levels and corresponding
spectra. In Table 3.1 are given some excitation and ionization potentials
for some of the elements commonly used in electronics; these are the
least values required, firstly, to just excite the atoms, and, secondly, to
just ionize an atom by releasing a single electron. In the latter case the
electron involved is the one of highest energy in the normal atom.

Some atoms have excitation levels which are occupied for quite long
times, 102 sec, compared with the normal excitation levels. Such atoms
are said to be in a metastable state. In this state a further acquisition of
energy may take the atom to a higher level of the normal short period
type. The atom may then return to its unexcited state by the emission
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of radiation. The importance of the metastable states is that they permit
cxcitation or ionization of atoms in two steps. Mercury has metastable

First excitation First ionization
Atom. potential. potential.
v v
Hydrogen 10-2 13-6
Helium 20-9 24-6
Neon 16-6 21-6
Sodium 2-1 51
Argon 11-6 15-8
Krypton 10-0 14-0
Xenon 84 121
Mercury 49 10-4

TABLE 3.1.—EXCITATION AND IONIZATION POTENTIALS OF
VARIOUS ATOMS

states, and they play an important part in the flow of charge in mercury
vapour (see Section 5.13).

3.3. Electrons in Gases

So far we have been considering electron energy levels in isolated
atoms. We shall see in the next section that there are significant changes
in the energy levels when atoms are brought close together. However,
in gases the atomic spacing is so great that the changes are small, and
the ionization and excitation potentials given in Table 3.1 are also approxi-
mately correct for gases.

For electrical conduction to occur in any substance there must be some
free charges available. In a gas these charges are produced by ionization.
When an atom is ionized electrical conduction may occur by movement
of the electrons or the positive ions, or both. The conductivity of the
gas, o, is given by the expression

G = ¢iPilti + €Pelle,

where ¢; and ¢ are the charges of the ion and the electron respectively,
p is the number of charges per unit volume and u is the charge mobility,
i.e., the ratio of the average drift speed to the applied electric field. On
account of the difference in mass, electrons have much greater mobility
than ions and the conductivity of gases is due mainly to the electrons
(see Section 5.15).

3.4. Electrons in Solids

In solids the atoms tend to arrange themselves in an ordered array or
crystal lattice. The nuclei are more or less fixed in this array, and the
spacing between them is such that the electrons of adjacent atoms inter-
mingle to some extent. The effects of intermingling are greatest with
the outermost or valency electrons which have the highest energies. By
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studying the X-ray spectra of solids and by relating the spectral dis-
tributions to the electron energies it is found that the atomic proximity
modifies the energy levels. In the isolated atoms corresponding electrons
all have the same energy, and in each atom only two electrons may have
the same value of energy. In an assembly of N atoms corresponding
electrons do not have identical energy. There are now N possible energy
states close together, and again only two electrons of opposite spin may
occupy the same state. Thus the N energy states may accommodate a
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maximum of 2N electrons. The single energy level of the isolated atom
has become a band of energies in the solid. The individual energies
within the band are so close together that the energy band may be con-
sidered to be continuous for many purposes. As an example we may
consider the metal lithium, the simplest atom which forms a solid at
ordinary temperatures. In the isolated atom we have seen that there are
three electrons, two with the same energy value and one with higher
value as shown in Fig. 3.2.a. In the solid the lower level forms a band
of 2N electrons occupying N different energy states. The higher level
forms a wider band also of N energy states; 2N electrons could be
accommodated in this band, but as there are only IV electrons available
the energy band is half filled (see Fig. 3.2.0). There are also unoccupied
excitation bands in the solid corresponding to the excitation levels of the
isolated atoms. In some solids there is a gap between the occupied band
and the first unoccupied band; in others adjacent energy bands overlap.

In addition to revealing the existence of electron energy bands in
solids, the study of X-ray spectra can establish the actual distribution of
electrons amongst the available energy states within a band. In the
case of the half-filled band corresponding to the valency electrons in
lithium it is found that the electron distribution follows a curve of the
form shown in Fig. 3.3. Here the ordinate »ng is such that #zdE is the
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number of electrons per unit volume with energy lying between the limits
I and E + dE. The area between the curve and the x-axis thus equals
the total number of electrons per unit volume. At very low temperatures
all the lowest energy states are occupied and there is a sharp limit to the
distribution at Wg, which is called the Fermi level. If the solid is given
some additional energy, say by heating, then some electrons occupy
cnergy states above Wpr, thereby

leaving unoccupied states below W, ng
as shown by the dotted line. There

is continuous exchange of energy

taking place between the electrons, .
and the higher energies are occupied
only for a short time by individual

®

clectrons. On the average there are N
always some electrons in the higher o ¥ enerov (E)
levels. The Fermi level may be de- [

fined as the mean energy about which Fic. 3.3

the higher electron energies are
perturbed when the solid is heated above absolute zero.

Additional energy may be given to electrons by means of an external
clectric field. The random variations of energy and motion still occur,
but the external field brings about an increase of average energy in a
given direction, i.e., a current flows. It is only possible to give increased
energy provided the highest occupied energy band is unfilled as in
lithium. If the band is filled and there is an appreciable gap to the next
unoccupied band the solid is an insulator. If the gap is not too great,
then thermal energy may be sufficient for some electrons to bridge the
gap, and then they can take part in the process of electrical conduction.
Thus in insulators the number of conduction electrons increases with
temperature, and so does the conductivity. The lowest unfilled energy
band is frequently called the conduction band.

The atom beryllium has four electrons, which, in the solid, fill two
cnergy bands. However, the upper of these bands overlaps the next
vacant band so that beryllium is a good conductor.

We have just seen that the conductivity of insulators increases with
temperature. The reverse is true in conductors. Increase of tempera-
ture does not affect the number of conduction electrons in a metal. The
average energy and random motion of the electrons increase, but at the
same time there is increased amplitude of vibration of the atomic nuclei
about their fixed equilibrium positions. These vibrations interfere with
the energy exchanges between the electrons, and as a result the con-
ductivity of a metal decreases with temperature.

3.5. Carbon and the Semi-conductors

Carbon in its diamond form is of particular interest, since its crystalline
structure is similar to that of the important semi-conductors, silicon and



32 PRINCIPLES OF ELECTRONICS [cn.

germanium. These three elements are tetravalent, and they form crystal
lattices in which each atom is surrounded symmetrically by four other
atoms forming a tetrahedral crystal as shown in Fig. 3.4. Each atom
shares a valency electron with each of its four neighbours, thereby form-
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ing a stable structure. The diamond lattice may be represented sym-
bolically by the two-dimensional diagram of Fig. 3.5, in which the circles
represent the atom cores consisting of the nuclei and inner electrons with
resultant charge -+ 4; the dots represent the valency electrons. In this
arrangement the electrons are seen to be bound to the atoms. The shared
electrons form co-valent bonds between the atoms. In terms of energy
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levels the valency electrons occupy filled energy bands which overlap,
and there is a gap to the next unoccupied or conduction band as shown
in Fig. 3.6. The width of the energy gap Eg¢ is a measure of the strength
of the co-valent bonds. The minimum additional energy required for
conduction to take placeis Eq. The differences in the electrical properties
of carbon (diamond), silicon and
germanium depend largely on their
values of Eg, which are respectively
7, 1-1 and 0-7 eV. The large gap for
diamond means that at all ordinary
temperatures there are no electrons
in the conduction band and dia-
mond is a good insulator. For both
silicon and germanium, thermal
cnergies are sufficient to bridge the
cnergy gap, and these materials have
some conductivity at normal room Free’
temperatures. Their conductivities ELECTRON
increase with temperature. When

clectrons acquire sufficient energy to

bridge the gap E¢ they leave vacant

cnergy levels near the top of the valency band. Other electrons in that
band may therefore increase their energy by moving into the vacant
levels. Vacancies then occur at a lower energy level. These vacant
levels due to the absence of electrons are called ‘‘ positive holes . Thus
conduction is due to the movement of electrons with energies in the
conduction band and an equal number of positive holes in the valency
band. The conditions in the lattice are shown diagrammatically in
Fig. 3.7. Materials of the type described in this section are called
intrinsic semi-conductors.

POSITIVE
HOLE

Fic. 3.7

3.6. Impurity Semi-conductors

The behaviour of intrinsic semi-conductors can be modified consider-
ably by the presence of small quantities of impurities, particularly when
the impurity atoms have either five or three valency electrons. In the
former case the impurity atom may replace a germanium (or silicon) atom
in the crystal lattice, contributing four electrons for the co-valent bonds
and leaving one over. As long as the impurity atoms are far apart, the
single electron behaves rather as it would in an isolated atom. The energy
of this electron is just less than that of the conduction band of the
germanium, and it may easily be excited by thermal energy into this
band and so take part in conduction. An impurity atom of this type is
known as a donor, as it gives an electron to the germanium conduction
band. With a suitable proportion of donor atoms the conductivity may
far exceed that of the intrinsic semi-conductor. The conduction is now
mainly by electrons in the conduction band, and the material is called
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an n-type semi-conductor (negative carriers). Phosphorus and arsenic
are impurities which give n-type conduction in germanium or silicon.
When the donor atom gives an electron to the conduction band its core
is left with a positive charge. However, this positive charge is fixed in
the crystal lattice and cannot take part in the conduction process. The
n-type semi-conductor is illustrated diagrammatically in the energy
diagram of Fig. 3.8.a and the lattice diagram of Fig. 3.8.b. The Fermi
level at room temperature of an #n-type semi-conductor occurs in the
energy gap but near to the bottom of the conduction band.

When an impurity atom having valency three replaces a germanium
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atom in the lattice there is a positive hole available for electrons. The
energy of the vacant level is just above the filled valency band of the
germanium, and an electron may be easily excited thermally into the
vacancy, leaving a positive hole in the valency band. Electrical con-
duction is now by means of positive holes, and we get p-type germanium.
The impurity in this case is an acceptor, since it accepts electrons from
the valency band of the parent material. Aluminium, boron and indium
act as acceptor impurities with germanium and silicon. Fig. 3.9.a and &
illustrates the p-type semi-conductor. The Fermi level in this case also
occurs in the energy gap but near to the top of the valency band. Since
the energies of the conduction and valency bands are the same for both
types of material, the Fermi level for p-type germanium is less than for
n-type.

The conductivity of impurity semi-conductors can be varied over a
wide range by varying the concentration of impurity. When the tempera-
ture is raised intrinsic semi-conduction is increased and the proportion
of majority carriers in either n- or p-type material decreases. It should



3] ELECTRONS IN MATTER 35

be noted that even when conduction is due primarily to electrons or to
positive holes the net charge of a semi-conductor is zero.

We may thus picture semi-conductors as having free charges consisting
of electrons with energies in the conduction band and positive holes in
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the valency band. The electrons and holes have random motion through
the crystal. When an electric field is applied there is superimposed on
the random motion a drift of electrons in one direction and positive holes
in the opposite direction. The process is very similar to that occurring
in gases, where there are also negative and positive carriers, and the
conductivity o of a semi-conductor may be expressed in the form
G = e(Pp!‘-p + Pnl“-n);

where p and p again give the density and mobility of the carriers. In
many semi-conductors one or other type of carrier is predominant. The
mobility of electrons is somewhat greater than the mobility of holes.
These conditions should be compared with those in gases. One major
difference between gases and semi-conductors is the method of producing
the carriers. Thermal energies are sufficient to produce ionization in
semi-conductors, but collision processes are necessary in gases, where the
ionization energy is much greater.

The marked variation of conductivity with temperature in semi-con-
ductors is put to practical use in a number of ways for measuring and
controlling temperature. Materials prepared for this purpose are known
as thermistors; they are characterized by a large negative temperature
coefficient of resistance.

3.7. The p-n Junction

Due to the presence of donor impurities in #-type germanium, there
are always electrons in the conduction band. Also due to thermal energies
a few electrons are excited into the conduction band, leaving behind some
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holes in the valency band. Thus in n-type germanium there is an excess
of conduction electrons but there are some holes in the valency band.
Some electrons are always falling back into the holes as well as into the
donor levels. The whole process is a dynamic one, with some statistical
average distribution depending on temperature. Corresponding dynamic
conditions exist in p-type germanium, where positive holes in the valency

band are in the majority but

there are always some elec-

:’ :‘ trons in the conduction band.
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{COW the materials are electrically
ELECTRON neutral, and both diffusion
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LEVELS { EAEL65 processes result in the p-
ZL—% } material becoming negatively
charged and the n-material
Fic. 3. 10 positively charged as shown
in Fig. 3.10. It should be
pointed out that the charged regions at the boundary are not due to excess,
but to deficiency of carriers. Thus an electrostatic field is set up which
tends to oppose the movement of the charges and there is a potential dis-
tribution across the boundary as shown in the diagram. Equilibrium occurs
when the resultant average current of holes and electrons in both directions
is zero. In this equilibrium electrons may be excited by thermal energy
from 7 to p conduction levels and subsequently combine with holes in the
valency band in the p-material. At the same time minority electrons
created in the p-material can fall freely across the junction, giving a flow
of negative charge in the opposite direction. Similar flow of holes may
occur in both directions across the junction, but the net current in the
equilibrium condition is zero. Equilibrium occurs when the Fermi level
is the same in both materials. Thus the equilibrium energy levels in the
p-n junction are as shown in the energy diagram of Fig. 3.10. At
the same time there is the electrostatic difference of potential across
the junction as described above. As shown in Chapters 5 and 6, these
various effects explain the behaviour of junction diodes and transistors.
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3.8. Contact Potential in Metals

In a metal the Fermi level lies close to the top of the filled part of the
conduction band. The actual value varies from metal to metal. Like-
wise, the density of conduction electrons varies with the metal. When
two metals are brought into contact there is again diffusion of electrons
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due to difference in concentration, and equilibrium occurs with an
electrostatic potential difference across the junction and alinement of
the Fermi levels. However, the highest energy electrons can move
cqually readily in either direction across the junction. The conditions
are illustrated in Fig. 3.11. This case should be contrasted with the p-»
junction, where thermal energy is required to move electrons from #- to
p-material but they may fall freely from p ton. This fundamental differ-
ence is due to the fact that conduction electrons are in the majority of the
current carriers in #-type germanium but in the minority in p-type. In
metals only conduction electrons are concerned.

The contact potential difference between two metals is not affected
by the insertion of any number of other metals between them. Its value
is equal to the difference in work function of the two metals (see Chapter
4). Contact potential difference is of importance in valves. For ex-
ample, it may exist between the anode and cathode of a diode, and it is
additive to any externally applied potential difference.



CHAPTER 4
ELECTRON EMISSION

4.1. Electron Emission

Many electronic devices depend for their operation on the movement
of electrons across the space between two electrodes in a vacuum. This
process involves the emission of electrons from one of the electrodes. In
this chapter we consider some of the factors governing electron emission.

In a metal many electrons are free to move in a random manner
amongst the atoms of the crystal lattice, and the electron-energy dis-
tribution is of the form shown in Fig. 4.1.a. This distribution assumes,
amongst other things, that each electron moves in the metal in a region
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of constant potential, and that there are no electric forces acting on the
electron on the average. Since the forces are due to all the atoms and
free electrons, then in the interior of the metal the assumption of zero
force on the average is reasonable, since each electron has a very large
number of atoms and electrons on all sides of it. Some of the electrons
near the surface have, in their random motion, velocities directing them
outwards from the metal surface. These electrons are no longer sur-
rounded on all sides by charges. Fig. 4.2 represents an electron which
has moved a distance x from the surface of the metal. As the electron
has left the metal, the latter is positively charged by an amount + e.
There is a force of attraction between the negative electron and the
positive metal. The amount of this force may be determined by the
method of images, and is equivalent to the force between two equal and
38



ELECTRON EMISSION 39

CH. 4]
opposite charges separated by a distance 2x. Thus the retarding force
is given by
e 1
F=to 1,

The variation of this force with x is shown by the full line in Fig. 4.3.a.
The above expression assumes that the metal has a continuous surface

SURFACE
O O O
O O//O’_ ~‘\‘\

P2 - - S
0€EB e Toe Ty
AR O
IMAGE ‘\\ Seea _--—"/.

O O &6-4p----~
=X & X -
O O O
FiG. 4.2

and is therefore true only for values of x large compared with the atomic
spacing. Inside the metal we have assumed that F is zero, and hence
the effective force on the electron near the surface must take a form similar
to the broken curve in Fig. 4.3.a. As an electron moves out from the
surface, work must be done against the retarding force of amount

W= / “Fax.
0

W is thus the area under the curve of F and is asymptotic to some value
W,, which is the work done against the retarding field by an electron in
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escaping from the surface (see Fig. 4.3.b). W, represents a ‘‘ potential
barrier *’ which must be surmounted if an electron is to escape com-
pletely from the metal. In order to get over the barrier an electron must
have kinetic energy satisfying the relation

dmu? > W,
where u is the component of velocity normal to the surface. Any electron
with a value of « less than this limiting value is brought to rest before it
has surmounted the barrier and returns to the metal. In Fig. 4.1.a only
the relatively small number of electrons with energies greater than W,
may be emitted. It should be noted that by no means all these electrons
escape. The kinetic energy must be associated with a velocity at right
angles to the surface. An electron with kinetic energy just equal to W,
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is emitted with zero velocity. Those with greater energy are emitted
with velocity #g, where
dmug? = Imut — W,.

There is therefore a distribution of velocities of the emitted electrons as
shown in Fig. 4.1.b. It might be thought at first that most electrons
would be emitted with zero velocity. It is true that there are more
electrons in the metal with energy equal to W, than with higher energies.
However, the velocities of these electrons are distributed in all directions,
and a negligible number are moving precisely normal to the emitting
surface.

In a metal at absolute zero there are electrons with energies up to We,
the Fermi level. The additional energy required for emission is then

W, — We=¢.

This quantity ¢ is called the work function of the metal surface. It is
usually measured in electron-volts. The work functions of various sur-
facesliein therangelto6eV. The conditions for electron escape from the
surface of a metal are summarized in Fig. 4.4. The energy distribution
of the electrons in the metal is shown at the left, where Fig. 4.1.a has been
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turned through a right angle in order that the energies may be compared
with the potential barrier.

If a suitable electric field is created near the surface of the emitter (or
cathode) by having a nearby electrode (or anode) at a positive potential
with respect to the emitter, then the escaping electrons are collected and
a current flows from the cathode to the anode. The electrons which
escape are amongst those with the greatest energies and the emission
current causes a loss of energy from the cathode. Emission is therefore
accompanied by a drop in temperature of the cathode. The actual drop
is small, but it can be measured. The process of evaporation of electrons
is closely analogous to the evaporation of molecules of liquid. The cool-
ing of the cathode arises from the latent heat of evaporation of electrons.

If there is no collecting electrode, then the emitted electrons form a
cloud of negative charge near the cathode, creating an opposing field
which tends to drive the electrons back. An equilibrium condition is
set up with electrons continuously entering the cloud and returning to
the cathode. This equilibrium is also very similar to that occurring
between a liquid and a vapour.

4.2. Types of Emission

At room temperatures very few electrons have sufficient energy to
enable them to escape from a solid. The additional energy may be
supplied in a variety of ways. When it is in the form of heat we have
thermionic emission or primary emission. Alternatively, the electrons
may be given the extra energy by the impact on the surface of the solid
of fast electrons or positive ions, and then we have secondary emission.
Thirdly, if the energy comes in the form of radiation there is photo-
electric emission. There is another type of emission in which the elec-
trons are not necessarily given additional energy but the potential
barrier is reduced by means of a strong external electric field. This is
known as field emission.

4.3. Thermionic Emission—Richardson’s Equation

As the temperature of the cathode is increased more of the electrons
have sufficient energy to escape. The relation between the temperature
and the number of electrons emitted per second from unit area of the
cathode has been established by Richardson in the form

Js = AT2eHIT,
where Jg = current per unit area, T = absolute temperature, and 4 and
b are constants. It can be shown that b is related to the work function
¢ by the equation
b= ¢k,

where % is Boltzmann’s constant. If ¢ is in electron-volts and % in
joules/° K, then

b = 11,600 ¢,



42 PRINCIPLES OF ELECTRONICS [cn.

and b is said to be the temperature equivalent of the work function, in
degrees absolute. The validity of Richardson’s Equation can be con-
firmed by plotting log. Js/T? against 1/T for a diode, in which all the
emitted current is collected at the anode for various cathode temperatures,
which may be measured with an optical pyrometer. Curves for three
commonly used thermionic cathodes are shown in Fig. 4.5. The straight
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lines confirm the validity, and they may be used for approximate deter-
mination of 4 and ¢. It is found that 4 varies from 60 A cm™ (° K)~2
for many pure metals to 0-01 for a mixture of barium and strontium oxides.
The work function ¢ ranges from 6 eV for platinum to 1 eV for the same
oxide mixture. It is seen from Richardson’s Equation and the curves

A, é b LV,Z”::’E Emission | Emission
Substance Acm™ | °K f “p . density, | efficiency,
(CK) : oK mA/cm?, | mA/W.
Tungsten . .| 60 45 52,000 2,600 250 4
Thoriated tungsten 3 2-6 30,000 1,900 1,500 60
Barium oxide and
strontium oxide 0-01 1-0 12,000 1,000- 300 200
on nickel 1,100

TABLE 4.1.—PROPERTIES OF THERMIONIC EMITTERS.

of Fig. 4.5 that the emission density Js depends much more on b or ¢
than on 4. Js also increases rapidly with temperature, so that an im-
portant factor in determining the suitability of a material as an emitter
is the maximum working temperature. Of the pure metals tungsten is
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the most widely used, largely on account of its high melting point.
Values of 4, b and ¢ for various materials used as emitters are summarized
in Table 4.1.

4.4. Thoriated Tungsten

A mixture of two metals may have a lower work function than either
of the pure metals alone. Thus a tungsten emitter with a small quantity
of thorium has a work function of 2-6 eV, compared with 3 4 for thorium
and 4-5 for tungsten. At the same time the thoriated tungsten may be
used at a temperature

above the melting point of ENERGY GAINED IN

thorium. Thus thoriated ESLS, THRUGH

tungsten has the advant- ~ W|

age of a reduced work

function and a high work- -

ing temperature. During W' %%%‘E&'é#%n
operation the thorium OUE O eaPOLE
gradually evaporatesfrom W, -» --

the surface but more

atoms diffuse from the WF™] TTTTT

core, maintaining the con-

ditions at the surface. ~

The working temperature FIG. 4.6

must be restricted to pre-

vent excessive evaporation of thorium. The thorium is introduced in
the form of the oxide thoria (about 1 per cent).

It is believed that a single layer of thorium atoms is formed on the
surface of the tungsten and serves to reduce the potential barrier. The
atoms arrange themselves on the surface as dipoles with their positive
sides on the outside. An electron passing through the dipole layer has
a considerable outward acceleration. As a result, the potential barrier
is reduced after the manner of Fig. 4.6. At first sight it appears that an
electron requires to have energy W' for escape in order to get over the
top of the barrier. However, in the case of a narrow barrier of the type
shown in Fig. 4.6, it is possible for an electron to ‘* tunnel *’ through the
peak. Thus minimum energy needed for escape is W,. The ** tunnel
effect *’ can be explained using the Principle of Uncertainty.

4.5. Oxide-coated Cathodes

Oxides of any of the alkaline-earth metals (calcium, strontium and
barium) have very good emission characteristics. They have to be sup-
ported on a suitable metal base, which may affect the emission. The
usual combination is a base of nickel, coated with a mixture of about
equal parts of barium and strontium oxides. Oxide-coated nickel
cathodes are used in practically all small thermionic valves. Although
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they have been in use and have been studied continuously for many
years, their behaviour is still not fully understood, and widely differing
values of the emission constants have been quoted.

4.8. Comparison of Various Thermionic Emitters

Pure tungsten, thoriated tungsten and oxide coatings all have their
uses as thermionic emitters. The work functions are respectively 4-5,
26 and 10 eV, and the corresponding operating temperatures are
2,500° K, 1,900°K and 1,000° K. Of course the emission from any
material increases rapidly with temperature, but the maximum tempera-
ture is limited to a value that gives a reasonable life. This is usually
determined by the rate of evaporation of an essential constituent—
tungsten, thorium and barium respectively in the cases under con-
sideration.

Since oxide-coated cathodes give their emission at much lower tempera-
tures than either of the tungsten cathodes, they require much less energy
to heat them. The ratio of the emission current to the heating power,
usually measured in mA/W, is called the emission efficiency. Another
important parameter of an emitter is the emission current per unit area
at the operating temperature (see Table 4.1). The values quoted are
subject to wide variations, particularly for emitters other than pure
tungsten. As already stated, the emission densities may be increased
considerably by operation at higher temperatures, but this results in
reduced life. The figures in the table are all based on continuous opera-
tion. Under certain intermittent conditions much higher emission cur-
rents may be obtained, especially from oxide coatings. Increases up to
20 times have been quoted for operation in pulses of 1 us duration. Cur-
rent densities of 100 A/cm? and more have been obtained from oxide
cathodes in high-voltage pulsed operation, but some of this may be due
to the large electric field causing enhanced emission.

In addition to emission density and emission efficiency, electrical and
mechanical robustness are important properties of emitters. In any
valve, no matter how careful the evacuation, there are always present
large numbers of gas molecules which may form ions by impact with
electrons when current flows. The positive ions move under the influence
of the electric field and finally strike the cathode. If high voltages are
used the cathode is subject to considerable bombardment and may be
damaged, particularly in the case of oxide coatings. For this reason
continuous operation with oxide cathodes is limited to less than 2,000 V.
Thoriated tungsten cathodes are also liable, to some extent, to be
damaged by ion bombardment, and their use is restricted to voltages
of about 5,000 or less. Pure tungsten cathodes may be used at still
higher voltages up to 20,000. The ability to withstand high-voltage
operation may be called electrical robustness.

When mechanical robustness is considered the position is reversed
and the oxide coating is distinctly superior to either of the tungsten
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cathodes. This is particularly true when the oxide cathode is used in
the indirectly heated form which is described below. Tungsten cathodes,
which are usually in the form of wire filaments, are inherently fragile.

The fields of use of the various types of cathode may be summarized
roughly as follows. On account of the high emission efficiency, oxide-
coated cathodes are used whenever possible. All receiving valves, small
transmitting and amplifying valves and gas-filled valves have oxide
cathodes. Pure tungsten is used in the largest valves, where high powers
or high voltages are involved, as in large transmitters, high-frequency
industrial heating sets and X-ray generators. Thoriated tungsten is
used in some medium power valves. In high voltage pulsed applications,
such as radar, oxide-coated cathodes are generally preferred.

4.7. Mechanical Form of Thermionic Emitters

Practically all tungsten and some oxide-coated cathodes are con-
structed from wire filaments. Filamentary cathodes are heated directly
by passing current through them.
There is therefore a potential drop OXIDE COATING
along the cathode, and for some

purposes this is undesirable. This Q) ‘
difficulty is eliminated in the in- =
directly heated cathode, two forms KI —_
of which are illustrated in Fig. 4.7.

In each of these a nickel cylinder has
an oxide coating on part of its out-
side surface, and it is heated with a
separate wire inside the cylinder.
The heater is usually of tungsten
coated with alumina to insulate it cvLinorICAL caTHODE
from the cathode. Indirectly heated FiG. 4.7
cathodes are normally used with oxide
coatings where the nickel base may be formed readily in any convenient
shape.

In some directly heated cathodes, particularly in large transmitting
valves, the magnetic field produced by the heating current may influence
the electron flow.

PLANAR CATHODE

4.8. Secondary Emission

When a beam of electrons or other particles strikes a surface with
sufficient energy secondary electrons may be knocked out of the surface.
The emitted electrons are called secondary to distinguish them from the
incident or primary beam. The energy of the primary electrons must
exceed some minimum value, and at first the number of secondaries
increases with the primary energy. The ratio of the number of secondaries
to the number of primaries is called the secondary emission coefficient, 8.
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The value of 8 depends not only on the energy of the primary beam but
also on the nature of the surface and the angle of incidence of the beam.
The variation of & with the energy of the primaries usually follows a
curve of the form shown in Fig. 4.8. As the primary energy increases §
rises fairly rapidly at first as more secondaries are knocked out. At
some voltage, usually in the region of a few hundred volts, 8 reaches a
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maximum and then drops slowly. When a primary electron is moving
very fast it may penetrate some distance into the metal before striking
an electron, and this electron has less chance of escape than one released
near to the surface; hence the maximum in the curve for 3.

In a diode with a positive anode the emission of secondary electrons is
relatively unimportant, since they are immediately attracted back to the
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positive anode. However, in a valve with two positive electrodes the
secondary electrons emitted by one of them may be collected by the other.
In Fig. 4.9 a primary beam strikes a target electrode 4, and the emitted
secondaries go to the surrounding collector A,. The effect of the
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sccondary emission is to reduce the target current ¢;. If the secondary
emission coefficient is greater than unity, then the secondary current
cxceeds the primary current and 7, is negative. The total electrode
current ¢; + 1, is, of course, equal to the primary current, and is unaffected
by secondary emission.

Electrodes with values of 8 > 1 may be used to give current amplifica-
tion. By use of an arrangement such as that shown in Fig. 4.10
with several secondary emitting electrodes, large amplifications are
possible. If & is the coefficient for each electrode, then the current from
the primary cathode is amplified at the final collector 4 by a factor of
8", where # is the number of secondary emitting electrodes. The primary
beam in a device of this kind is usually produced from a photo-electric
cathode and the tube is called a photo-multiplier. Current amplifications
of the order of 10® may be obtained with tubes of this type. Satisfactory
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PRIMARY
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operation of multiplier tubes depends on the production of surfaces with
values of & greater than unity by an appreciable amount. For clean
metal surfaces & ranges from about 0-5 to 1-5 at the optimum voltage.
However, certain surface impurities consisting of thin layers of insulators
or semi-conductors give values up to about 10 or even more. Caesium
oxide on a base of silver with a value of § about 6 is used in photo-multi-
pliers. Satisfactory operation of multipliers depends not only on having
high values of 8 but also stable values of §, if uniform performance is to
be obtained. Since & varies with the electron velocities, very stable
voltage supplies are essential.

Secondary emission plays an important part in the operation of a
cathode-ray tube. The phosphors which are used in the screen are
insulators, and but for secondary emission the screen would develop a
negative potential as the primary electrons are collected. The negative
potential would increase until it exceeded the cathode potential, and then
no more electrons would reach the screen. However, there is secondary
emission from the screen, and the screen potential automatically adjusts
itself to an equilibrium value nearly equal to the beam voltage.

Secondary emission occurs in many other electronic devices, and it may
modify the working conditions considerably. Its effect on the charac-
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teristics of triodes and tetrodes is considered in Chapter 6. Where it is
desirable to minimize secondary emission from an electrode, its surface
is sometimes coated with carbon black, for which 3§ is 0-5.

4.9. Photo-electric Emission

Photo-electric emission occurs when electrons are emitted from a
surface as the result of incident radiation falling on the surface. The
energy for emission is supplied to the electrons by the photons of radiation.
An essential condition for emission is that the energy of a photon must
exceed the work function of the surface, i.e.,

hf > ¢

where ¢ is the work function. Thus the higher frequency (shorter wave-
length) radiations are more effective in producing photo-electric emission.
For a given surface the wavelength corresponding to Af = ¢ is called the
threshold wavelength, and it may be verified that it is given by

A= 12,400/ A,

where ¢ is in electron-volts. Emission is not possible with radiation of
longer wavelength. TFor photo-emission to occur in the visible spectrum

RELATIVE |
INTENSITY

1001
801
60
40

204

o

8000 10000 12000

WAVELENGTH X
Fic. 4.11

4000 6000

with light of wavelength 6,000 A, the work function of the emitter must
be about 2 eV or less. Amongst the pure metals only caesium (1-9)
satisfies this condition. The threshold wavelength is greater for certain
composite cathodes. Amongst commercial cathodes caesium-antimony
(Cs-Sb) and caesium-oxygen-silver (Cs-O-Ag) have threshold wave-
lengths of about 7,000 and 12,000 A respectively. The latter wavelength
is well into the infra-red region of the spectrum.

Another important property of a photo-cathode is the variation of the
emission with wavelength or the spectral sensitivity. This depends in a
complicated manner on many factors, such as the optical properties of
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the cathode surface. If all the radiation is reflected or transmitted there
is no energy transferred to electrons. Where energy is absorbed the
cmission is greatest when the absorption is mainly at the surface. The
spectral sensitivity curves for Cs-Sb and Cs-O-Ag photo-cathodes are
shown in Fig. 4.11. In these curves the ordinates represent the emission
current divided by the energy of radiation per unit bandwidth over a
small band of wavelengths. It is found experimentally that for radiation
of a given wavelength the current is proportional to the intensity of the
radiation.

4.10. Schottky Effect and Field Emission

An external electric field may affect the emission of electrons from a
surface. The external field combines algebraically with the potential
barrier, and the emission is reduced or increased, depending on whether
the field is retarding or accelerating. The conditions are illustrated in
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Fig. 4.12. With a retarding field, Fig. 4.12.4, i.e., when a nearby electrode
is at 3 negative potential with respect to the emitter, the potential
barriér is effectively increased and only electrons with energy greater
than 17, escape. When the external field is accelerating, Fig. 4.12.5,
the effective potential barrier is reduced to Wy, and any electrons with
cnergy greater than this may escape. This is known as the Schottky
Effect, and explains the increase of thermionic emission in a saturated
diode when the anode voltage is increased. When a very strong external
field is set up near the emitter the potential barrier is narrowed as shown
by the broken curve in Fig. 4.12.c, and now the tunnel effect may
operate and large emission may be obtained (7). Under these conditions
the many electrons with energy near to or below the Fermi level may be
cmitted, and the emission is little affected by temperatuge. Very intense
fields are required to produce this Field Emission. Usually it is ob-
tained only from sharp points on the emitter surface when the voltage
gradient is of the order of 2 to 5 X 10° V/m. Emission densities as high
as 1,000 A/cm? or more can be obtained.
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A retarding field of the type shown in Fig. 4.12.a may be used with a
diode to determine the numbers of electrons emitted with various
velocities from zero upwards, for thermionic, photo-electric or secondary
emission. The velocities are found from the Energy Equation when v
is the retarding anode potential, and the numbers are proportional to the
anode current.



CHAPTER 5§
DIODE CURRENTS

5.1. Flow of Charge

In this chapter the flow of charge in the space between the two elec-
trodes of a diode is considered. The diode is the simplest possible elec-
tronic tube, but even so, the evaluation of space charge flow is a com-
plicated process and can be done exactly only in a limited number of
idealized cases. Some of the factors affecting the flow are: (i) the nature
of the medium between the electrodes, (ii) the size and relative positions
of the electrodes, (iii) the electrical potentials of the electrodes, (iv) the
availability of free charges in the space, (v) the physical and chemical
nature of the electrode surfaces. External influences, such as radiation
and magnetic fields, can also affect the current through the diode. Some
or all of these factors may play a part either by deliberate action on the
part of the valve designer or the user, or sometimes accidentally. It
would be extremely difficult to try to take account of many of these
factors at one time. In this chapter certain idealized cases are con-
sidered, and these may be used to give some qualitative explanation of
the measured characteristic curves of actual diodes.

Three main types of diode may be distinguished by the medium be-
tween the electrodes: (i) vacuum diodes, (ii) gas-filled diodes, (iii) crystal
diodes. [Each type is dealt with in turn, and before attempting to explain
the physical principles representative characteristic curves are given.

5.2. Characteristic Curves of Vacuum Diodes

For a flow of current to take place there must be charges available to
act as current carriers. In a vacuum diode these charges are emitted
from the cathode by using the thermionic effect or the photo-electric
effect. In the thermionic diode the
cathode is heated, and the number of {, | 1
electrons emitted per second may be Ifx&’ee':,‘w“: ﬁa(l:_segumcs
controlled by varying the cathode CURRENT |  CURRENT
temperature. If the anode is main-
tained at a constant positive potential
vy with respect to the cathode, the
emitted electrons flow to the anode, and Vs CONSTANT
there is a current in the external circuit.
At room temperatures the emission is H
negligible. A measurable current is -
first obtained at some temperature T, BT T
as shown in Fig. 5.1. The current Fie. 5.1
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increases with temperature up to T,, after which it remains practically
constant. If the cathode temperature is kept constant at some value such
as T4, then the anode current varies with the potential difference v, after
the manner shown in Fig. 5.2.a. This curve was obtained for a diode
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M B8 B
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TUNGSTEN CATHODE OXIDE COATED CATHODE
Fic. 5.2

with a pure tungsten cathode. Fig. 5.2.5b shows the characteristic curve
for a diode with an oxide-coated cathode. In both cases the current
starts to flow at a small negative anode voltage and increases steadily
as v4 is made more positive up to a point B. In the tungsten diode the
current then increases only very slightly with v,. In the oxide-coated

. l.Al
da
LIGHT FLUX CONSTANT
¥, CONSTANT
5 UIGHT FLUX ‘0 “
Fi1G. 5.3 FiG. 5.4

diode the current continues to rise beyond B but at a slower rate. The
rate of variation of the current with the voltage varies considerably.
The quantity 7,, defined by

1_ 2

is called the diode slope resistance. Its value at any point on the curve
may be found from the gradient of the tangent at that point. For
example, in Fig. 5.2.a, 7, = MP/NM gives the slope resistance at the
point P.
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In the photo-electric vacuum diode the electron emission is controlled
by varying the quantity of radiation falling on the cathode as shown by
the characteristic curve in Fig. 5.3. If the incident radiation is kept
constant, then the anode current varies with the voltage across the diode
as shown in Fig. 5.4. From these curves it is seen that for a given voltage
the current varies linearly with the light flux, and for a fixed light flux
the current is practically independent of the anode voltage after the
initial rapid rise.

5.3. Physics of the Planar Vacuum Diode—Potential Distributions

The first idealized case that we consider is a thermionic diode consist-
ing of two parallel conducting planes whose dimensions are large com-
pared with the distance between them, and we confine our attention to
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current flow in regions remote from the edges of the planes (Fig. 5.5).
\When the cathode is cold there is negligible charge in the space and the
clectric potential varies linearly from zero at the cathode to v4 at the anode,
as shown in Fig. 5.6.a, where E, is the e.m.f. of the battery connected to
the diode and v4 = E,. The slope of this curve, g gives the magni-
tude of the electric field strength, which is constant across the diode
(I'ig. 5.6.b). The conditions are also illustrated in Fig. 5.6.c with equal
positive and negative charges on the anode and cathode. When the
cathode temperature is raised until there is some emission the electrons
move to the anode under the influence of the electric field and constitute
the current whose value is given by Richardson’s Equation. However,
there are now negative charges in the space, and these cause a reduction
in potential throughout the space. The cathode and anode potentials
are maintained at their previous values by the battery, and the potential
distribution across the diode now takes the form shown in Fig. 5.7.a.
The corresponding field strength is given in Fig. 5.7.b. The presence of
the electrons has reduced the field strength near the cathode and increased
it near the anode. The negative charge in the space induces positive
charges on the cathode and anode. These induced charges add to those
c
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already in existence, and now the total positive charge on the anode is
greater than the total negative charge on the cathode (Fig. 5.7.c). The
actual charge density on the electrodes is proportional to the field strength
just outside the surface. In considering these diagrams it must be
realized that there is a steady flow of electrons across the space all the
time. The total number of electrons in flight at any instant remains the
same, and, although isolated charges are shown in Fig. 5.7.c, charge is
distributed throughout the whole space. As the emission is increased
further, the potential in the space continues to drop. Also, the field
strength at the cathode decreases and may become zero as shown in
Iig. 5.8, or negative as in Fig. 5.9. In the latter case the force acting on
clectrons in the region between the cathode and the potential minimum
at M is such that it tends to oppose the emission. Now for an electron
to reach the anode, it must be emitted from the cathode with a sufficiently
high velocity to enable it to pass through the region of the retarding field.
Iilectrons emitted with lower velocities are brought to rest between K
and M and then return to the cathode. Under these conditions many
of the electrons emitted by the cathode fail to reach the anode, and the
current density is considerably less than the value given by Richardson’s
liquation. The current is limited by the retarding field set up by the
clectrons in the space and is called a space-charge-limited current. Where
the emission is small as in Fig. 5.7 and the field strength at the cathode
is accelerating, all the electrons emitted from the cathode reach the anode.
Under these conditions there is a temperature-limited current, since the
current is determined by the cathode temperature only. The limiting
case between temperature limitation and space-charge limitation is shown
in Iig. 5.8, where the field strength is zero at the cathode surface. This
case would occur if all the electrons were emitted from the cathode with
zcro velocity. Then the density of the current would adjust itself to the
vialue that would just reduce the electric field to zero at the cathode
surface. Any tendency for the current density to increase would give a
retarding field at the cathode, and the flow would drop, since the electrons
have no initial velocity to overcome the retarding field. On the other
hand, any tendency for the current to decrease would give an accelerating
ficld at the cathode, and if the cathode emission is sufficient the current
would immediately increase to give the equilibrium state with zero field
at the cathode. Conditions such as those just described can be realized
if vy is varied. Increase in v, raises the potential across the diode.
‘I'he current density then increases to give zero field at the cathode again.
Similarly, reduction in v4 gives a lower current density.

In the case of the photo-electric diode the electron currents involved
arc always very small, and they have practically no effect on the electric
ficld except for very low values of v4. There is therefore no space-charge
limitation to the current, which depends almost entirely on the amount
of radiation falling on the cathode and not on v, as shown by Figs. 5.3
and 5.4. By analogy with the thermionic diode the photo-electric
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current is sometimes called ‘‘ temperature-limited ’’, though strictly it
would be more correct to call it *‘ light-limited "’ Temperature-limited
currents are frequently called saturated currents.

5.4. Planar Vacuum Diode—Space-charge Flow

In the case of space-charge limitation the current density varies with
vy, and is practically independent of the cathode temperature. In most
applications valves are used under these conditions. A quantitative
relation between the current density and v, can be established in the
following manner for the limiting case when the electrons leave the
cathode with zero velocity. In order to ensure that space-charge limita-
tion is maintained it is also assumed that there is an unlimited supply of
electrons available from the cathode.

Any region with space charge must satisfy Poisson’s Equation

o  d% oW _ ¢
TR T 0T T g
where v is the potential and p the charge density at the point (x, y, 2).
For the parallel-plane case considered in the last section the problem is
one dimensional (see Fig. 5.5). If the x-axis is chosen perpendicular to
the electrodes and distances are measured from the cathode, then

Poisson’s Equation becomes

dv_ _ e
dx? ¢

The Energy Equation provides an additional relation
mu?(2 = ev,

where # is the electron velocity at distance x from the cathode. This
equation assumes zero velocity at the cathode where v =0. A third
relation connects the current per unit area J with p and «

J = eu
This Continuity Equation merely affirms the continuous flow of charge
analogous to the flow of liquid along a pipe. From the Energy Equation

1/2
U = (2—3) / ‘Ullz,
m

and by substitution in the Continuity Equation

1/2
p=] (%) v,
Hence from Poisson’s Equation

o L(z) e

2= " o\z
m

1/2
= Av12, where 4 = — J (_)
g \ 2¢

. d%
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The equation may be integrated by multiplying both sides by 2 d_v giving

dx
d (dv\? __ _mdv . dv\t 12
"i;(d—x) = 24v Ev 1.e., d—x = 44012,

g and v are both zero at x= 0.

The first of these, :—z =0, is the condition for space-charge limitation
with zero initial velocities. If we now take the square root and rearrange
the terms we find that

The constant of integration is zero, since

v dy = 24 1%,
A final integration gives
V34 =3 A1y,

The constant of integration is again zero. On substituting for 4 we find
for the current density
]=_éﬂ-‘1 g_e 1/2}13/2
9\m) 2
If numerical values are substituted
2:33 x 1078 132
Jo -

x2
The minus sign indicates that the positive direction of the current is from
anode to cathode in the valve. At the anode v = v, and x = d, and
then

A/m?.

. -6 . 8/2
Jo_23 ><d120 oW g

This equation is called the Child-Langmuir Equation or the ‘‘ three-
halves-power law *’ for space-charge flow. It may easily be verified from
the above equations that v « x4/3, E « x1/3, p « x°%/3 and # a 2283,

5.5. Effect of Space Charge on Electron Transit Time

In some uses of diodes the time of flight of an electron between the
cathode and the anode is important. This is found from the equation

/"dx
T=| —,
b

where u is given by the Energy Equation. In Section 2-5 it is shown that
the time of flight between parallel planes in the absence of space charge
is v = 2d/u,, where u, is the electron velocity at the anode.

FFor space-charge limitation # varies as %3, and so % = (3) U,
With this value of # we find the transit time v = 3d/u,. Thus the
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effect of the space charge is to increase the transit time by 50 per cent.
The numerical value for t with space charge can be determined from

T = —L sec
59 X 105vv,

5.6. Space-charge Flow for any Geometry

The current flowing in a space-charge-limited diode is proportional to
the three-halves power of the voltage for the case of parallel-plane elec-
trodes. This relationship holds for a diode of any shape. Poisson’s
Equation, the Energy Equation and the Continuity Equation are uni-
versally true. Poisson’s Equation shows that p is proportional to v
provided the potential gradient and v are zero at the cathode. The energy
equation gives # proportional to v%/2. It follows therefore from the con-
tinuity equation that J is proportional to »*2. The constant of pro-
portionality may vary considerably with the geometry.

5.7. Effect of Initial Velocities of the Electrons

In deriving the Child-Langmuir Equation for the current density under
space-charge-limited conditions it is assumed that the electrons all leave
the cathode with zero velocity. It is shown in Section 4.1 that the
electrons are emitted with a range of velocities. This affects the value
of the current and also, as explained in Section 5.3, there is a potential
minimum at some position between the cathode and the anode. The
potential minimum acts as a ‘ virtual cathode *’ and the Child-Langmuir
Equation is still applicable to some extent, provided the potentials and
distances are measured from the virtual cathode. The current density is
now given by an expression of the form

_2:33 X 1078 (v — vy)3?
J= @ dy)?

where v, and 4 have the same meanings as before, vy = the difference
of potential between the potential minimum and the cathode and dy is
the corresponding distance. The factor K is included to make allowance
for the electrons passing the potential minimum with some velocity.
All of these new factors increase the value of J (vy is negative). The
actual values of vy, dy and K depend in a complicated manner on the
cathode temperature, the value of J and the total emission given by
Richardson’s Equation. The effect of initial velocities is greatest at low
values of v,. With an oxide-coated cathode operated at v, =1V,
J may be about double the value given by the normal Child-Langmuir
Equation. Even at z4 = 10 V, the initial velocities may increase J by
25 per cent.

(1 + K) Ajm?,

5.8. Space Charge in Magnetrons
In Chapter 2 the paths of individual electrons in magnetrons are dis-
cussed ignoring the effects of other electrons in the field. In practice,
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large currents may be involved, and then the space charge must modify
the behaviour considerably. The analysis of the magnetron, taking
space charge into account, is extremely difficult. However, in the case
of the cylindrical magnetron at cut-off a possible state of equilibrium
may be reached with all the electrons describing circular paths round the
cathode. The greatest density of electrons occurs near the cathode and
the density is just sufficient to reduce the field strength at the cathode
to zero, i.e., to give the necessary condition for space-charge limitation.
The force on each electron due to the magnetic field is towards the cathode.
The resultant of this force and the forces due to the electrode potentials
and the space-charge distribution is just sufficient to maintain the uni-
form circular motion. The presence of space charge does not affect the
cut-off conditions. The critical magnetic field is derived from the
Energy Equation and the condition of zero radial velocity at the anode,
and hence it depends only on the potential difference between the
electrodes.

6.9. Gas Diodes

When gas is introduced into a diode the flow of current may be modi-
fied considerably. This can be illustrated with reference to some of the
diodes considered earlier in this chapter. For example, the #4, v4 charac-
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teristic curve of a vacuum photo-electric diode is shown by the full line
in Fig. 5.10. The current reaches its saturation value when the anode is
a few volts positive with respect to the cathode. The introduction of a
small quantity of gas into such a diode has little effect on the charac-
teristic at lower voltages, but when v, reaches about 15 V the current
begins to rise again, and continues to increase fairly rapidly with v, as
shown by the broken line.

The thermionic diode is also affected by the presence of gas. Fig. 5.11
shows the current in a diode which has an oxide-coated cathode and
contains some mercury vapour. As v, is increased from zero the current
rises slowly, and at about 10 V has reached 1 mA. When v, is increased
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slightly above 10 V the current suddenly rises at an enormous rate. In
practice, the characteristic curve of a gas-filled diode is obtained with a
resistance in series to limit the current to a safe value. The circuit is
shown in Fig. 5.12. When the

current rises suddenly a glow @ R
appears inside the diode. The ! +

size and intensity of the glow °A
increase as the current increases.

For the flow of charge in a " +
vacuum diode it is essential that
the cathode should be heated v
or irradiated to produce elect- -
rons. In the presence of gas,
however, there is no need to
energize the cathode. If the voltage across the diode is gradually in-
creased from zero no measurable current is obtained at first, but at some
voltage vg there is a sudden flow of current, as shown in Fig. 5.13; vg is
called the breakdown voltage. The value of vs depends on many factors,
such as the pressure of the gas and the geometrical arrangement of the
electrodes. In air at atmospheric pressure breakdown occurs between
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parallel-plane electrodes when the voltage gradient is about 3 x 10® V/m.
At lower pressures the breakdown occurs at much lower voltages. In
order to investigate the 7,, v, curve, the circuit of Fig. 5.12 is again used.
A typical characteristic for a diode filled with neon at a pressure of about
1 mm Hg is shown in Fig. 5.14. Again it is found that at the breakdown
voltage glow appears and the glow increases with current. Flow of cur-
rent like that represented by Fig. 5.14 is frequently described as a ‘‘ cold-
cathode discharge "’

There is one feature which is common to the characteristics of all these
gas diodes. There is a marked increase in 7, at some value of v,. In
some cases this increase is so rapid that we say that breakdown occurs.
Full explanation of the results is even more difficult than in the case of
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vacuum diodes. Some of the effects of gas cannot be adequately explained
even qualitatively, and little has been achieved by way of quantitative
explanation.

5.10. Electron Collisions with Gas Atoms or Molecules

When light shines on the cathode of a photo-electric diode some elec-
trons are liberated and move towards the anode under the influence of
the electric field due to the potential difference between the cathode and
the anode. At low voltages some of these electrons are collected by the
anode. Others escape from the field or are collected on the walls of the
container. As the voltage is increased more of the electrons are collected
and soon saturation occurs, corresponding to the horizontal part of the
characteristic in Fig. 5.10 when all the liberated electrons reach the
anode. The electrons in their flight may ‘‘ collide *’ with the atoms or
molecules of the gas. There are several possibilities, depending on the
energy of the electron at the time of impact. A slow electron has an
elastic collision with conservation of the total momentum. Since the
atom is much heavier than the electron, the speed of the latter is barely
affected, but its direction of motion may be altered. If the electron
energy at the time of impact is equal to or greater than the excitation
potential of the atom, then it may use some or all of its energy to excite
the atom to a higher level, with subsequent emission of a quantum of
radiation as the atom returns to its normal state. Finally, if the electron
has sufficient energy it may cause ionization of the atom, resulting in
the production of a positive ion and another electron. There are now
three charges, instead of one, free to move in the electric field. The
positive ion moves towards the cathode, the two electrons towards the
anode and all three charges contribute to the current. When ionization
takes place there is therefore an increase in the current. This is the
explanation of the difference between the characteristics of the vacuum
and the gas-filled photo-cells in Fig. 5.10. At about 15 V ionization
occurs, causing the current to increase. This effect is known as ‘‘ gas
amplification "',

5.11. Breakdown

If the voltage across the photo-electric gas diode is several times the
ionization potential, then one electron liberated at the cathode by
radiation may produce ionization at a short distance from the cathode.
The positive ion moves towards the cathode and two electrons now move
towards the anode. Each of these may gain enough energy to cause
further ionization, giving two more positive ions and two electrons. Now
there are four electrons available to continue the process. It is obvious
that very large current amplification is possible. Another effect may
also occur due to the positive ions. It is possible for an electron to be
ejected from the cathode due to bombardment by the ions, or for an
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electron to be produced close to the cathode owing to ionization by ions,
although the latter is an inefficient process. If the ions arising from one
initial photo-electron manage to produce at least one electron at the
cathode by some method or other, then this electron initiates the whole
process again, and the discharge once started maintains itself, even if the
radiation is shut off. Breakdown has occurred, and the current increases
enormously unless restricted by series resistance. Under these conditions
there is a self-maintained discharge. The characteristic curve for the
gas-filled photo-cell has now become extended, as shown in Fig. 5.15.
The region of the characteristic from the commencement of ionization
to the breakdown is called the Townsend discharge. After breakdown
there is usually a visible glow, and this region is known as the glow
discharge. The visible glow is due to the emission of radiation by those
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atoms which have been excited to higher energy levels by electron
collisions and are returning to their normal state.

In practice, gas-filled photo-cells are never used in the glow-discharge
region, since the bombardment of the cathode by ions damages the
photo-electric coating on the cathode. The limits of safe operation with
reasonable gas amplification are specified by the maker.

5.12. Cold-cathode Discharge

There is always some ionization taking place in a gas. Cosmic rays,
radioactive materials or some other source of radiation cause the libera-
tion of electrons. Normally these electrons move through the gas until
they recombine with positive ions. Equilibrium is set up when the rate
of ionization by external causes equals the rate of recombination of ions
and electrons. If, however, an electric field is maintained between
electrodes in the gas some of the electrons and ions are collected at the
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electrodes. If the field is increased all the charges may be collected
before there is any recombination, resulting in a saturated current. If
now the field is increased further, ionization may occur, and obviously
the process may pass through the Townsend discharge to a glow discharge
exactly as in the case of the gas-filled photo-cell. The main difference is
that the initial current and saturation may occur at a very low level of
the order of 1014 A, The actual characteristic of a cold-cathode diode,
as determined by the circuit of Fig. 5.12, is therefore of the form shown
in Fig. 5.16. After breakdown occurs at vg the voltage across the diode
drops to vy. The value of vy depends on the type of gas, the pressure
and the nature of the electrodes. It varies from about 50 V to several
hundred volts for different diodes. For a given diode it is found that in
this condition of glow discharge the voltage drop across the diode is
practically constant, even though the current changes considerably, as
shown by the region 4B in Fig. 5.16. The voltage vy is called the main-
tenance voltage or sometimes the operating or burning voltage. The
breakdown voltage vg is sometimes called the striking or ignition voltage.
Examination of a diode working in the region 4B shows a distinct glow
on the cathode surface, and the area of glow increases with the magnitude
of the current. It is believed that the current density in the cathode glow
remains constant and the change in current arises from the change in
area of cathode glow. Under these conditions the voltage drop across
the diode is practically constant. When the whole of the cathode surface
is glowing, then further increase in current causes an increase in voltage
drop across the diode, as shown by BC in Fig. 5.16. The region BC is
sometimes referred to as the abnormal glow to distinguish it from the
normal glow discharge over 4 B.

5.13. Arc Discharge

If the current in a glow discharge is increased through the normal glow
to the abnormal glow it is found that at some point such as C in Fig. 5.16
there is a sudden change in the nature of the discharge. The voltage
across the diode drops to the order of the ionization potential or even less.
The mechanism of this new discharge, called an arc, is not fully under-
stood. Itis probable that the metastable energy levels play an important
part in maintaining an arc discharge with a voltage drop lower than the
ionization potential. Atoms may be excited to a metastable state and
then receive additional energy to cause ionization. For example, mer-
cury has an ionization potential of 10-4 V and it has a metastable level of
5:5V. Thusif anatom of mercury collides with,say,a 6 V electron the atom
may be raised to its metastable level. If this atom is now struck by
another electron whose energy is 4-9 eV or more it may be ionized. Thus
ionization may occur with voltages considerably less than the ionization
potential. The possibility of successive stages of excitation to produce
ionization is obviously much greater with atoms which have metastable
levels of relatively long duration.
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In addition to the low voltage drop, an arc discharge is characterized
by an intense bright spot on the cathode which may cause evaporation
of the cathode material. Another common feature of an arc discharge
is a reduction in voltage across the diode as the current is increased, i.e.,
the arc has a negative slope resistance. The currents involved in arc
discharges may be extremely high and frequently result in destruction
of the cathode material. In many applications precautions must be
taken to ensure that an arc discharge cannot occur. However, in some
cases the high current densities are exploited, notably in the mercury-arc
tube, in which a pool of mercury acts as the cathode, and in the carbon-
arc lamp, in which the intense bright spot is used for illumination.

5.14. Effect of Pressure on Breakdown

For ionization an electron must have sufficient energy when it collides
with the atom. The energy of an electron starting from rest at the
cathode depends on the potential difference through which it moves
before a collision. This potential difference in turn depends not only on
the voltage applied to the diode but also on the distance the electron
travels before the collision occurs. At the next collision the energy
depends on the nature of the previous collision and the distance travelled.
The important factors are obviously the applied potential difference and
the average distance between the gas atoms, i.e., the ‘“ mean free path *’
of the atoms. The latter is known to be inversely proportional to the
pressure when the temperature is constant. At atmospheric pressure the
electrons collide with atoms before they have gained much energy from
the field, and ionization is unlikely to occur. On the other hand, at very
low pressures, although the electrons may acquire high energies from the
field, the chances of striking an atom are small and again little ionization
occurs. There is therefore an optimum pressure, and in the electron
devices in common use this is usually around 1 mm of Hg.

5.15. Hot-cathode Discharge

The discharge in a cold-cathode diode is initiated by the few electrons
produced by stray radiations. In the gas-filled photo-cell the electrons
are produced by radiation falling on the cathode. In both cases the
number of initial electrons is relatively small, and if breakdown is to occur
these electrons must be involved in a number of ionizations. Thus the
breakdown voltage is several times the ionization potential of the gas.
In a gas diode with a thermionic cathode there is a plentiful supply of
electrons immediately available, and it is found that there is a marked
increase in -current when the voltage across the diode is of the order of
the ionization potential (see Fig. 5.11). However, the physical process
involved is different from the cold-cathode case. The main cause is the
neutralization of the negative space charge by the positive ions. We
have already seen with the thermionic vacuum diode that the current
density is limited by negative space charge. Partial neutralization of
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the space charge by positive ions allows the current density to be in-
creased at the same anode voltage. With complete neutralization, i.e.,
with equal electron and ion densities, the full emission current density Jg
could be drawn from the cathode. A negligible part of this current is
due to the extra charges produced by ionization, as may be seen from
the following considerations. The speed # of a charged particle at a
position of potential v is given by the Energy Equation

4 = +/(2qv/m)

where m and ¢ are the mass and charge of the particle which has moved
from rest through a potential difference v without collisions. Thus for a
positive ion and an electron with equal but opposite charges

e[t = +/(mifm,),

where the suffices ¢ and ¢ denote electron and ion respectively. In this
equation it is assumed that the two charges have moved from rest through
the same potential difference but in opposite directions. The current
density due to electrons is

- Ja == Pelke,

where p, is the density of the electrons. Similarly, the current density
due to ions is

Ji = pithi.
Taking the case of atoms of mercury,
m; = 1,840 x 201 m,;
and hence for g, + p; = 0
Je =600 J;.

Thus the space charge can be completely neutralized while the con-
tribution of the ions to the current is negligible. A region with g, + p; =0
is called a plasma. In practice, the flow of current is controlled by the
resistance of the external circuit. It is important that the current
should be limited to less than the total cathode emission.

We have explained qualitatively the sudden rise in the characteristic
of the hot-cathode mercury-vapour diode given in Fig. 5.11. The actual
voltage across the diode is less than the ionization potential, so that
successive collisions and metastable energy levels must play a part in
the process.

5.16. Potential Distribution in Hot-cathode Diode

In a parallel-plane diode with the cathode unheated the potential varies
linearly from zero at the cathode to v4 at the anode, as shown by the
broken line KQ in Fig. 5.17. When the cathode is heated and a gas dis-
charge occurs the potential variation is as shown by the full line KPQ.
Practically all of the voltage drop across the diode occurs in a short range
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from the cathode, KP. The region P to Q, where the voltage is nearly
constant, corresponds to the plasma. In theregion K P electrons move from
the cathode to the plasma under the influence of the electric field and ions
leave the plasma for the cathode. The electron current is much greater
than the ion current, but on account of the much lower velocity of the
ions the ion density is greater than the electron density. The region from
the plasma to the cathode behaves rather like a diode with positive-ion
flow obeying a three-halves-power law. The distance from K to P
adjusts itself to give the ion flow needed to maintain the equilibrium
conditions for the particular value of total current through the tube, as
determined by the external circuit. The
POSITIVE voltage across KP remains constant.
v| |ON SHEATH The region KP round the cathode is
/ 1 pLASMA known as a positive-ion sheath. The rest
o Q of the space is filled with plasma. On
. account of this, the geometrical shape of
the electrodes in a thermionic gas diode
is much less critical than in a vacuum
diode. In the latter the distance be-
tween cathode and anode is an important
factor in the current flow. In the gas
diode the thickness of the positive-ion
FiG. 5.17 sheath adjusts itself automatically to suit
the value of current required, and the
rest of the space is filled with plasma. The voltage across the whole tube,
which is practically equal to the voltage across the sheath, remains con-
stant even though the current varies over wide limits.

As already mentioned, it is important in using a hot-cathode diode to
keep the current below the total emission of the cathode. Otherwise,
the voltage drop across the diode would rise and the increased energy of
the positive ions would cause damage to the cathode, which is usually
oxide coated.

When the anode of a hot-cathode diode is negative with respect to the
cathode the device behaves like a cold-cathode diode, but the reverse
breakdown voltage is much greater than the ionization potential. The
value of the breakdown voltage varies with the gas pressure, and hence
with the temperature. The latter has to be maintained within definite
limits in a hot-cathode diode.

—
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5.17. Ionization Counters

Certain types of gas-filled diode are used for the detection or counting
of atomic, nuclear or radiation particles. A common form of diode
counter is shown in Fig. 5.18. The cathode is a metal cylinder forming
part of the diode envelope. The anode is a thin axial wire, and the
particles to be counted pass through a thin window of mica or some
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light alloy. In one type of counter the anode voltage is well below the
breakdown voltage. When a fast particle penetrates the window it
causes ionization and the electrons flow towards the wire anode. The
field is weak except near to the anode, where the electrons may acquire
sufficient energy for ionization and so give an enhanced flow of charge.
The total pulse of current flowing depends on the original ionization
produced by the particle, and a diode of this type is called a proportional
counter.

If a diode of the type shown in Fig. 5.18 is used at a higher voltage,
then a fast particle may initiate a discharge which spreads along the
whole length of the diode. Used in this way, the pulse of current through
the diode is the same for all

particles with energy great CATHODE

enough to trigger the dis- QZQ%\
charge. As in the propor- WiNoow ANODE
tional counter, most of the :/
ionization occurs near to the o /l

anode and the electrons are GAS FILLED

removed rapidly by the field, Fic. 5.18

leaving the more massive
positive ions as a space charge surrounding the anode. This space charge
reduces the field near the anode, and the discharge ceases when the field
is no longer sufficient to maintain it. Thus the initial particle produces a
large pulse of ¢urrent which is independent of the nature of the particle.
Diodes of this type are known as Geiger counters. The rate of counting
with these diodes is limited by the time taken for the positive space
charge to disappear.

Counters may be used for photons of radiation, in which case the
ionizing process is initiated by the emission of photo-electrons from the
cathode.

Electronic methods of counting the pulses of current are described in
Chapter 18.

5.18. Crystal Diodes

The properties of semi-conducting crystals, such as silicon and germa-
nium, which are discussed in Chapter 3, are used in certain types of diode.
These crystal diodes may be divided into two main classes—point-contact
diodes and junction diodes. In the point-contact diode a thin metal wire,
or ‘‘cat’s whisker ', makes contact with the surface of a slice of ger-
manium or silicon crystal, as shown in Fig. 5.19.a. When the metal
wire is made positive relative to the crystal it is found that the resistance
to current flow is much less than with the opposite polarity. A typical
characteristic curve is shown in Fig. 5.19.5.

A semi-conductor like germanium may be either #-type or p-type, de-
pending on whether its free charges are mainly electrons or mainly holes.
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Also #- and p-type materials may be combined in one crystal to form a
#-n junction as shown in Fig. 5.19.c. Such a crystal junction has a
non-linear characteristic of current against voltage of the form shown in
Fig. 5.19.4. The nature of the p—n junction characteristic is explained
qualitatively in the following section. The behaviour of the metal-semi-
conductor point-contact diode is not fully understood. However, this
type of diode is of considerable practical importance as a rectifier, par-
ticularly at very high frequencies, on account of its low capacitance
of the order of 0-1 puF.

Other semi-conductors are also found to give non-linear contacts with
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metals. Selenium, copper oxide and copper sulphide are all used, as
well as germanium and silicon.

The crystals of silicon or germanium used in diodes have to be pre-
pared most carefully to a high degree of purity, with accurately con-
trolled traces of impurities, in order to give the required type of semi-
conduction. The connecting leads must make low-resistance contact
with the crystal. As seen in Chapter 3, semi-conductors are highly sensi-
tive to temperature changes. As a result, it is most important that
crystal diodes are operated within their specified ratings.

5.19. The Junction Diode

It is shown in Section 3.7 that across the transition region of a p-n
junction there is a potential difference and distribution of electron energy
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levels as shown in Fig. 5.20.a. Equilibrium is brought about by the
charge concentrations and the resulting electrostatic field, which opposes
the diffusion of the negative carriers from »# to p and the positive holes
from p to n. The flow of these majority carriers is limited to those with
sufficient energy to overcome the potential barrier. There is also a con-
tinuous creation by thermal energy of minority carriers, i.e., electrons in
the p-region and positive holes in the #n-region. These minority carriers
pass readily across the barrier. In the isolated junction in equilibrium
there is equal flow of electrons in both directions across the junction.
There is also equal flow of holes, and the resultant current is zero, as
indicated by the arrows in the energy diagram in Fig. 5.20.a. Now con-
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sider the connection of a small potential difference across the crystal so
that the p-region is positive with respect to the n-region, as in Fig. 5.20.5.
This reduces the potential barrier at the junction so that more holes move
across to the n-region and electrons to the p-region. The holes recombine
with free electrons in the #-material. Similarly, the electrons recombine
with holes in the p-material. Both of these movements give positive
current flow from p to n. This current obviously increases with the
applied potential difference. There are still minority carriers being
created in both regions, and they cause a current in the reverse direction.
However, their contribution is no greater than in the equilibrium case
with no external potential difference. When the polarity of the applied
potential difference is reversed the potential barrier is increased and it
opposes further the flow of majority carriers (see Fig. 5.20.c). The
movement of the minority carriers still occurs, and this now accounts
for most of the current. Thus with reversed polarity there is a small
saturated current. Since the number of minority carriers in both regions
depends on the temperature, the saturated reverse current in a p-n
junction varies with temperature.



CHAPTER 6
TRIODES, MULTI-ELECTRODE VALVES AND TRANSISTORS

6.1. Triodes, Transistors and Amplification

In Chapter 5 we consider the nature of the current-voltage character-
istics of various types of diode—vacuum, gas and semi-conducting.
These characteristics vary considerably, but they show that the cur-
rent depends in some manner on the potential difference between the
cathode and the anode. In this chapter we consider in turn the charac-
teristic curves of the triode and other multi-electrode valves, both vacuum
and gas-filled, and the transistor. Some attempt is made to give physical
explanations of the nature of these characteristics.

6.2. Characteristic Curves of Vacuum Triodes

At a fixed cathode temperature the current flowing to any electrode
depends on the potentials of all the electrodes. If the potentials are
measured from the cathode, which is taken as the zero of potential, then
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the electrode currents 74, 7¢ and ix are functions of vy and v, (see
Fig. 6.1) of the form

tg = f1(ve, Va), T4 = fo(ve, Va), 1k = — ($4 + t6).

The anode current is now a function of two variables, v4 and vg, and any
number of characteristic curves may be drawn. If vg is taken as the
independent variable, then a set of characteristics is obtained as shown
in Fig. 6.2, where each curve corresponds to a fixed value of 4. These
14, v curves are called grid or mutual characteristics. A second set of
curves relating 74 to v4 and vg, but using v, as the independent variable,
is shown in Fig. 6.3, where each curve corresponds to a fixed value of
vg. These are known as anode characteristics. A third way of showing
the relationship between the same variables is given in Fig. 6.4, where
v4 is plotted against vg with anode current constant for each curve;
70
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these are constant current characteristics. All of these figures contain
the same amount of information and, given any one set, the other two
may be derived.

Fi1cG. 6.3

The rate of variation of the anode current with the grid voltage when
the anode voltage is constant is an important quantity for any triode.
It is defined by the relation

_ ()
&m = dvg N wmunt’

and is called the mutual conductance,
or sometimes the transconductance, of
the triode. It is given by the slope
of the 74, vg characteristics, and its
value varies with the point on the
curve where it is measured, particu-
larly when i, is small. Hence in
quoting the mutual conductance it is
necessary to give the operating values
of the anode current, anode voltage

and grid voltage. In Fig. 6.2 a fycl [o %
tangent has been drawn at the point
B, and then g, = CD/BC; g, is usu- Fic. 6.4

ally measured in mA/V.

The slope of the anode characteristics for constant grid voltage provides
a second important triode parameter, defined by

pmlo(B)

¢ 7a N @ constant ’
£a is called the anode slope conductance and 7, the anode slope resistance.
It is seen that 7, also varies with the value of the anode current, being
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greatest when 4, is least. Its value, at the same operating point B as
was used for g above, is given in Fig. 6.3 by 7, = BE/EF.

Finally, the slope of the constant current characteristics gives a measure
of the relative importance of the anode and grid voltages in controlling
the anode current, and the relation,

- _ ( ?v_A)
w= dvg i4 eousmc’

defines the amplification factor p. The minus sign is inserted, since the
changes in v4 and ve are usually in opposite directions if the anode current
is to remain constant. Except when u4 is low, the constant current
characteristics are parallel straight lines and p is almost independent of
the operating point over quite a wide range. The value of  at the point
B is given in Fig. 6.4 by u = HK/HB.

It follows from the definitions of ., gm and 7, that p. = gn?,. There is
no need to have three sets of characteristics in order to determine approxi-
mate values of 4, gm and 7,. They may be found from any one set by
taking the variation in any two of the variables 4, vg and v,, whilst the
third is kept constant. For example, we have seen already how to find
gm from the grid characteristics in Fig. 6.2. The same characteristics
may be used to determine . by using the line BC along which ¢4 is con-
stant. Along BC, v, changes from w4 to v and vg from vg to ves,
giving p = (v41 — va2)/(v62 — ve1) at an anode current of ¢4. Similarly,
along CL in the same figure, vg is constant and 7, = (Va1 — va2)/(ta2 — t41)
at about the same value of anode current. The values of u and 7, ob-
tained in this way are approximate, since finite increments of the variables
are used instead of the infinitesimals implied in the formal definitions.

The curves considered so far have given the anode current in terms of
the grid and anode voltages. Similar curves may be drawn relating the
grid current to v¢ and v,, and corresponding grid current parameters
could be determined. However, in many triode applications the opera-
tion is such that very little grid current flows. It can be seen from
Fig. 6.2 that currents flow to the anode when the grid voltage is negative.
Few electrons flow to the grid under these conditions although it acts as
an effective control of the anode current. When the grid voltage is
positive some of the electrons flow to it and the total space current is
divided between the anode and the grid. Under most conditions of
operation the grid current is much less than the anode current, except
when the anode voltage is very low. The curvature at the lower ends
of the constant anode current curves in Fig. 6.4 is due to an appreciable
part of the total space current flowing to the grid. This is also the cause
of the change of curvature from concave upwards to convex upwards in
the anode characteristics when v¢ is positive (see Fig. 6.3).

6.3. Valve Equation for Small Changes

Changes in anode current arising from small changes in both the grid
and anode voltages may be determined approximately as shown in Fig. 6.5,
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in which two grid characteristics are drawn for anode voltages of v
and v41 + v The anode current is 743 when the grid and anode voltages
are vg1 and vq, and it becomes #4 + 7, when the voltages change to
ve1 + vy and v41 + va. In the figure, BC = v, and CE =4,. Since BD
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is a grid characteristic and BD is not much different from the tangent
at B, then CD = gpy,. Also, along DE, vg is constant and hence

0t 4

DE =~ s Vg = Vg/7s.

Since CE =CD + DE,
ta = gmYy + Vo/?a.

It is implied above that g,, and 7, are constant over the range of variation.
We obtain the important Valve Equation relating the change in anode
current to changes in grid and anode voltages. This equation applies as
long as the changes are sufficiently small for the valve parameters to
remain constant. The grid or anode characteristics may be nearly
parallel straight lines over an appreciable range of v, and vq (see Figs. 6.2
and 6.3). For that range, g» and 7, are constant and the Valve Equation
can be used.

6.4. Triode Ratings

The operating conditions for triodes vary considerably with their size
and the purpose for which the valves are designed. Current may range
from a few milliamperes to 100 A, voltage from a few volts to 10 kV,
and powers from about a watt to over 100 kW. The current taken by
any valve must usually be kept well within the saturation limit. If
higher currents are required, then valves with larger cathode area must
be used. Voltage limitations usually depend on the quality of the
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insulation, and on the possibility of an arc occurring between the elec-
trodes. Frequently the voltage and current are not limited by any of
these factors, but by the power capabilities of the valve. The product
vais Tepresents the power dissipated by
FILAMENTS the electrons striking the anode, and its
value must be restricted to keep the anode
temperature within safe limits. In most
small valves the anode gets rid of its heat
by radiation through the glass envelope.
|- GLASS The permissible anode dissipation may be
increased considerably by making the anode
part of the external envelope as shown in
Fig. 6.6. The anode may now be cooled
by natural or forced-air convection, or by
circulating water. In cases where electrons
flow to the grid another limitation is set
by the maximum permissible grid tempera-
ture. This limit may be set not only to

METAL . . .
|+~ ANODE prevent damaging the grid by over-heating,
but also to avoid thermionic emission from
the grid. The maximum permissible grid
dissipation depends on the nature, number,
diameter and length of the grid wires, and
q on the grid supports, which may conduct or

radiate heat from the wires.

In valves used at high frequencies a
further limitation may arise from heating of the electrode leads and con-
nections, due to the high-frequency currents flowing in them.

The various current, voltage and power ratings of any valve are
closely interrelated. In use it is desirable to ensure that a limiting rating
is not exceeded.

8.5. Physics of the Vacuum Triode

The triode characteristics described in Section 6.2 were all obtained
with the cathode temperature sufficiently high to maintain space-charge
limitation. If this condition is not satisfied the anode current curves
show saturation effects similar to those in diodes when temperature
limitation occurs.

In Section 5.3 it is shown that current flow in a diode is determined
by the combined effects of the fields due to the positive anode and the
negative electrons in the space. When initial electron velocities are neg-
lected the equilibrium condition occurs when the field at the cathode
surface produced by the space charge just cancels the field due to
the anode potential. When the anode potential changes the current
density adjusts itself to restore zero field at the cathode. Clearly the
current density is closely related to the field at the cathode due to

GLASS-METAL
SEAL

-

FiG. 6.6
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the anode potential alone. The same conditions apply in the triode,
but now the grid and anode potentials both affect the field strength at
the cathode. If the combined effect gives a positive potential gradient
at the cathode in the absence of space charge, then when the cathode is
heated to produce adequate emission, the current density assumes the
value that just reduces this potential

gradient to zero. These potential varia- g X X2

tions may be illustrated with reference gf----©-- ;15

to a planar triode of the type shown in w|Y oY : (a)
section in Fig. 6.7.a.  The grid consists $ o 3

of a series of equally spaced wires. Each 5 g Z

of the electrodes is maintained at a defi- 3

nite potential by means of an external o |

battery. The potential at any point in 3

the space depends on the electrode g (6)

potentials. For all of the diagrams, Fig.
6.7.b to ¢, the cathode is at zero potential
and the anode at potential v,. Each EFFECT OF !
diagram corresponds to a different value  sPACE CHARGE

of vg. In b and c the potential gradient

Vg (SMALL AND'
NEGATIVE

at the cathode is positive, and when the Y “ (c)
cathode emits, current flows at such a =) ¥%=0
density that the potential gradient be- &

. EFFECT OF
comes zero as shown by the broken lines.  space cHarce /] §
In 4 the cathode field is zero, as a result % (d)

of the combined effects of the positive
v4 and negative vg, and no current flows.
This is the cut-off condition. In ¢ the
conditions are well beyond cut-off. The
relation between v, and vg at cut-off is

¥ (cuT oFF)

a straight line passing through the origin A (e)
if emission velocities of the electrons are

neglected (see curve for 7, = 0 in Fig. BEYOND
6.4). Hence the amplification factor as C (cur OFF.
previously defined in Section 6.2 is given Fic. 6.7

by u = — v4/vg at cut-off. These values
of v4 and v produce zero field at the cathode in the absence of space
charge. The amplification factor may therefore be defined in termns
of a purely electrostatic system with no current flow. As defined
in this electrostatic manner, u may be calculated from the geometry of
the electrodes. The actual calculations are beyond the scope of this
book, but some of the factors affecting u are self-evident. The further
the anode is from the grid, the less is its effect on the field at the cathode.
Thus p increases with the grid-anode spacing. Also, increase of the
number of grid wires per unit length, or of the wire diameter, increases
the screening of the anode from the cathode, and so increases p.
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It may be deduced from the electrostatic definition of y, that
u = Cgi/Cai, where Cy and Cg; are respectively the grid-cathode and anode-
cathode capacitances between the electrodes. These capacitances include
only the active electrodes and not any effects due to leads or other fields
outside the electrode system.

6.6. Equivalent Diode

From Sections 6.2 and 6.5 it is seen that the grid is much more effective
than the anode in controlling the current in a triode; in fact, the grid
voltage is u times as effective as the anode voltage. For some purposes
it is convenient to imagine that the triode is equivalent to a diode with
anode voltage equal to vg + u4/p. This anode may be placed at any
position, but usually it is considered to coincide with the grid. It is
shown in Section 5.6 that the anode current density of any diode varies
as the 3/2 power of the anode voltage. Hence for the triode

4 = k(ve + va/u)¥?,
where % is a constant.
It follows then that

gm = h(vo + vafw) 2 = § B3 0P
k3
and 1/r, =% - 1418,
These two relationships show that g, and 1/, vary as the cube root of
the anode current.

6.7. Effect of Space Charge in a Triode

In Fig. 6.7.5 and ¢ the effect of the space charge on the potential dis-
tribution is shown by the broken lines. The space charge lowers the
potential appreciably between the cathode and the grid but has little
effect near the anode. The reason for this is that the electrons are moving
most rapidly at the anode. The current density J is constant across the
valve and the Continuity Equation tells us that J = pu, where p = space-
charge density and w is the electron velocity. Hence when « is greatest

p is least, and the space

POTENTIAL § charge has least effect on
B c the potential. For many
- purposes, where valves are
i L operated with negative grid
RN ,;’ ! and positive anode, it is
a permissible to neglect the
AP ! o effect of space charge on
carmooe  cro K E anooe  the potential in the grid-
anode space. However,

Oy > Gpg — when the grid potential is
Fic. 6.8 positive and comparable

Vo= VA"
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with the anode potential, the space charge may have considerable
effect on the conditions in the grid-anode space. This may be shown
with reference to Fig. 6.8, which shows the potential distribution in a
triode with the mean grid potential equal to the anode potential, and
the grid—anode distance double the cathode-grid distance. The full line
OBC shows the variation in potential across the valve in the absence of
current. A mean grid potential is assumed and the variation around the
grid wires is ignored. When the cathode emits and a space-charge-
limited current flows the potential between the cathode and grid drops,
as shown by the broken line ODB with zero slope at the cathode. We
may assume in the first place that most of the electrons pass through the
grid into the grid-anode space. The grid and the anode are maintained
at equal potentials vg and v, by
the external supplies. The space
charge, however, depresses the
potential between grid and anode. V—t--==--

POTENTIAL

Minimum potential occurs mid-way RN P ?
between, at E. As a result, the i\ .-q%
electron velocities are least and the TN
space-charge density is greatest at ——
E. This concentration of space CATHODE  GRID ANODE
charge tends to depress the poten- Fic. 6.9

tial still further. With the par-

ticular arrangement shown, with dg equal to twice d,,, it is seen from
symmetry that the potential at E falls to zero if all the electrons leaving
the cathode pass through the grid and move on to the anode. The
potential and charge distributions for EFB and EHC are the same as
for ODB. At E the potential is zero, the electron velocities are zero
and a virtual cathode is said to be formed there. Although the electrons
come to rest at the virtual cathode, it must be assumed that they all go
on to the anode from E. Otherwise there would be more charge on the
grid side than on the anode side of E and the symmetry would be upset.
If v4 is reduced below vg, the potential at E tends to drop below zero.
This is obviously not possible, since no electrons can reach the negative
potential region. In this case a zero potential is reached, but at some
place nearer to the grid than E, as shown by curve BKL in Fig. 6.8.
Only a fraction of the electrons now pass on to the anode. Those that
return to the grid are responsible for the movement of the potential
minimum towards the grid. If the grid-anode distance is increased the
limiting case for all of the electrons to reach the anode occurs at some
value of v, greater than ve. Similarly, with smaller grid-anode distance,
equal grid and anode voltages produce a positive potential minimum as
shown by curve 1 in Fig. 6.9. The limiting case now occurs at some
lower anode voltage v,, as shown by curve 3. For anode voltages greater
than v, a positive potential minimum occurs as shown by curves 1 and 2.
Thus the presence of space charge between the grid and the anode affects
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the operation of a triode in the positive grid region. The effects are most
noticeable with large grid-anode distances. These considerations are of
importance in Class C operation of amplifiers and oscillators, in which
the positive grid voltage is comparable with the anode voltage. Also,
the existence of a potential minimum between a positive grid and anode
is exploited in the beam tetrode (see Section 6.10).

6.8. Characteristic Curves of Tetrodes

In the triode the anode serves two purposes. It acts as the collector
of the electron current, but it also controls the amount of current. It is
possible to separate these two functions by introducing a fourth electrode
between the grid and the anode. This additional electrode, called the
screen, consists of a grid of wires which allows most of the electrons to
pass through it. For a given value of grid voltage, the current leaving

—

Fic. 6.10

the cathode depends mainly on the voltage of the screen and very little
on the anode voltage. In order to distinguish between the two grids
they are called the control grid or G, and the screen grid or G,. In the
four-electrode valve or tetrode the screen grid serves an additional pur-
pose in high-frequency circuits by acting as a screen between the anode
and the control grid.

In the tetrode there are possibilities for electron flow from the cathode
to three electrodes, and the current division depends on the relative values
of the electrode potentials. Many different sets of characteristics may
be obtained using the circuit of Fig. 6.10, but the most interesting are
those with the screen grid at a fixed positive potential and showing the
variation in anode current with either the control grid voltage or the
anode voltage. These may be referred to as control-grid characteristics
and anode characteristics. One control-grid characteristic is shown in
Fig. 6.11. The slope of this curve is again defined as the mutual con-
ductance gn of the tetrode, i.e.,

014

Em = va

The full line in Fig. 6.11 shows the anode current ¢, and the broken line
the cathode current ig. The difference between these gives the screen

at constant vgp and v,.
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current 4g2; 161, the control grid current, is negligible, since vs is negative
for the curves shown. It may be seen from these results that 7g; is less
than 7,. In most cases it is desirable to have 7ge as small as possible;
the ratio of 7ge to i4 is usually about 4 to i%. The ratio depends not only

¢ 4y
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on the electrode voltages but also on the number and size of the screen-
grid wires, and on their alinement with the control grid.

Two anode characteristics are shown in Fig. 6.12. Each of these shows
a peculiar ‘‘ kink *’ with considerable variation in slope. Anode slope
resistance 7, may be defined as before as

r—l,, = %: at constant vg and vge.

Then 7, varies from a relatively low value at low anode voltages (OB)
to a negative value (BC), then it is positive again (CD) and finishes at a
fairly high value (DE). The negative resistance region BC is particu-
larly interesting; over that range the current changes in the opposite
direction to the voltage. Thisis
equivalent to the valve acting as
a source of power for changes in
anode current. It is shown in
Chapter 13 that negative resist-
ance may be used to maintain
self-oscillation in a circuit.

If the current to the screen is
plotted as well as the anode cur-
rent, it is found that the two cur-
rents arecomplementary, varying
equally and oppositely, as shown %2
in Fig. 6.13. The total cathode Fic. 6.13
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current ¢ is also shown in this figure; iz is found to be free from ‘‘ kink
and to be nearly constant, rising very slowly with anode voltage. In
some cases it is found that the anode current actually reverses, the
point C in Fig. 6.12 being below the v,-axis. The nature of these
characteristics may be explained in terms of the emission of secondary
electrons from the anode.

6.9. Secondary Emission and Tetrode Characteristics

Electrons striking a surface with sufficient energy may knock out
secondary electrons. Within limits, the higher the velocity of the im-
pinging electrons, the greater is the number of secondary electrons (see
Fig. 4.8). In a triode the electrons striking the anode may cause
secondary emission. However, since the control grid is usually negative
and the anode positive the emitted electrons are pulled back to the anode

by the electric field, and the net

y{ effect on the anode current is
negligible. In a tetrode, how-

Vg1 CONSTANT w6 ever, the screen is at a positive
V,, CONSTANT b potential, and the secondary elec-
trons emitted from the anode may

go to the screen, thereby causing a
net reduction in anode current.
Whether a secondary electron re-
! ' ' turns to the anode or goes to the

ok G, G, A x screen depends mainly on the

Fic. 6.14 relative values of the anode and

screen voltages. This may be ex-
plained by reference to Fig. 6.14, which shows how the potential distri-
bution in a tetrode varies with the anode voltage, when the control grid and
screen voltages are kept constant. When v4 > vg2 (curve 1) the potential
gradient between the screen and the anode is such that the force on an
electron in the screen-anode space is towards the anode. Under these
conditions a secondary electron usually returns to the anode. When
v4 < Vg2 (curve 2) the force on an electron is towards the screen, and
secondaries from the anode are collected by the screen. The shape of
the characteristics in Fig. 6.13 may now be explained as follows. Elec-
trons emitted from the cathode pass through the negative control grid
to the screen. Most of them pass through the screen with high velocity,
and their subsequent behaviour depends on the anode voltage. When
the anode voltage is zero the electrons gradually slow down and come to
rest at the anode (if initial velocities of emission from the cathode are
neglected). They are not collected by the anode but return to the screen
and the screen current is large (b). When the anode is made slightly
positive the electrons may reach it and ¢, increases rapidly (BC) with a
corresponding reduction in 72 (bc). However, at v, equal to about 5 V,
some of the electrons reaching the anode produce secondary electrons.

<
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Since v4 < vgp, these secondaries go to the screen and reduce 74, as shown
by the reduction in the rate of increase of 14 (CD). As v, is increased
further, still more electrons reach the anode, but with greater energy
and giving rise to a greater proportion of secondaries. When D is reached
the rate of increase in primary electrons equals the rate of increase of
secondaries. From D to E the increase in secondaries exceeds the in-
crease in primaries, and 7, decreases. However, at E the anode voltage
is becoming comparable with the screen voltage and some of the second-
aries return to the anode. From E to F an increasing proportion of
the secondaries return to the anode. When F is reached v, exceeds vgs
sufficiently to ensure that no anode secondaries go to the screen. Through-
out these variations of anode voltage, the initial velocities of the second-
aries assist the electrons to reach the screen. At the same time the space
charge due to primary and secondary electrons prevents some of the slow
velocity secondaries from reaching the screen, even when the screen voltage
exceeds the anode voltage. These factors account for the absence of
sudden change when 74 = vgs.

During the variation of 44, #¢z varies in the opposite direction, confirm-
ing that the secondary electrons leaving the anode go to the screen.
The total current iz remains practically constant throughout, thus con-
firming that the anode voltage has very little effect on the current leaving
the cathode. We see that the peculiar variations in the anode charac-
teristics of a tetrode at low anode voltages are due to secondary emission.
At higher anode voltages when the secondary emission effects are not
noticeable the anode current varies very little with anode voltage (FH).
The secondary emission coefficient §, i.e., the ratio of the number of
secondary to the number of primary electrons, may exceed unity. Thus
it is possible in a tetrode for the anode current to be negative.

If we define the amplification factor p, in terms of

By = — 78 at constant 74 and vge,
avm

then yu, is high; u4 is a measure of the relative effectiveness of the anode
and control-grid voltages in controlling the anode current. Just as in
the triode, us may be interpreted electrostatically as the ratio of v4 to
ve1 to give zero field at the cathode in the absence of space charge. Now
there is an additional electrode, the screen, between the anode and the
cathode, and the penetration of the anode field through to the cathode is
very small. Obviously, p4 for a tetrode is greater than p for a triode.
A second amplification factor us may be defined for a tetrode as

us = — e at constant 44 and v,.
a‘vm
ns measures the relative effectiveness of the control grid and the screen
in controlling the anode current. Values of yg are similar to the values
of triode amplification factors.
As in the case of a triode, the idea of an equivalent diode may be used
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with tetrodes. The anode voltage of the equivalent diode is given by
ve1 + ve2/us + ta/ea and the anode current is given approximately by
the expression

14 = K(va1 + vee/us + va/ua)?,
where K is constant.

6.10. Effect of Space Charge in Tetrodes—Beam Tetrodes

In considering the potential distribution in the screen-anode space in

a tetrode in Fig. 6.14 the effect of space charge is neglected. This
assumption may be justified when the anode voltage is large, since the
electrons are then moving with high velocity between the screen and the
anode and the charge density is small. However, when the anode voltage
is comparable with or less than

v the screen voltage the conditions
are similar to those described for
the grid-anode space of a triode
in Section 6.7. There it is seen
that a potential minimum may
arise due to the space charge.
Thus, instead of the potential dis-
tributions given in Fig. 6.14, it is
possible to obtain conditions as
K é‘ é 2 A X shown in Fig. 6.15, particularly
Fic. 6.15 if there is a large distance be-

tween the screen and the anode.

Now the potential variation near to the anode, even at low values of anode
voltage, gives a force on electrons towards the anode. As a result the
secondary electrons return to the anode instead of going to the screen,
and the ‘‘ kink *’ is removed from the anode characteristics. The greater
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the density of the space charge between the screen and the anode, the
more effective is the * suppression’’ of secondary electrons. As well as
utilizing large spacing to produce low potential minima, it is possible to
gain the same effect by concentrating the electrons into high-density
beams. This is achieved in the beam tetrode, which is shown diagram-
matically in Fig. 6.16. The control grid and screen wires have identical
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pitch, and they are carefully alined so that the electrons are formed into
beams as shown in the vertical section (Fig. 6.16.a). The width of the
beams in the screen-anode space is restricted by two zero potential plates
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Fic. 6.17

P as shown in the horizontal section (Fig. 6.16.5). Anode characteristics
for a beam tetrode are shown in Fig. 6.17, in which it can be seen that the
‘“ kinks ”’ have been eliminated.

6.11. Pentodes

The effects of the secondary emission from the anode on the charac-
teristics of a tetrode can be eliminated by the insertion of an additional
grid between the screen and the anode, as is done in the pentode. This
additional grid is usually maintained at zero potential, i.e., cathode
potential, and then the potential distribution between the screen and the
anode is as shown in Fig. 6.18. The space between the wires of this new
grid is at a potential somewhat above zero when the screen and the anode
are at positive potentials. With this arrangement the field outside the
anode, even at low anode voltages, is such that secondary electrons
return to the anode. The extra electrode, G;, is usually called a sup-
pressor grid. The pentode
with five electrodes has a large ¢
number of possible charac- A
teristics. The most important O v
arc those showing the vari-
ation of i, with vg and v,
whilst vg2 and vgg are constant,
the latter usually being equal
to the cathode potential. A
typical set of anode charac-
teristics for a pentode is shown
in Fig. 6.19. These are very -
similar in shape to the anode l
characteristics of the beam Fic. 6.19
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tetrode. The two types of valve are almost interchangeable for many
purposes. Careful comparison of the characteristics of pentodes and
beam tetrodes of similar size shows that the ‘‘ knee’’ of the anode
characteristics is sharper and steeper with tetrodes. The pentode knee
may sometimes be sharpened by operating the suppressor at a small
positive voltage. Historically, pentodes were introduced before beam
tetrodes.

Another type of pentode characteristic which is of some interest is
shown in Fig. 6.20, which gives the variation of anode and screen currents
with suppressor voltage. Normally the suppressor is maintained at zero

iy

Fi1c. 6.20

Fi1G. 6.21

potential relative to the cathode. Then the potential in the rest of the
space between the screen and the anode is maintained positive by the
combined effects of the screen, anode and suppressor potentials. If
the suppressor is made negative a small region round each suppressor
wire is at a negative potential and some of the electrons, which previously
passed through the suppressor to the anode, now return to the screen.
As the suppressor is made more negative the anode current decreases,
and becomes zero when the whole space between the suppressor wires is
reduced to negative or zero potential. It is seen from the figure that ¢,
and i¢2 vary equally and oppositely and that their sum is constant. One
feature of these curves is that 74, varies in the reverse direction to vga,
an increase of 13 giving a decrease in 742, and vice versa. Thus the slope
of the curve of screen current against suppressor voltage has a negative
region (see Section 13.8).

6.12. Effects of Gas in Triodes—Thyratrons

In Chapter 5 it is shown that the presence of gas in diodes may modify
the flow of current considerably. In particular, it is seen that there is
an increase in anode current when the anode voltage approaches or
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cxceeds the ionization potential of the gas. As the voltage increases
further there is a sudden and very large increase in current. Similar
cffects are observed in the anode current of triodes with gas. At the
same time grid currents are found to flow even when the grid potential
is negative. The geometrical arrangement of the electrodes in gas
triodes is usually different from the vacuum triodes which have already
been considered. Fig. 6.21 shows one type of gas triode. The cathode
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and anode are approximately planar, but the ‘“ grid "’ is a cylindrical
shield round the anode and cathode with a central disk between them.
There is a hole in the disk. This structure differs considerably from the
grid of wires of vacuum triodes, but it is obvious that the field at the
cathode is determined mainly by the ‘‘ grid "’ potential and to a small
cxtent by the anode potential. It is a high  structure. The behaviour
of this structure may be determined with the circuit shown in Fig. 6.22.
Consider the case where the cathode is heated, the anode voltage is, say,
100 V and the grid is sufficiently negative to cut off the anode current.
As the negative grid voltage is reduced gradually, a point is reached
where the anode current changes suddenly from zero to a large value.
At the same time a glow discharge appears inside the valve. It is then
found that further variation of the grid
voltage has little effect on the anode
current, even if the grid is made more
negative. Once the discharge is struck,
the grid loses control and the discharge
may be extinguished only by reduction
of the anode voltage to a low value
less than about 10 V. If this experi-
ment is repeated with a different initial
value of the anode voltage, it is found
that the valve strikes at some other
value of grid voltage. The curve in
Iig. 6.23 gives the corresponding values
of anode and grid voltages at which v
the valve strikes. This curve is some-

times called the control characteristic. Fic. 6.23
D
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If, on switching on, the values of ve and v, correspond to a point on or
above the full curve in the figure the valve strikes. As with the diode, it
is found that in the conducting state the voltage drop ' across the valve
between anode and cathode remains practically constant at " =10 V.
The current that flows is given by (vs — v')/R. The greater part of the
control characteristic is a straight line. The slope of this line is called the
control ratio; its value is usually about 20. The anode current after the
discharge is struck is unaffected by the grid voltage. However, there is a
current flowing to the grid itself, and this varies with the grid voltage, as
shown in Fig. 6.24. At positive and low negative grid voltages this cur-
. rent flows in the positive direction, i.e., it
& corresponds to a flow of electrons from

the gas to the grid. The current in-

MAINLY creases very rapidly as the grid voltage
P is made less negative. At some small

negative grid voltage the grid current is
zero. As the grid voltage is made more
negative a reversed current flows to the
¥e grid, as shown.
The nature of these characteristics may
be explained in the following manner.
MAINLY On switching on with the grid voltage
! sufficiently negative there is no anode
current. The limiting value of vg for
cut-off, when the anode voltage is vy, is
vg = — v4f/u. As soon as vg is made less negative than the limiting
value, electrons leave the cathode and move towards the anode. Norm-
ally, v, is considerably greater than the ionization potential of the
gas and breakdown occurs as described in Sections 5.15 and 5.16. The
voltage between anode and cathode drops to about the ionization
potential and most of the space is filled with plasma. A positive-
jon sheath forms round the cathode just as in the diode. With the
grid at a negative potential, positive ions are attracted to it from the
plasma, and so a positive ion sheath is formed round the grid. The
size of this sheath depends on the grid potential; the more negative the
grid, the greater the number of positive ions surrounding it. Equilibrium
is reached when the ion sheath just neutralizes the negative grid so that
no more ions are drawn from the plasma. Under these conditions the
main plasma is unaffected by the grid potential, and we see why the grid
voltage does not affect the flow of current to the anode. However, the
ion current to the grid varies with the grid voltage; in use, a resistor is
always connected in series with the grid supply to limit this current to a
safe value. If the grid voltage is reduced the ion current drops, and
some electrons are collected at the grid because of their random velocities.
When the grid is positive it collects electrons from the plasma and also
some positive ions, as they too have random velocities. It might appear

ON
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Fi1G. 6.24
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that no current should flow to the grid when it is at zero potential. How-
ever, the random velocities of the electrons in the plasma are greater than
the ion velocities, and more electrons are therefore collected. This is
why it is found that the total grid current is zero at a negative grid
voltage (see Fig. 6.24).

From what was said above about the control characteristic it should
be expected that its slope would give the electrostatic amplification factor,
defined in terms of the ratio of v, to vg for cut off. On this basis the
straight portion of the characteristic when extrapolated should pass
through the origin. The actual extrapolation crosses the grid axis at a
slightly negative value. This is probably due to the initial velocities of
emission of the electrons from the cathode. Breakdown occurs at very
low anode currents. Hence the extra energy of a small number of elec-
trons emitted with appreciable velocity may assist breakdown. The
actual characteristic cuts the v4-axis near the ionization potential.

The main properties of a gas triode or thyratron are similar to those of
a relay. The breakdown corresponds to the closing of the relay. The
grid operating at a low voltage may be used to close the relay, and to
control the flow of a large current. However, once the relay is closed
the grid has no further control. Thus thyratrons have to be used in
circuits where the anode voltage drops to a low or negative value when
the relay is to be opened. When the anode voltage drops below the
ionization potential, the positive ions and electrons recombine to form
ncutral molecules. This takes a definite time, depending on the ion
mobilities. If the discharge is to cease completely so that the grid
resumes control, it is important that the anode voltage should not change
again until the process of recombination or de-ionization is complete.
This factor sets a limit to the maximum frequency of operation. In the
case of mercury-vapour thyratrons the frequency is limited to a few
thousand cycles per second. Hydrogen or inert-gas thyratrons may be
used at higher frequencies. As in the case of gas diodes, temperature
affects the operation of thyratrons particularly when mercury vapour is
used. It is necessary to control the temperature within limits.

Some gas tubes have a fourth electrode whose potential modifies the
striking voltage of the control electrode. These gas tetrodes usually
have a high control ratio.

So far, all the considerations on gas triodes have been based on tubes
with heated cathodes. Gas diodes can operate with cold cathodes, where
the ionization is initiated by cosmic rays or other external agency. In
such tubes the discharge between two electrodes may be controlled by
the insertion of a third electrode. When a discharge starts between one
pair of electrodes it initiates a discharge to another pair. By biasing the
first pair near to the firing voltage, a small voltage change may start a
discharge to the second pair, thus giving switch or relay action as in the
thyratron. Cold-cathode triodes and tetrodes are used in this way; they
have the big advantage over thyratrons that they do not require any
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supply for heating the cathode. Multi-electrode cold-cathode tubes have
been introduced for counting purposes (see Section 18.10).

6.13. Ionization Gauge

In valves which have been evacuated to a very low pressure there are
still many molecules of gas present. Indeed, in the best vacua available
the number of gas molecules usually exceeds the number of electrons even
when large currents flow. Thus there is always some ionization taking
place when the electrode potentials are sufficiently high. In valves
operated with a negative grid, the positive ions produced by ionization
flow to the grid. This positive-ion current gives a measure of the density
of the gas molecules or the gas pressure. In this way a negative grid
tube may furnish an indication of its own pressure. Frequently small
triodes are incorporated in vacuum systems to indicate the pressure.
Such triodes are called ionization gauges. At low pressures the ion current
is proportional to the pressure.

6.14. Transistors

Crystal triodes or transistors are made from suitably prepared crystals
of germanium or silicon. As in the case of crystal diodes, there are two
main types—the junction transistor and the point-contact transistor.

{%

(o) (8) ()

FiG. 6.25

The junction transistor consists essentially of two p-# junctions com-
bined in one crystal as shown diagrammatically in Fig. 6.25.a and b, where
it is seen that there are two main forms, depending

E C on whether the middle section is p- or n-type
material. In both cases the middle section is

WHISKER WHISKER called the base, and it is made as thin as possible

CRYSTAL for reasons given in Section 6.17. The outside
regions are called the emitter and the collector.

B One form of p-n—p junction transistor is shown
Fc. 6.26 in Fig. 6.25.c, in which two beads of indium are

on opposite sides of a thin slice of n-type ger-
manium. The p-type regions are formed at the boundary of the indium
and the germanium. In the point-contact transistor, Fig. 6.26, the
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emitter and collector are two metal wire cat’s whiskers, very close
together and making contact with the surface of a slice of germanium (or
silicon) which acts as the base. Various symbols are used to represent
transistors. Some of these are shown in Fig. 6.27.a to f; (a) and () are
alternative methods of representing p—n—p junction transistors, and (c)

n c c
SIS B
B E 8 E
(a) (6) (c) (d)
P-N-P JUNCTION TRANSISTORS N-P-N JUNCTION TRANSISTORS

E Cc E C

B POINT CONTACT TRANSISTORS B

(e) (1)

Fic. 6.27

and (d) are the corresponding symbols for #n—p-# junction transistors.
The two point-contact symbols shown at (¢) and (f) are sometimes used
for junction transistors also.

The transistor is a three terminal device, and its properties may be
specified in terms of characteristic curves connecting the three currents
and three voltages which are shown in Fig. 6.28. Since

tg+1ip+ic=0
and vpE + vec + v =0

there are only four independent variables. If ig, ¢¢c, vegs and vep are
chosen, the two voltages are measured from the base, and these variables

-+ Vec -
& T T {
Bop—— | | —=C
Yee l'g Vca
+ -
B
F1G. 6.28

helong to what is called a common-base arrangement. In the case of the
triode there are also four independent variables iy, ¢g, v4 and vg, but as
1y is zero in many applications, we represent the triode characteristics
by a single equation 74 = f(vg, v4) and a single family of curves. In the
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transistor there is no such simplification, and all four variables must be
taken into account. One way of expressing the characteristics is

ves = f1(ie, ves)
and ¢ = f,(1E, ves).

These are known as the hybrid characteristics. Two separate families
of curves are required to represent the complete characteristics. Typical
curves for a p-n—p junction-type transistor are shown in Fig. 6.29.a to d;
(a) and (b) give in alternative forms families of curves for the first of the
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above equations, and (¢) and (d) do likewise for the second equation.
The characteristics are completely specified by one pair of families, e.g.,
(0) and (d). Important and typical features of these curves are:

(i) 7g and 7¢ are related linearly, being practically equal and
opposite. Actually, 7¢ is usually slightly less than ¢z in magnitude.
Consequently 75 is much smaller than either ¢g or .

(i) <g changes considerably with vgg.

(ili) ¢ is almost independent of v¢p.

(iv) vgs changes slowly with v¢p.

From (i) and (ii) we see that the emitter-base voltage acts as an effective
control of the emitter current and of the collector current, but at the
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same time the base current is small. This corresponds to some extent
with conditions in a triode, where the grid acts as a control of the anode
current without taking appreciable grid current. The emitter, base and
collector are analogous to the cathode, grid and anode respectively.
Point-contact transistor characteristics are similar to those of the
junction transistor, but they show greater variations from one sample to
another, and the typical features mentioned above are not so marked.
In normal use with a p-n—p transistor vgp is a positive voltage of one

VBE vgg
/A % vee
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Vce\ °
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volt or less, whereas v¢p is negative and of greater magnitude than vgs.
The emitter current is positive and the collector current is negative. All
these polarities are reversed for an n—p-n transistor.

The common-base characteristics use the four variables 7g, i¢, vgp and
vcp as independent. When v¢g and ip are required they are determined
from ig 4 i¢ + 13 = 0 and vpg + vec + vecg = 0, i.e., vcg = vep + VpE.
Since ¢ and g are approximately equal but of opposite sign, 75 is the
small difference between two relatively large quantities. Thus charac-
teristics based on 7¢ and 7¢ do not give the most accurate overall repre-
sentation. Common-emitter characteristics based on 1, 7¢, vgg and v¢g
are frequently used. A set of such characteristics is shown in Fig. 6.30.4
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to d. Corresponding functional relationships may be expressed in the
form

vae = f3(1s, VcE)

and ¢ = fi(is, vcE).

6.15. Transistor Parameters

As in the case of triodes and other electronic devices, the slopes of the
various characteristics are important parameters. For the common-base
connection the hybrid parameters are defined as follows:

by = —a%’ at constant v¢s,
E
= 9vss at constant 7
12 avcn B
al.c
by = e at constant v¢p
dic .
and hyy = e at constant 7.

The quantity k,; has the dimensions of a resistance. It is the resistance
of the emitter to changes of the emitter-base voltage when the collector-
base voltage is kept constant; it has a low value. It may be considered
as a measure of the transistor input resistance when the output voltage
is constant. The quantity #,, is the conductance between collector and
base for changes in v¢p while the emitter current is constant. It may be
thought of as the output conductance when the input current is constant.
It has a very low value. It may be noted in passing that the ¢¢, v¢s
characteristics are similar in shape to the #4, v, characteristics of pentodes,
and the low value of A,, corresponds to the low value of 1/7, of a pentode.
The quantities 4,, and 4, are dimensionless. The former is a measure of
the fraction of the collector-base voltage change that exists between the
emitter and base when the emitter current remains constant; &, is
usually small. Finally, 4,, is the ratio of the change in collector current
to the change in emitter current when the output voltage is constant.
It is usually negative, and its value is just slightly less than unity. It
is sometimes called the collector-emitter current amplification factor.
Frequently A, is replaced by — «, and then «, is usually positive.
Point-contact transistors and certain types of junction transistor have
values of «. greater than unity.

The slopes of the common-emitter characteristics may also be used as
transistor parameters. They are defined as follows:

Py = OV2E, g, OV
¢ ala ‘ 81)03
01 dic

hzu=at—zandhzz¢=m
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Then hy,, is the transistor input resistance for the common-emitter con-
nection; hgs, is the output conductance, k2. is a measure of the voltage
fed back from output to input; and kg, is the current amplification factor
from base to collector. This quantity is usually large and positive for a
p-n—p junction transistor; it is sometimes denoted by the symbol ag.

When it is necessary to distinguish between the 4 parameters for com-
mon-base and common-emitter connections the former may be denoted
by hiw, P12, etc. Corresponding k& values for both arrangements for a
typical p-n—p junction transistor are shown in Table 6.1.

Common-base. Common-emitter.
Input resistance . hyy =30Q by = 1500 Q
Voltage feedback factor . hygy =7 X 1074 hyy, = 8 X 1074
Current amplification factor by = — a,, = — 0-98 hyy, = ap = 50
Output conductance hegy = 1 pmho hys, = 50 pmho
TABLE 6.1.

Mathematical relations between the 4 parameters may be established
(see Exx. VI). In particular, it may be shown that ap =~ a./(1 — a.)
and Ay~ M/l — «,). Since a,~1, it follows that the common
emitter arrangement gives a considerable increase in input resistance.
The input resistance of a transistor in the common-emitter connection is
much less than the input resistance of a thermionic triode operated with
negative grid. Also, in contrast with the triode, there is always some
reaction of the output on the input in the transistor due to 4,.

6.16. Transistor Equations for Small Changes

In dealing with the triode in Section 6.3 it is shown that small changes
14, v, and v, in the variables 44, v¢ and v, are related by the valve equation
o = gm¥y + Vofrs. With the transistor there are similar relations for
small changes v, v, 7. and ¢. in the variables vgg, v¢p, g and i¢. From
the equations vgg = f,(tk, vcp) and i¢ = fy(ig, vcp) it follows that

Vep = %U_E‘B e + g:’}z& Uy = huic + hmvd)
and 1= g:c e + anc Vs = hyyte + hogvas.

For the junction transistor 4,, and k,, are small, and the magnitude of
hy, is nearly unity, so that we get the approximate transistor equations

Vep =~ hu‘i¢
and te = hyle = — aebe OF 1,2~ — i,

From these equations it is seen that vgp is the important voltage; it may
be called the driving voltage. A change in the driving voltage gives a
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change in ¢z and an almost equal change in 7. Changes in v¢p and vge
are relatively unimportant in determining the currents flowing. This
simplified picture is useful in determining the approximate behaviour of
a transistor as long as the changes involved are small.

6.17. Physics of the Transistor
In an isolated p—n—p junction transistor there is a potential variation
and distribution of energy levels of the form illustrated in Fig. 6.31. In
the equilibrium state the Fermi energy level is constant throughout.
This state is set up in a similar manner to that described in Chapter 5 for
a single p—» junction, and involves zero resultant current of electrons and
P n P
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holes across each junction. If the collector is joined directly to the base
and a small positive voltage is applied between emitter and base, then a
current flows just as with a p-» junction diode in the forward direction.
Similarly, if the emitter is joined to the base and a negative voltage is
applied between collector and base, the current flows as with a p-n
junction diode in the reverse direction, showing the same saturation of
collector current. We consider now what happens when these voltages
with the same polarity are applied simultaneously. The potential and
energy variations are shown in Fig. 6.32. The potential barrier between
emitter and base is reduced and the flow of holes across the barrier is
greatly increased. There is an increased flow of electrons from base to
emitter, but the hole density is, by design, much greater in the p-region than
the electron density in the n-region, so that the current may be considered
as due mainly to holes. The holes enter the #n-region and diffuse through
it. There is a tendency for these holes to combine with the electrons in
the region. However, if the n-region is sufficiently thin a large number
of the holes reach the collector-base junction and very few arrive at the
base terminal. At the collector-base junction the holes fall easily into



6] TRIODES, VALVES AND TRANSISTORS 95

the collector region on account of the field at the junction. Thus, we
see that the collector current is very nearly equal to the emitter current
and the base current is almost zero. The collector-base voltage has little
effect on the current as long as its magnitude is above some minimum
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value and the base region is sufficiently thin. A small change in emitter-
base voltage causes a change in emitter current. This results in an
almost equal change in collector current.

As with the junction diode, there are always some reverse currents due
to minority carriers in the different regions. The minority carriers, and
hence the reverse currents, increase with temperature. This temperature
effect is one of the chief limitations to the use of transistors.



CHAPTER 7
VOLTAGE AMPLIFIERS

7.1. Valves and their Characteristics

In Chapters 5 and 6 the characteristics of various valves are discussed
and it is shown that the electrode currents can be determined from the
characteristics when the electrode voltages are known. In the use of
valves the electrode voltages usually depend on a number of factors, such
as the battery supplies and the circuits connected to the electrodes.
Sometimes the voltages depend on one another and on the electrode

A
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EL -4 &
ve=-E,
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Fi6. 7.1

currents. In order to determine the actual electrode voltages these
factors must all be taken into account. In many applications of valves
with control grids the grid—cathode voltage is negative, so that only a
negligible amount of grid current flows. Then it is frequently possible

¥s=-E1 ve=—E
v=E, n=E;-Ri,
(o) (8)
Fi6. 7.2
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o determine the grid—cathode voltage without having to take into con-
ideration the valve itself. Such is the case in the circuit of Fig. 7.1.a.
Iowever, in Fig. 7.1.b the grid-cathode voltage depends upon the value
f anode current flowing through the resistance Rg, and hence upon the
1ature of the rest of the circuit through which the anode current flows.
n this case it is not possible to write down directly the value of the grid
roltage. Throughout this chapter it is assumed that the grid voltage is
legative and the grid current zero.

From Fig. 7.2.a the values of v and v, are known directly from the
ircuit as v¢g = — E; and v, = E,. This allows the anode current to be
leduced from the static characteristics. In Fig. 7.2.b, however, where
here is a resistance in the anode circuit, only the value of vg is known

A A
V== E1
S v,
E.
LOAD LINE o= (E - &)/R VALVE CHARACTERISTIC £ = 7(¥,)
FoR Vg = —E,
(9) (6)

Fi6. 7.3

lirectly from the circuit. The determination of v, involves the anode
:urrent through the valve, which itself requires a knowledge of v, before
t can be determined. There are in fact two relations to be satisfied: the
ralve characteristic

‘i‘ =f(v4) for Vg = — El’
ind the circuit condition
Uy = E, —_ Ru or iA = (Ez - UA)/R.
[he values of i4 and v, for the circuit of Fig. 7.2.b must satisfy these
:quations simultaneously.

7.2. The Load Line
We consider, firstly, the circuit equation
V4 = Ez - RiA.
When iA = O, Uyg = Ez.
TChe relation between i4 and v, is a linear one, since E, and R are constant,
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and only one other point is required for drawing the graph of the equation.
A suitable point is
vy =0and i, = E,/R.
Any other point, such as
vy = 4" when iy = (E, — v/)/R,
could be used. The circuit relation is represented by the straight line
in Fig. 7.3.a. This is known as the load line and R as the load resistance.
The equation
s = (E; — w)/R

is called the Load Line Equation. The slope of the load line is — 1/R.

The static characteristic corresponding to 44 = f(v4) is shown in Fig.

7.3.b. The actual values of 7, and

vy are determined from the inter-

section at Q of the curves of Fig. 7.3a.

and 7.3.b when they are plotted to-
gether as in Fig. 7.4.

Now let us consider a d.c. change

v, in the grid voltage so that

’ vg = — E, + v,, as shown in Fig. 7.5.

i The load line is unchanged, but there

o ;, N~ v is a new valve characteristic ¢4 = f(v4)

@ g, * for vg= — E,; +v,. The anode volt-

age and current are changed to the

values vp and ¢p, where the point P

gives the intersection of the load line and the new characteristic. Thus,

due to a change in the grid voltage, we have changes in the anode

current and voltage of 4, = (ip — 4g) and v, = (vp — vg). It may be

seen that v, is, in this case, negative in value. In many cases v, is much

greater in magnitude than v, so that the triode and its resistance load

(Afg e AN
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act as a voltage amplifier. The voltage amplification is defined as
A = v4/vy, and the magnitude of this voltage amplification is often re-
ferred to as the stage gain. It may be noted that this voltage amplifica-
tion has been obtained without expending any power in the grid circuit,
i.e., no current has been drawn from the source of the voltage v,.

The point Q in Fig. 7.4 or Fig. 7.5 which gives the operating conditions
before any changes are introduced is called the quiescent point, and 7q
and vq are the quiescent anode current and voltage respectively. When

%

F1G. 7.7

it is necessary to distinguish between the quiescent values of the anode
voltage and grid voltage, the symbols v4¢ and vgq may be used. In the
present case vgq = — E,. The terminals across which the voltage
change v, is introduced are referred to as the input terminals, whilst those
across which the amplified voltage change occurs are the output terminals.
The input voltage change is sometimes called the signal voltage, and is given
the symbol v,. The output voltage change is given the symbol v,, so that
the voltage amplification may also be defined as 4 = v,/v, (see Fig. 7.6).

What has been described above for a triode amplifier applies equally
well to a pentode amplifier. The appropriate conditions are shown in
Fig. 7.7.a, b and c.
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7.3. Voltage Amplifier—Small Signal Theory

In the previous section no restrictions are placed on the size of the
changes in voltages and currents, except that the grid voltage does not
become positive. In this section only small changes are considered.
The changes are sufficiently small for the values of gnm, 7, and p to remain
constant throughout the range of variation, so that the Valve Equation
derived in Section 6.3 may be used. A change v, is made in the grid voltage
(see Fig. 7.8.a and ¢), and it gives rise to changes 7, and v, in the anode
current and voltage. Then the Valve Equation gives ¢4 = gnty + 4/7a.
The change in anode voltage may also be related to the change in

R
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[

VG= —El

(a)

anode current, using the Load Line Equation ¢4 = (E, — v4)/R. In this
case 7, = — v,/R. The two equations for ¢, yield

EmYy

= TR+ 17
and the voltage amplification is

- _&m
A=—WR+ 179

This expression may be written in the alternative forms

A=— &m — — _8m uR ,
(1/R + 1/r,) (G + &) (R + 74

where G = 1/R and using p = gn?,. The values of u, g, and 7, used in

these formulae must be determined for the actual Q-point in use, as shown

in Fig. 7.8.b. The above formulae all apply to small d.c. signals for any

valve amplifier. In the case of pentodes r, is very large and frequently

7. > R, so that the voltage gain is simply

A4 = —gnR.

In triodes 7, is usually comparable with R, and smaller voltage gain is
obtained than with a pentode for the same mutual conductance and load
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resistance. It is to be noted that Ri, is the change in voltage drop v,
across the load resistance, and as v, = — Ri,, then v, = — v, The
voltage change across the valve is equal and opposite to the voltage
change across the load. This relation is obvious from Kirchhoff’s Second
Law but it is a useful check in determining the signs of the circuit
voltages.

7.4 Voltage Amplifier—Small a.c. Signal

The discussion of the amplificr has so far been in terms of a d.c. signal.
When the value of the signal is changing all the time, as with an a.c.

. (c) o
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R
fo (d)
Fi1G6. 7.9

voltage, then as long as the change is not too rapid it is found that the
values of the valve parameters corresponding to the instantaneous
values of the electrode voltages are identical with those found from the
static characteristics. This implies that the static characteristics also



102 PRINCIPLES OF ELECTRONICS [cn.

apply to instantaneous values of applied voltages. When the time of
transit of the electrons through the valve is comparable with the period of
the a.c. signal, this is no longer true. However, this source of error can be
ignored at frequencies below some tens of megacycles per second.

In the circuit of Fig. 7.9.a a sinusoidal alternating signal is applied in
series with the grid bias supply, and the load is again a resistance R.
The instantaneous value of the signal is v, = 7, sin wf, and thus the
instantaneous grid voltage is v¢ = — E; + 7, sin wf. This is represented
in Fig. 7.9.b, which also serves to define the polarity of the signal voltage
with respect to the bias battery at any given time. When the signal
voltage is zero, the anode current and anode voltage have their quiescent
values, 7q and vq, as given by the load-line construction. At any other
time the instantaneous change of grid voltage is 7, sin wf. Provided 7,
is sufficiently small, the changes of anode voltage and current at the same
instant may be found from the Valve and Load Line Equations, as in the
previous section. Thus

Vg = — gmds sin of = 8" __ sin (ot + =)
11 T 1
R ', R "7,
gmﬁl

and

The actual anode voltage and current are
vu=vq+v, and iy =1q+ s

These are shown in Fig. 7.9.c and d. It is seen from the equations above
that there is a phase difference of 180° between the a.c. components of the
anode current and anode voltage. The voltage amplification is again

= —___8m
4=—WrR+1F
as for the d.c. signal, and it is independent of the frequency of the signal.

7.5. Valve Equivalent Circuits for Small Signals

In Fig. 7.10.a is shown a valve amplifier with a load resistance R.
When a signal is applied we are usually interested only in the changes
that take place. We may therefore redraw the circuit as shown in Fig.
7.10.5, in which the d.c. supplies E; and E, have been omitted and only
the varying components of voltage and current are included. It is
assumed that E,; and E, have negligible impedance to the varying cur-
rents. For small signals the Valve Equation gives

ta = EmYy + Vof7s.
The circuit conditions give

Vg = — Ri,.
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In Fig. 7.10.c a circuit has been drawn in which a current generator gmv,
is in parallel with a resistance 7, and a load R. It may be seen that the
same two equations hold for this circuit as for the amplifier. The circuit
of Fig. 7.10.c is known as the current-generator equivalent circuit of the
amplifier. The valve is equivalent to a current generator gnv, in parallel
with a resistance of 7.

The Valve Equation for Fig. 7.10.6 can be rewritten as

Tals = (gm’a)vg + Ve = vy + 7,
whilst the circuit relation is still v, = — Ri,. If we study the circuit
of Fig. 7.10.d, where a voltage generator py, is in series with a resistance
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s and the load R, it is seen that these two equations hold also for this
circuit. The circuit of Fig. 7.10.d is known as the voltage-generator
equivalent circuit of the amplifier. The valve is equivalent to a voltage
generator which has an internal series resistance of 7,. These equivalent
circuits are useful in solving amplifier problems, and they are used
frequently throughout this book. It must be stressed that the equivalent
circuits are only alternative expressions of the Valve Equation, and hence
are restricted to small signals.

7.8. Voltage Amplifier—Inductive Load

With a resistance load, the amplification is independent of the frequency,
and there is a constant phase difference between the anode current and
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the anode voltage of 180°. Frequently there is some inductance or capaci-
tance associated with the load, and then the amplification and the phase
difference vary with the signal frequency. In this section we consider an
amplifier with an inductive load with zero resistance, as shown in Fig.
7.11.a. In this case the static load line equation is simply v, = E, (Fig.
7.11.5). This gives a vertical line through E,, as seen in Fig. 7.11.d.
Also vq = E,. If the grid voltage is given by

vg = — E,; + 9, sin ot
then we are primarily interested in the alternating components of the
anode current and the anode voltage (Fig. 7.11.c). These take the form
o = fasin (wf + ¢) and v, = 9, sin (wf + ).
To find {,, 94, ¢ and ¢ in terms of v, we may use the equivalent circuit with
vector voltages and currents. The constant-voltage generator may be

used as shown in Fig. 7.11.e. By applying Kirchhoff’s Laws and using
vector algebra we find

L = uV/(re + joL) and V= — joLL,

ie., I = uVy(rs — joL)/(rs2 + «2L2).
Hence tand = — ol/7,
and fa = pd/+/(rs* + w?L?)
Also, since Va = — joLl,, then
Y =¢+ 3r/2
and fs = poLd,j/(rs + wL?).

Figs. 7.11.f, g, k and j summarize the relations between the total and a.c.
values of the various currents and voltages. It may be seen from the
equations that the magnitude and phase of the anode voltage vary with
the signal frequency. The stage gain is

|A] = 7a/ds = poL[+4/(r% + «2L?)
When oL > 7,, then |A| =y and is independent of frequency. The

variation of |A| and ¢ with frequency are shown graphically in Figs.
7.11.k and ..

?7.7. Voltage Amplifier—Capacitive Load

This case is shown in Fig. 7.12.a, where a resistance load R is shunted
by capacitance C. With no signal the equilibrium d.c. circuit is shown
in Fig. 7.12.5, where it is seen that the circuit is exactly like that with
resistance load only. The condenser is charged up to a voltage equal to
the potential drop across R. The quiescent point Q is found as usual in
Fig. 7.12.d, and then the appropriate values of gn, 7, and p. may be deter-
mined. If the grid signal is given by

v,=ﬁ,sin0)t
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then we assume that it gives rise to an alternating anode voltage of the
form
Vs = U5 sin (ot 4 ¢).

To determine 7, and ¢ it is convenient to use the current-generator equiva-
lent circuit, as shown in Fig. 7.12.e. With vector notation this gives

&m |=Io+lr—l: L= "']""CV-,
Ig = - v./R andI = V./f,,.

Hence ViV, = -g,,./(;‘-E + ’l +j<nC),

ie V.V 1 1 . 1 1)\2 o2
.e., A .=—gml—e+-':—]wC)/ (1—2-}-’-“ + «2C2%).

Thus  tang = —mC/(%-I-’la)

md A=W = (g 1)+ )

The variations of the voltages, the stage gain and the phase angle with
frequency and a vector diagram are shown in Fig. 7.12.f to 2. The stage

gain varies from ) at very low frequencies to zero at very

Em
(/R + 1/r,
high frequencies. The gain drops to 1/4/2 of its low-frequency value,
i.e., by approximately 3 dB, when C = 1/R + 1/7,.

7.8. Frequency Distortion and Phase Distortion

With reactive anode loads, the stage gain of an amplifier varies with
the frequency of the signal. If two signals of equal magnitude but
different frequency are applied to the input terminals the output magni-
tudes are not equal. The amplifier is said to introduce frequency dis-
tortion. Also, with a reactive load the phase difference between the
input and the output voltages varies with frequency, and the amplifier
may have phase distortion. When a signal consists of a combination of
several sinusoidal waves of different frequencies, frequency distortion
and phase distortion cause the output waveform to differ from the input.

When an amplifier has a resistor as its anode load there is always some
capacitance in parallel with it. This may arise from the anode-cathode
capacitance of the valve, or from stray capacitance to a metal chassis
from the anode and the components attached to it. It is difficult to
reduce the effective capacitance across the load resistor below about
10 puF, and this sets a limit to the upper frequency range of the amplifier.

7.9. Tuned Amplifiers—Parallel Resonant Load
An amplifier with a load consisting of inductance L, capacitance C and
resistance R, all in parallel, is shown in Fig. 7.13.a. Such a load is purely
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resistive and of value R at the resonant frequency when w,L = 1/wC.
At any other frequency the load has some reactance and its impedance
is less than R. The performance of the amplifier may be analysed by

i
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L 000/

""+
+
-

Ve "/
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Ve w<w, ° hit d
Vo ~"(a) (e)
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the method used in Section 7.7, the only difference being the extra com-
ponent L in parallel with the rest of the circuit. It is found that

Vo _ gal= (IR + 1/r) — j(— oC + YjoL}}
Vi (A/R+1/r)*+ (— oC + 1juL)?
The output voltage is seen to lead the signal voltage by an angle ¢ where
_ —(—eC +1/ol)
tané = ——WR+ 1jr,
¢isananglein the third quadrant aslong as 1/wL > wC. At theresonant
frequency fo(= wy/27),

0 C = 1/u,L
and Va/Vs = — ga/(1/R + 1/1a).

This confirms that the amplifier behaves at its resonant frequency as if
it had a load resistance R. At frequencies below the resonant frequency
the performance is similar to that of an amplifier with an inductive load.
At higher frequencies it approximates to an amplifier with a capacitive
load. The various cases are illustrated in Fig. 7.13.5, ¢, d and e. Such
an amplifier may be used for the selective amplification of a signal cover-
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ing a narrow band of frequencies around f,. At a frequency f, below f,
at which
— &,C + 1/o,L =1/R + 1/r,,

the stage gain is 1/4/2 of the value at resonance. The stage gain has the
same value at a frequency f, where

0,C — 1/w,L = 1/R + 1/7,.
The fraction (f, — f,)/f, is 2 measure of the sharpness of the resonance
curve or of the selectivity of the amplifier. When the voltage across the
tuned circuit is 1/4/2 of the resonant voltage, the corresponding power
ratio is 1/2. Thus f, — f; is the width of the resonance curve at the

‘ half-power points "', i.e., when the power output of the stage is approxi-
mately 3dB below the value at f,.

7.10. Amplifiers with Several Stages

So far only single valve amplifiers have been considered. Frequently,
the voltage amplification required is greater than can be obtained from
one valve, and then several stages have to be used. Obviously, the overall
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stage gain is the product of the individual gains and the phase shift is the
sum of the phase shifts of each stage. In coupling the output of one
stage to the input of the next, care must be taken to ensure that the
electrode d.c. voltages are correct. In a.c. amplifiers the stages are
normally isolated from one another for d.c. by one of the two methods
shown in Fig. 7.14. The condenser coupling of Fig. 7.14.a is usual in
voltage amplifiers at low frequencies, whilst the mutual inductance
coupling is commonly used at high frequencies with tuned amplifiers,
and sometimes with low-frequency power amplifiers (see Section 8.5).

In the condenser-coupled amplifier the d.c. grid voltage for the second
valve is obtained from the battery E,’ through the resistance R,, which
is called a grid leak. In normal use the grid voltage does not become
positive and no d.c. current flows through R,, so that its presence does
not affect the grid bias voltage. Over the working frequency range of
the amplifier it is desirable that R,> R; and 1/wC € R,. If both of
these conditions are satisfied, then the coupling arrangement does not
affect the stage gain obtainable from the first valve. The voltage ampli-
fication of the stage is now Vgo/V  If 1/wC is comparable with R,, then
C and R, act as a voltage divider across R,. Thus some of the output
voltage across R, is dropped across C and is not passed on to the grid of
the second valve, with a resulting loss of gain. There is also some
frequency and phase distortion. It may easily be shown that the
reduction in gain in the coupling circuit due to C is given by

Ry VARG + (1/wC)?},
and the phase change is given by the angle ¢, where
tan ¢ = 1/wCR,.

Thus the frequency and phase distortion are greater at lower frequencies.
If 1/wC < R, there may still be a loss of gain if R, is comparable with
R,, since they are effectively in parallel for a.c. This loss is not accom-
panied by frequency or phase distortion.

It follows that resistance-loaded amplifiers with condenser-grid leak
coupling are all subject to frequency and phase distortion at low fre-
quencies and high frequencies (see Section 7.8). In designing amplifiers
care must be taken to use components that keep these distortions within
reasonable limits over the required range of frequencies.

In the circuit with mutual inductance coupling shown in Fig. 7.14.5,
the a.c. flowing in the primary inductance L,, which is part of the anode
load of the first valve, induces an e.m.f. in the secondary L,, and this is
passed on to the grid of the next valve. If the current in L, is # sin «f
the induced e.m.f. is

vy = M % oMi, cos at or Vg = joMI,

The value of M is related to L, and L, by the coefficient of coupling Z,
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where M? = k2L,L, and 0 < k# < 1. The a.c. in the secondary winding
is normally very small, since it is open-circuited apart from the input

41t follows that

capacitance of the second valve. Hence v, = L, F7h

vyfvy = .= EV(L,[L)).

Thus if L, > L, it is possible to get additional voltage amplification from
the mutual inductance coupling. It is shown in Section 8.5 that the
mutual coupling also serves to give efficient operation in power amplifiers.

7.11. Automatic Bias

In the circuits considered so far in this chapter separate batteries are
used for the anode and grid supplies. In most amplifiers only one battery
is used even when there are several stages. The grid bias voltage is

FiG. 7.15

obtained from the voltage drop across a resistor Rg as shown in Fig.
7.15.a. In the circuit it is assumed, in the first place, that the input
terminals 4 and B are joined together and that current ¢, is flowing
through the valve, the anode resistance R and the cathode resistance Ryg.
This current produces a voltage drop Rgiy across Rg. One end of Rg
is joined to the cathode and the other end to the grid, and it follows that
ve = — Rgis. If the value of Rg is suitably chosen, then vg gives the
correct value of grid bias voltage for the required Q-point. When an
a.c. signal is applied to the input terminals the anode current varies and
the grid bias varies. In order to keep the bias voltage steady a capacitor
Cg is connected in parallel with Rg as shown in Fig. 7.15.5. Then, if
1/wCg < Rpg at the frequency of operation, the a.c. voltage across Rg is
much less than the d.c. voltage, and the grid bias is steady and equal to
— Rpgiq, where 7g is the quiescent anode current. The quiescent anode
voltage is now given by vq = E, — (R 4 Rg)iq.

The steady voltage required for the screen of a pentode is also obtained
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from the E, battery, and its value may be adjusted by means of a series
resistance in the lead to the screen. The arrangement is shown in Fig.
7.16. In the quiescent state the screen voltage vge is given by
vee = E2 — Rgigs — Rgig, whereigs, is the quiescent screen current. When
a signal is applied the screen current
varies, but the screen voltage is kept
constant by means of the capacitor
Cs, provided 1/oCg <€ Rg at the
signal frequency.

1 A circuit for a two-stage pent-
*Ez ode amplifier with resistance loads
is shown in Fig. 7.17. In such a

circuit it is essential to have a d.c.
conducting path through the input
source in order to give the first
valve its grid bias.

7.12. Alternative Connections of Valve Amplifier

Since the triode valve has three electrodes, there are six possible ways
in which the input could be applied between one pair of electrodes and
the output could be obtained across another pair. In the conventional
amplifier the input is applied between grid and cathode, and the output
is obtained between anode and cathode. This may be referred to as

0

> —O
INPUT % == OuTPUT
(o, T 2®)
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the common-cathode connection. Two other connections are frequently
used in which the grid and the anode are the common electrodes. The
common-grid amplifier is shown in Fig. 7.18.a and tlie equivalent circuit
in Fig. 7.18.b. From the latter it is seen that

Viiw+1) = (ra+ Z)ls and Vo = — ZL.
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The voltage amplification is given by A = V,/V,
ie., A=—Zp+ 1)/(rs+ 2Z) = — Z{gm + 1/r}/{1 + Z/ra}.

The corresponding formula for the conventional or common-cathode
amplifier is

A= —uZ/r.+2)
so that the common-grid amplifier gives slightly higher voltage gain.

-

(8)
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This type of amplifier is sometimes used at very high frequencies (see
Section 13.9).

The common-anode amplifier and its equivalent circuit are shown in
Fig. 7.19.a and b. The input is connected between grid and anode and

(a) (8)
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the output is taken between anode and cathode. The voltage ampli-
fication in this case may be derived in the form

A = gaZ/(1 + gnZ + Zjra).
When the load Z is resistive, |A] is less than unity. Such an amplifier
has certain special properties. It is usually called a cathode follower,
and it is dealt with further in Section 10.10.
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7.13. Input and Output Impedance of an Amplifier

When a signal generator is connected to an amplifier the current flow-
ing in the input circuit depends on the input impedance of the amplifier,
Z,, which is defined to be Z, = V,/I, (see Fig. 7.20). In a conventional
amplifier the input impedance depends on the inter-electrode capacitances
of the valve and the leakage resistance between the grid and cathode
electrodes. At low frequencies the input impedance can be very high.
On the output side of an amplifier
the valve acts as a generator feeding

o +l’ a load. The internal impedance of
the generator is sometimes called the

NeutT % AMPLIFIER output impedance of the amplifier.
o—1-= In the conventional amplifier the
output impedance is 7,. Input and

F1c. 7.20 output impedances are considered

further in Chapter 10. It is shown
there that the common-grid amplifier has a low input impedance and the
cathode follower has high input impedance and low output impedance.

7.14. Limitations of Small Signal Theory

In most of this chapter we have limited the signals to small values,
and it may be worth while repeating and emphasizing the significance
of this limitation. The use of static characteristics and the load line by
themselves is subject to no limitation of amplitude. The true output
voltage may always be determined in principle for any given input voltage
as long as the characteristics are available for the range of operation. Large
signals are given more detailed consideration in the next chapter. The
small signal limitation has arisen from the use of the Valve Equation,
which relates small changes of anode current to the changes in grid and
anode voltages,

i, = EmYy + va/"a

or L = gnVs + Va/7a

when the changes are sinusoidal. The changes are limited to a range
over which the valve parameters g, and 7, are constant. These restric-
tions also apply to the valve equivalent circuits.



CHAPTER 8
POWER AMPLIFIERS

8.1. Large Signals

In Chapter 7 the operation of amplifiers is confined to signal amplitudes
over which the valve parameters remain constant. Such amplifiers,
though dealing with small input and output voltages, may give large
voltage amplification. These are the conditions which usually exist in
the early stages of an amplifier. However, in the final stages it frequently
happens that considerable power is required for some purpose, such as
operation of a loudspeaker, energizing a transmitting aerial or activating
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some control mechanism. Then both large voltage and large current
changes are required. The use of the Load Line Equation is not limited
with regard to size of signal, and the load line is therefore the starting
point in our consideration of power amplifiers.

116
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8.2. Load Line and Dynamic Characteristics

A set of anode characteristics with a load line is shown in Fig. 8.1.5 for
the valve and circuit of Fig. 8.1.a. Asvgis varied and E, and R are kept
constant, the values of v, and ¢4 always lie on the load line, and the actual
values may be found by picking the appropriate static characteristic
corresponding to the instantaneous value of ve. This diagram is based
on the anode characteristics and gives the values of %4 in terms of u4, as
vg is varied. The same information could be given directly in terms of

FiG. 8.2

ve in a diagram based on the grid characteristics as shown in Fig. 8.1.c.
This diagram, which shows the variation of the anode current with grid
voltage when there is a load resistance is called the dynamic grid charac-
teristic or merely the dynamic characteristic. The load line and the
dynamic characteristic give the same information, but sometimes one is
more convenient to use than the other.

Corresponding load line and dynamic characteristic for a pentode with
resistive load are given in Fig. 8.2. The pentode dynamic characteristic
coincides with the static grid characteristic, except when vg approaches
zero.
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When a signal is applied to the grid of an amplifier the variation in
anode current and anode voltage may be determined from the load line
or the dynamic characteristic as shown in Fig. 8.3. The variation in grid
voltage is confined to a region over which the dynamic characteristic is
practically straight and the variation in anode current is a faithful replica

R

H H
¢ )¢
Fic. 8.3

of the grid signal. However, if a large signal is applied as in Fig. 8.4,
then the anode current waveform differs from the signal waveform.
When this happens the anode current is said to have non-linear distortion.
The output voltage, which is proportional to the anode current, suffers
similarly from non-linear distortion. This type of distortion is some-
times called amplitude distortion, since it increases with the amplitude of
the signal. The subject of distortion is considered in more detail later in

this chapter.
E
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The conditions for small signals (constant g, and 7,) imposed in Chapter
7 correspond in Fig. 8.1.5 or 8.2.6 to any range along the load line, on
either side of Q, over which the anode characteristics are parallel and cut
off equal intercepts on the load line. In Fig. 8.1.c or 8.2.c the correspond-
ing condition is the portion of the dynamic characteristic about Q which
is straight.

8.3. Power Output with Resistance Load

The power output is most easily determined from the anode character-
istics and the load line. In Fig. 8.5 it is assumed that the signal is
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sinusoidal and the effects of distortion are ignored. Characteristics are
drawn for a triode and a pentode. As a result of the signal the anode
current varies sinusoidally about its mean value 7q up t0 #mey and down
to imn. The anode voltage varies similarly about vq down to vmin and
up to vmes. These values give the current and voltage variations across
the load resistance, and the power in the load is found from the product
of the r.m.s. values of the current and voltage. Obviously (¢masr — ?min)/2
gives the amplitude and (maz — #min)/24/2 the r.m.s. value of the a.c.
component of the load current, and similarly (vmay — ¥min)/24/2 gives the
r.m.s. voltage. The power output is therefore

Py = (tmar — tmin) (Vmaxr — Vmin)/8 = R(tmaxr — min)?/8

= (Vmax — Vmin)?/8R.



] POWER AMPLIFIERS 119

“his expression for Py is derived on the assumption that the grid operating
roltage vgq (= — E,) is given and there is no distortion. This means that
i;, the amplitude of the grid signal, is limited to the range on either side of
1eq over which the static characteristics make equal intercepts on the
oad line. Frequently the range of operation of a power amplifier is

R
Ia +

{max
l.o
{min

Vmin Vmax

(c)
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limited to negative grid voltages, and this imposes a further limitation
on 9, namely 7, < vgq. We have assumed above that vgq is given.
Usually in practice, E, and R are fixed and the diagram is studied for
the range of grid voltage over which the distortion is negligible; vgq is
chosen at the mid-point of this range. An ideal case would occur where
there is no distortion over the whole length of the load line from vg = 0
to the v4-axis. For maximum output the anode current then varies
from zero to imsx, the value for v = O (see Fig. 8.6.a); the anode voltage
range is ¥mip to E,. Under these conditions

imax = 20 = 2iq
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and the power output is
Po = ig(Ey — tmn)/4.

An alternative expression for the power output in this ideal case may
be obtained from the voltage-equivalent circuit (Fig. 8.6.5). Its use is
justified, since we are assuming constant valve parameters over the

A
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whole working range. As the current is cut off at v, = E,, it follows
that the full range of grid voltage is E,/u, and hence

vgq = — U, = — E,[2u.
From the equivalent circuit
ta = pvy/(R + 7,)
and thus fa = E4/2(R + 1,).
But 9, = Ri,, and so

Po = a2 = RE2/8(R + r0)°.

When R is varied the power output thus has a maximum value when
R =r,. This is in conformity with the usual relation that a generator
gives maximum power output when the load resistance equals the internal
resistance of the generator. The a.c. output power P, is developed by
the alternating anode current flowing in the load resistance. Although
this current is controlled by the grid voltage, its source is the E, battery,
and Py is obtained by the consumption of energy in that battery. The
total power P; taken from the battery is its voltage multiplied by the
mean current flowing through it, i.e.,

P; = Eyiq = Ejia = E2/2(R + ).

The efficiency of power conversion from d.c. to a.c. is given by
n = Po/Py,

ie., 7= R/4(R + 1,).
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Fhus under the condition of maximum power output, R = 7,, the effi-
siency is 12-5 per cent. Greatest efficiency occurs when R > 7, and the
imiting value to 7 is then 25 per cent. Under this condition both the
>ower output and the power input are negligibly small.

It is important to consider where all of the power taken from the
sattery is used. In addition to the a.c. component of the anode current
‘here is also a d.c. component 7q, which dissipates energy in the load at
‘he rate

Rig? = Ri! = RE2/4(R + 1,)* = 2qP,.

This is double the a.c. power output. The remainder of the battery
sower, (1 — 39) Py, is dissipated as heat at the anode of the valve, and

LT

?r_'_<+?

(79

] ~<+ —
0

(8)

Fic. 8.7

represents the rate of loss of kinetic energy of the electrons striking the
anode. This particular power loss is called the anode dissipation; it is
considered further in Section 8.11.

8.4. The Transformer-Coupled Load

The steady component of the anode current flowing through the load
resistance dissipates power equal to twice the useful power output.
This wastage may be avoided if the load resistance is coupled to the
valve through a transformer as shown in Fig. 8.7.a. This arrangement
has the additional advantage that the transformer may be used for
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matching the actual load resistance R to the optimum load for the valve.
It may be shown that, for an ideal transformer, the following relation-
ships are satisfied (see Fig. 8.7.5):
Vi/Ve = ny/ny, i/l = ny/ny and Vi/Ty = R(n,/n,)?,

where #, and n, are the numbers of turns in the primary and secondary
windings respectively. The ratio Vy/I; is the effective resistance to a.c.
appearing across the primary terminals of the transformer. This re-
sistance should equal the optimum load for the valve. If the optimum
load is R,, then the turns ratio of the transformer is chosen so that

mfny = VRy/R.

The transformer circuit then provides the valve with the optimum load
resistance for a.c. However, for d.c. the load is the d.c. resistance of the

iy \ i/'s\
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primary winding of the transformer. This is usually very small, and the
d.c. load resistance may be taken to be zero. In these circumstances
there is negligible power loss due to the steady anode current, and
E, = v4q. The load-line conditions are shown in Fig. 8.7.c. The power
output is again given by the equation

Po = (imsx — %min) (Vmaz — Vmin)/8.

Frequently a power amplifier has to cope with a wide range of signal,
and then it gives maximum output when it is handling the largest signal.
Under all other conditions the output is less. The power balance with
transformer coupling is given by: power from battery = power output +
anode dissipation. The power from the battery (E,iq) is constant, so
that the anode dissipation is large when the output is small. There is
always a maximum allowable anode dissipation (W,), and in designing
an amplifier where the signal level may fall to zero, a limiting condition
is that the Q point must give

Egjiq < Wa

In Fig. 8.8 this means that the Q point must not lie in the shaded area.
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In dealing with the question of power so far, only the anode circuit
has been considered. When the grid voltage remains negative no appre-
ciable current flows through the grid battery or the grid signal source.
No power is therefore consumed in the grid circuit under these conditions.
In any overall balance of power, account must be taken of the power
required to heat the cathode.

8.5. Load Resistance for Maximum Power Output with Transformer
Coupling

In Section 8.3 the power output and optimum load resistance are
determined for an amplifier with a directly coupled load resistance and
a given battery supply. With this arrangement and ignoring distortion,
A

N
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the value of vgq is fixed at the mid-point between vg = 0 and the E,
point on the v,-axis, and the maximum amplitude of the grid signal is
equal to vge. Under these conditions it is found that the maximum
output is obtained when the load resistance is equal to 7, and the efficiency
is then 12-5 per cent. The maximum possible efficiency is 25 per cent
and occurs with R> r,. When transformer coupling is used between
the valve and the load, vsq is fixed. Then as R varies, vgq varies and
so does the maximum signal amplitude. The conditions are quite
different from those in Section 8.3, and we are now going to see that
they give different values for the optimum load resistance and the effi-
ciency. Again it is assumed that distortion is negligible over the whole
range of the load line (see Fig. 8.9). Maximum power output is obtained
when #pa; = 2ig and 4y = 0. Then Py = Rig?/2. From the geometry
of the figure,
v,—E,=E,— v

and from AQDC, iq= (v, — E,)/JR = (E; — v;)/R.
Also from A FOB, v, = 2iq7,.
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By elimination of v, it is found that

iq = Eq(R + 27a),
Po = RE22(R + 27,).

For variation of R this has'a maximum value when R = 27,. The power
taken from the battery is E,ig and the efficiency of power conversion is

7= R/2(R + 2r.).

When R = 27,, the efficiency is 25 per cent. The maximum value of
again occurs when R > 7, and the limiting value is 50 per cent. These
figures confirm the improvement in performance which is obtained with
a transformer-coupled load. Practically all power amplifiers use trans-
former coupling.

In this section and in Section 8.3 it is assumed that linear operation is
obtained over the whole load line. In practice this is not true, and the
range of operation has to be limited to keep the distortion to a reasonable
value.

and hence

8.6. Non-linear Distortion

We have seen that, with large signals, the output waveform differs
from the signal waveform. This distortion arises whenever the grid
signal covers a range over which the dynamic characteristic is not
straight. A curve may be represented by a suitable power series, and the
dynamic characteristics of Fig. 8.1.c and 8.2.c can have equations of the
form

14 = A + Byvg + Cvg® + Dvg® +

where A, B, C, D . are constants. The number of terms required
depends on the shape of the curve. For the dynamic characteristic of a
triode only the first three terms are required to give a fairly good approxi-
mation to the equation of the curve. In other words, the triode dyna-
mic characteristic has approximately a square law. In the case of the
pentode the dynamic characteristic requires a cubic term also (this is
obvious from the shape of the curve which shows inflexion of the kind
appropriate to a cubic law).

When a signal v, is applied to the grid of an amplifier then vg = — E; + v,.
Also v, = v,. The equation for the dynamic characteristic expresses the
total anode current 74 in terms of the total grid voltage vg. A similar
equation relates the varying components 7, and v, viz.,

1s = av, + by? + cv® +

where a, b, ¢ are a new set of constants. This equation is just as
general as the previous equation, but it is more convenient for analysis.
In the case of the triode the equation is

’.g = av' + bv,z.
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Now let v, = 9, sin wf as shown in Fig. 8.10.a. The resulting anode
current variation is obviously not sinusoidal. On substituting in the
equation, we find

1 = a?, sin ot 4 bi? sin® wf

;2 ;2
= f’_’éi + af, sin ot — b—;"— cos 2wt,
since sin? of = (1 — cos 2?)/2.

Thus the signal increases the mean component of the anode current by
bl
o
to the signal, but it also produces a new component which has twice the

It produces a sinusoidal component a9, sin «f which is proportional

Fi1c. 8.10

frequency of the signal, i.e., a second harmonic of the signal is introduced.
This effect is called harmonic distortion. It may be seen that the ampli-
tude of the harmonic component equals the increase in the mean current.
This provides a simple means of checking for harmonic distortion by using
an ammeter to measure the mean anode current. A moving-coil meter
is suitable.

The way in which the actual waveform is built up from its components
is shown in Fig. 8.10.5 and ¢. The expression for ¢, may be written in
the form

4 2
b;’ cos (2wt — m).

=

7 2
b;’ + ady sin wt +
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The last two terms in this equation are represented by the curves F and
H in Fig. 8.10.c. The positive and negative peaks, P and N, of the
actual anode current are obviously given by P=F + H + M and
N = F — H — M, where F and H are now the amplitudes of the funda-
mental and harmonic components and M is the increase in the mean
component. Since H = M, these expressions lead to P + N = 2F,
P — N=4H. Thus

H|F = (P — N)[2(P + N)

gives the fractional harmonic distortion. It is usually expressed as a
percentage. In a straightforward triode amplifier operating at its full

Fic. 8.11

output the second harmonic distortion may amount to 5 to 10 per cent.
A similar analysis may be carried out to determine the harmonic
distortion introduced by a pentode amplifier. For a sinusoidal grid
signal we get
1 = ail, sin ot + b9,2 sin? ot 4 ¢f,® sin? wt.
The first two terms are the same as for the triode. The third term may

be resolved using sin 3wf = 3 sin wf — 4 sin® wf. The anode current is
then

AQ A2
ia =" 4 (aty + 3 o6 sin ot — 2 cos 2as
4 3
— gvl,_ sin 3wt.

There is now also a third harmonic, and this is often of greater amplitude
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than the second harmonic. The anode current waveform is given in
Fig. 8.11, and it shows flattening at both top and bottom. This is the
effect of the third harmonic component. The unequal amplitudes are
due to the second harmonic and the change in mean current. The wave-
form may be synthesized from its components as in the triode case.

8.7. Intermodulation

Non-linear characteristics may give rise to another type of distortion
when the signal consists of more than one sinusoid. For example, let a
grid signal

v, = v, = 7, sin ;¢ 4 7, sin w,?

be applied to a triode. The anode current is then given by
1o = a(?, sin ot 4 7, sin w,t) 4 b(7; sin o, + 7, sin w,f)2. On expanding and
using sin? wf = (1 — cos 2w#)/2 and 2 sin o sin wt = cos (w; — w,)t —
cos (w; + w,)?, it is found that

7 2
=T+ ’i’;i + ad, sin wgf + ad, sin o

2 5.2
- b% cos 2w, — va’ cos 2w,t + b?,9, cos (w; — w,)t

— b9,0, cos (w; + g)t.

Thus the two signals have produced not only output currents proportional
to the signals but also an increase in the mean current, second harmonic
components of the signal frequencies and two new a.c. components, whose
frequencies are the sum and the difference of the signal frequencies.
This new type of distortion is called intermodulation. In some respects
it is more objectionable than harmonic distortion, particularly in audio
amplifiers. Most sounds include some harmonic components of the
fundamental frequency, and some increase of their amplitudes may be
tolerated. However, the new components produced by intermodulation
bear no harmonic relationship to the signals, and their presence is readily
noticed. Intermodulation distortion may be emphasized when it occurs
along with frequency distortion. For example, some loudspeakers show
marked peaks in their frequency-output response curves. Correspondence
of these peaks with the sum or difference intermodulation terms may
explain the peculiar sounds that are sometimes heard.

Intermodulation distortion may also arise from the higher power terms
in the equation of the dynamic characteristic.

8.8. Non-linear Devices

It should be noticed in passing that non-linear distortion may arise
from any device whose output is not directly proportional to its input.
Although it has been dealt with here in terms of curved valve character-
istics, the same type of analysis would apply to any non-linear device.
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A few examples are transformers or chokes with iron cores, the moving
coil of a loudspeaker and the human ear.

It is also important to note that in this chapter, where we are dealing
with amplifiers, the distortions arising from non-linearity are being
emphasized. The same non-linear effects are essential for many important
electronic applications, such as rectification, modulation and frequency
changing. These are dealt with later (see Chapters 16 and 17).

8.9. Push-Pull Amplifiers

When a power amplifier is to be used with reasonable freedom from
non-linear distortion it is important that the operation should be con-
fined to straight portions of the dynamic characteristic. When more
power is required, then larger valves should be used. The power may
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also be increased by using a pair of valves. These can be connected in
parallel, but there is an alternative method of connection which has
considerable advantages. The circuit arrangement is shown in Fig. 8.12.
Two identical valves and two centre-tapped transformers are used. The
input signal is connected to the primary winding of one transformer, and
the secondary voltage is divided equally between the grids of the two
valves. As v, = v,, then vy = — v at any instant, and when one
grid voltage rises the other drops. The primary winding of the second
transformer is connected between the two anodes in such a way that the
anode currents flow in opposite directions in the winding, and so produce
opposing fluxes. The output is therefore proportional to 7,3 — 7,2. An
amplifier connected in this way is called a push-pull amplifier.

Since the two valves are identical they have the same dynamic grid
characteristic and hence

ta = avg + bupn® + cvy® +

and e = avye + bvgpe? + cvped® +
Since Yy1 = — Vg,
1l = — avy + bvp® — cvpp® +

a1 — ta2 = 2av,1 + 2cv° +
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All the even powers have disappeared, and so there are no harmonics or
intermodulation components arising from them. With triodes which
have approximately square-law characteristics there is very little non-
linear distortion. The push—pull circuit is less effective with pentodes,
since they have an appreciable cubic term in the dynamic characteristic.
The performance of the push-pull triode amplifier may be explained

! >: ivl'ioz
t
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graphically as shown in Fig. 8.13. Dynamic characteristics are drawn
separately for the two valves, and ¢, and i, are determined for the
instantaneous values of v;; and vy arising from a sinusoidal input. The
anode currents are then analysed into fundamental, second harmonic
and mean components by the method used in Fig. 8.10. In obtaining
a1 — 142 it is seen that the harmonic and mean components disappear and
the two fundamental components add together. The performance of
push-pull circuits may also be determined conveniently by drawing a
combined dynamic characteristic, as shown in Fig. 8.14, The two
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separate dynamic characteristics are placed together so that the anode
currents may be found from a single input signal. The resultant combined
dynamic characteristic is the sloping straight line through — E,. Anode
characteristics may be combined similarly and used with a common load
line.

When a load resistance R is connected across the output terminals of
a push-pull amplifier, then the effective a.c. anode-to-anode resistance
presented by the transformer is 4R(n,/n,)?, where n, is the number of

tay
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turns on each half of the primary winding and #, is the total number of
turns on the secondary. Each valve has therefore an effective load
resistance of 2R(n,/n,)%

In addition to reducing non-linear distortion, the push-pull amplifier
has certain other desirable properties. Since the two halves of the mean
anode current flow in opposite directions in the primary winding of the
output transformer, there is no question of magnetic saturation of the
core arising from the direct current; thus another source of non-linearity
is eliminated. Also, and for the same reason, any variations in the mean
anode current, due to hum or other variations in the power supply,
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produce no output. Finally, there are no components of the signal
current in the power supply.

The push-pull circuits described so far have used transformers as
essential components. Resistance loads may also be used in push-pull
circuits, and examples may be found in Chapter 12.

8.10. Class B Amplifiers

The push-pull circuit can, under certain conditions, give almost dis-
tortionless output even when the operation is over ranges where the
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individual dynamic characteristics show considerable curvature. The
combined characteristic of Fig. 8.15.a illustrates this point graphically.
It is possible to proceed even further, as shown in Fig. 8.15.5, where each
valve is biased very nearly to cut-off. It may be seen that there is now
appreciable curvature in the combined dynamic characteristic, and dis-
tortion would occur. The bias, — E,, is too great. The greatest bias
without large distortion is obtained by projecting the straight portion of
the individual characteristic, as shown by the dotted line. The com-
bined characteristic may now be redrawn with bias nearer to — E,’.
When an amplifier is biased nearly to cut-off it is said to operate in the
Class B state. Single-valve Class B operation is seldom used for an audio
amplifier, as it would introduce excessive distortion. An amplifier which
operates in the linear region of the valve characteristic is called a Class A
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amplifier. Practically all the amplifiers considered so far in this book
are Class A. The main advantage of Class B amplifiers over Class A
lies in their greater efficiency. Since they are biased nearly to cut-off,
the quiescent anode currents are nearly zero. When a signal is received
the mean anode currents increase. Thus very little power is consumed
except when signals are received, and the consumption increases with
signal size. This is a very desirable feature in an audio amplifier, where
signal amplitudes vary considerably. The question of amplifier efficiency
is considered in more detail in the next section.

A single valve may be used in a Class B amplifier at a high frequency

a
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with the load tuned to parallel resonance at the frequency of the signal.
Then, although the anode current waveform is far from sinusoidal, it
may be resolved into a series of components whose frequencies are
multiples of the fundamental frequency. Since the load impedance is

negligible at all frequencies except the fundamental, the anode voltage is
practically sinusoidal.

8.11. Power Amplifier Efficiency

The efficiency of a power amplifier is given by the ratio of the useful
a.c. power in the load to the total power taken from the anode battery.
That power which is not useful a.c. power is dissipated as heat, either in
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circuit components or by electron bombardment of the anode. With a
transformer-coupled load the power dissipation is practically all at the
valve anode. We are now going to examine this dissipation more closely.
In Fig. 8.16 the waveforms of v, and i, are shown for a Class A amplifier
with resistance load and sinusoidal signal. As shown in Section 7.4, the
a.c. components, v, and %,, differ in phase by 180°. We may therefore
put for the instantaneous values of v4 and i,

t4 = 1q + #ysin ot and v, = E, — 9, sin wt.

At an instant ¢ an electron which leaves the cathode with zero velocity
arrives at the anode with kinetic energy given by evy = ¢(E, — v, sin wt).
On striking the anode, the electron gives up this energy as heat. Since
14 represents the rate of arrival of electrons at the anode, v4¢4 gives the
rate of loss of kinetic energy, i.e., the instantaneous power dissipation.
The value varies with time and the mean power P, dissipated at the anode
is found by averaging v4¢4 over one cycle T,

T
i.e., PA = T vAiAdt.
0

On taking the product 244, all the terms in sines give an average of zero
except the term in sin? ot and so

T
Pi=1 /0 (Egiq — Deio(l — cos 2at)[2)d,

using 2 sin? wf = 1 — cos 2w¢. The cosine term gives an average of zero

and then
Py = Ejiq — G48,/2.

In this equation E,iq gives the total power taken from the battery and
74i0/2 must represent the useful power output. This is confirmed when
we remember that 5,/v/2 and 7,/4/2 are the r.m.s. values of the output
voltage and current respectively. From the equation we see that the
anode dissipation decreases as the output increases. Physical explana-
tion of these conditions may be given as follows. With no signal applied,
an electron in going from the negative end of the battery to the positive
end takes energy ¢E, from the battery. The kinetic energy of the
electron on arriving at the anode is also equal to ¢E,. Thus all the energy
is dissipated as heat at the anode. When a signal is applied the electrons
arriving at the anode in the first half cycle have kinetic energy less than
eE,; those arriving in the second half cycle have kinetic energy greater
than eE,. Each electron takes energy ¢E, in going from the negative to
the positive end of the battery. Since more electrons reach the anode
during the first half cycle than during the second, the average dissipation
at the anode is reduced on the application of a signal. The dissipation
may be reduced still further by preventing electrons reaching the anode
during the half cycle when the anode voltage is above E,. This is what
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happens in the Class B amplifier. The anode current flows only during
the negative half cycle of the anode voltage. The anode voltage and
anode current waveforms for one valve are shown in Fig. 8.17. The
anode current for one valve is far from sinusoidal, but if a tuned load is
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used the anode voltage is as shown in the figure. The anode dissipation
may be determined again from the instantaneous values,

14 = iy sin ot from 0 to g,

is=0from Zto T
and vy = E, — 7y sin wt.
If we average v4¢4 over a complete cycle we find for the anode dissipation
in a Class B amplifier
Py = E,iy/n — §48y/4, using T = 2x/w;

1o/n is the mean value of 7, and hence E,iy/r gives the power taken from
the battery; #yi,/4 is the output power. This equation confirms that
there is no dissipation when there is no signal. The efficiencies for Class
A and Class B amplifiers are given respectively by the formulae

14 = 043o/2E4iq and np = i, /4E,.
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The maximum possible values for 9, and 7, in a Class A amplifier may be
seen from Fig. 8.16 to be §, = E, and #, = ¢q. These give for the limit-
ing efficiency n4 = 50 per cent. The limiting value of 4, in the Class B
amplifier is also E, and then 7z = =/4 or about 75 per cent. These

Fi1c. 8.18

limiting efficiencies are never reached in practice. Values of 25 and 50
per cent correspond more nearly to the highest values obtainable.

The efficiency may be increased still further by confining the electron
flow to a narrow pulse at the time of the minimum anode voltage, as

Fic. 8.19
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shown in Fig. 8.18. In the limiting case when 4, = E,, the ‘anode
dissipation would be practically zero and the efficiency would approach
100 per cent. Practical values of 70 to 80 per cent can be obtained with
this type of operation. The anode current is now far removed from a
sinusoidal waveform, and such amplifiers are used only at high frequency
with tuned anode loads. They are known as Class C amplifiers. A
suitable circuit arrangement is shown in Fig. 8.19. The LC circuit is
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tuned to resonance at the signal frequency, where v, = 7, sin . The
load, which may be an aerial or the input circuit of another power ampli-
fier, is coupled to the inductance of the tuned circuit. The coupling is
adjusted to give at the resonant frequency a suitable a.c. anode load for
the amplifier. In order to achieve the Class C operation certain con-
ditions are required. The grid bias must be adjusted well beyond the
cut-off value for v, = E,, and the signal voltage 7, must be large enough
for the grid voltage vg to be positive for part of the operating cycle.
Typical waveforms are shown in Fig. 8.20. The anode current pulse has
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appreciable duration, and its width is conveniently measured in terms of
the angle of flow, 8 = «¢, where ¢ is the time duration of the pulse. The
efficiency increases as 0 is reduced; however, the power output also
decreases, and some compromise is necessary. A width of about a quarter
of the period of the oscillation (8 = =/2) is commonly used. Since vg is
positive for part of the time, there is now some grid current, and power is
consumed from the signal source. The Class C amplifier has departed a
long way from the amplifiers which are considered at the beginning of
this chapter. It is a highly non-linear device and does not readily permit
of analytical study. The adjustment of the amplifier is usually carried
out empirically.

The lines of demarcation between Class A, B and C amplifiers are not
very clear, but it is usual to distinguish the three types by the amount
of the grid bias. In Class A operation the bias is of the order of half the
cut-off value, in Class B the bias is about cut-off, and in Class C much
more than cut-off. The fields of use overlap to some extent. Class A
amplifiers are used at any frequencies with fairly small input signals,
Class B and Class C are both used as tuned amplifiers at high frequencies.
Class B amplification is also possible at audio frequencies provided the
push-pull circuit is used.



CHAPTER 9
TRANSISTOR AMPLIFIERS

9.1. Transistor Characteristics

The characteristics and some of the main features of transistors are
described in Chapter 6. In some respects the transistor is analogous to
a triode, and the emitter, base and collector correspond respectively to
the cathode, grid and anode. In triode amplifiers there are three main
types of circuit which are used; these are the conventional (or common-
cathode) amplifier, the common-grid amplifier and the cathode follower
(or common-anode) amplifier. Similarly, there are three useful types
of transistor amplifier—common-emitter, common-base and common-
collector. All three types are considered in this chapter. One important
difference between triodes and transistors is that the latter always have
some base current, whereas in triodes, grid current is frequently negligible.
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This necessitates a slightly different procedure in establishing the perform-
ance of a transistor amplifier from the characteristics and the circuits.

In the following sections we consider mainly junction-type transistors.
For these we show in Section 6.14 that the main factor controlling the
transistor currents is vgp, the driving voltage. Changes in vep and vge
are relatively unimportant. As is done with triodes and other valves,
we assume that the characteristics may be used to represent instantaneous
values of the transistor currents and voltages. Thus we neglect the
effects of diffusion rate or transit time of carriers. In practice, these
effects may become important at lower frequencies in transistors than in
vacuum valves (see Section 9.8).

9.2. Common-base Amplifier
The circuit of a common-base amplifier with a p-n—p transistor is
shown in Fig. 9.1.a, where R is the load resistance and E, and E, are
batteries. Then vgg = FE, and vep = — E, — Ri¢c. In Fig. 9.1.b a
138
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signal v, either d.c. or instantaneous a.c., is shown in the input circuit.
This is the driving voltage, and it causes a change z, in the emitter current
and an almost equal but opposite change 7. in the collector current.
Consequently, there is a voltage change across R and an equal but
opposite change v, in the collector-base voltage, i.e., v, = — Ri.. The
voltage amplification is given by

A= vd,/v,b = — Ri;/‘vd.

Thus, as long as R > |va/i], the stage gain is greater than unity. Since

(O 3

E, EitVe
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i, is approximately equal to — 7., the condition becomes R > |va/s],
which is usually of the order of 10 to 100 ohms, so that voltage amplification
is readily obtained in the common-base circuit. Since v/?, varies with
the signal magnitude, A also varies with the signal.

When, as in Fig. 9.1, the values of E|, E, and R are given, the actual
operating point and voltage gain may be found accurately by the following
procedure. A start is made from vgp, 7 characteristics with vep as
parameter (see Fig. 9.2.4). From a constant E| line, relations are estab-
lished between v¢p and ¢g, and they are plotted in a v¢p, 7 diagram in
Fig. 9.2.5, in which the numbers indicate corresponding points. In order
to satisfy the input circuit conditions the value of v¢y must lie some-
where on this line. Its actual value is uniquely determined by the con-
ditions in the output circuit. In Fig. 9.2.c i¢, vcy characteristics are
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drawn for various values of 7. Using the output circuit relation,
vcp = — E, — Ri¢, wecan draw the load line as shown. Theoutputrelation
between vcp and ¢g is determined, and this is also plotted in Fig. 9.2.5.
The intersection of the two curves gives the operating point Q. The
operating value of ¢¢ is calculated from the Load Line Equation. When
the signal v, is applied the conditions change in the input circuit, but the
output relation between v¢p and 7 is unchanged. The new conditions
are found at P as shown, and the output voltage v is determined. In
this case vy and v, are both positive quantities and the output voltage
is in phase with the signal. The voltage gain is given by 4, = ve/ve.
The application of the signal
ves changes ¢g, and this means
that there is a finite input re-

sistance for the amplifier. Its
R value is given by r{ = vafi.

4| This may be of the order of 50
E Q or less. We have already
Fc. 9.3 seen that the common-base

amplifier may be compared to
the common-grid triode amplifier, which also has a low input resistance
and can give high voltage gain.

The common-base amplifier may also give appreciable power gain.
The ratio of output to input power is vai./vate. Thus the power gain 4,
is given by

_Vale Ve N
p=——of=2 .2

The numerical value of the power gain is normally slightly less than
the voltage gain, since |i/i| is less than unity. Note that the power
gain in a Class A common-cathode amplifier is infinite, since ig is zero.
In the common-grid case the power and voltage gains are equal.

The horizontal nature of the 7¢, v¢p characteristics is maintained down
to zero voltage. Thus the output current and output voltage in a tran-
sistor power amplifier may both vary down to zero. The value of the
power output, ignoring distortion, is given by

Py = (Vmax — Umin) (Ymax — im)/s,

as in the triode or pentode. The transistor may therefore approach the
maximum theoretical efficiency of 25 per cent when the load resistance
is in the collector lead. If the load is transformer coupled, as shown in
Fig. 9.3, the limiting efficiency of 50 per cent may be approached. Of
course, these efficiencies apply only to the collector circuit. Also, because
of the nature of the characteristics, it is possible to design a push-pull
amplifier with negligible quiescent current. Thus a Class B transistor
audio amplifier consumes negiigible power in the absence of a signal.
The graphical method in Fig. 9.2 of finding the output voltage is not
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limited as regards signal amplitude. Provided the appropriate charac-
teristics are available, the method may be used for accurate determination
of the output voltage for any given signal. Several lines for equally
spaced values of vgp are drawn in an g, vcp plot in Fig. 9.4.a. Also in
this diagram we plot, from Fig. 9.4.5, the output relations between iz and
vep for three values of the load resistance. The intercepts on any one
output relation indicate the degree of distortion obtained with the corre-
sponding load resistance. This distortion arises from the non-linear
relationship between 7, and v,. As can be seen from Fig. 9.4.a, lines of
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equally spaced 7g would give very little distortion (except where vcp
approaches zero). A linear relationship between ¢, and the signal voltage
can be realized by placing in series with the input circuit a resistance
large in comparison with the transistor input resistance.

9.3. Small-signal Theory of Common-base Amplifier

If the applied signal is limited to small amplitude, the transistor
equations derived in Section 6.16 may be used, i.e.,

va = hute + Mzt

and . = houte + hamves.
The load line relation for changes gives vy = — Ri.. From these
equations it can be shown that
A="3_ — hasR
Vo M + R(huhaw — how/ia)
and o= Y8 _ Moo R |

T = M T [ 1 hegR
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Using the approximate relations of Section 6.16, we may put
hioy = hogy = 0 and — hgyy = a, == 1, and hence

A = Rog/h11y = R/l
and 7 = hp.

These results may be compared with the corresponding expressions for
a common-grid pentode amplifier (see Sections 7.12 and 10.9):

= — R(gn+ 1/ra)/(1 + Rjr) =~ — Rgn
and re= (1 + Rjra)/(gm + 1/ra) = 1/gm.

9.4. Common-emitter Amplifier

The circuit of a common-emitter amplifier using a p-n—p junction
transistor is shown in Fig. 9.5. The input circuit is as that for the common-
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base amplifier except for inversion of the terminals, but the output voltage
is obtained between the collector and the emitter. The driving voltage
vse produces similar changes ¢, and ¢, as before, and the output voltage
is given by v, = — Ri.. Thus the voltage amplification differs very
little from that obtained with the common-base circuit. The main
difference between the two amplifiers lies in the value of the input resist-
ance. In this case it is given by

i = vb,/ib.

<m

Since |i] is much less than [7,], the common-base amplifier has a higher
input resistance, usually 10 to 100 times greater. As a result, the input
circuit takes less power from the signal, and common-emitter amplifiers
give higher power gain. Also, since || is greater than [4,|, the common-
emitter circuit may be said to act as a current amplifier.

The graphical determination of the operating point and the output
voltage is carried out in a similar manner to that used for the common
base. In this case the characteristics used are vgg, 15 with veg as para-
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meter and 7¢, veg With ¢p as parameter, together with the Load Line
Equation veg = — E, — Ric. The operating point is finally found from
plots of i5 and vcg (see Fig. 9.6).

When small signal theory is applied to the common-emitter amplifier
we may use the parameters A1y, b1z, h21. and hgg., which were defined in
Section 6.15. Then

A= Vee - — ha1.R
Ve hue + R(huhase — harchiz)
~ Rad,
hi.
_ Upe hiochnR
and i = Z = M1 — mm—R = hpe.
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OUTPUT Vee
“Epv, P
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-_— Q
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Using the approximate relations between the common-base, common-
emitter parameters given in Section 6.15 it follows that
_ Ray

2t

e~ PB
Tl — e,

o

and

The voltage gain is approximately the same as for the common-base
amplifier, but the input resistance is considerably greater.
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9.5. Common-collector Circuit

The common-collector amplifier, which is illustrated in Fig. 9.7, has
the input signal v, connected between base and collector, and the output
circuit is between emitter and collector. The transistor amplifies the

R
VYW

Vec

— I|E2

Fic. 9.7

driving voltage v., between its emitter and base. In this circuit
Vep = Vee + Vo = — Ri, — v,. The output voltage — Ri, is normally much
greater than the driving voltage v.». Thus v, and — Ri, are approximately
equal. The voltage amplification A4 = v,fvs, is slightly less than
unity. The conditions are very similar to those of the cathode follower,
which is described in Sections 7.12, 7.13 and 10.10. Both amplifiers
have high input impedance and low output impedance.
It may be shown that

1—hgy 1

A= = ~],
1 —mp/R 1 — hu/R
E § E ) Cc
+ + {e le 1/h225 I+
Mo ] 3/
Veo Veo + Y )N21sle Ves
b Mas¥es _
B8
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9.8. Transistor Equivalent Circuits
The small signal transistor equations

Vo = hte + MV and 1. = hant, + honve

may be used to establish transistor equivalent circuits. It may be verified
that the circuit shown in Fig. 9.8 gives the same two equations for v,
and ¢, In this circuit v is a voltage generator and hgyi, a current
generator. The voltage generator has series resistance 43, and the current
generator parallel conductance hg. The equivalent circuit may be
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used to replace the transistor in actual circuits provided the changes of
currents and voltages are sufficiently small.

Just as there are many ways of expressing transistor characteristics,
so there are many different types of equivalent circuit. Some of these
are given in Exx. IX.

9.7. Biasing Circuits

Separate battery supplies have been shown so far for the input and
output circuits of transistor amplifiers. In practice, only one supply is
used whenever possible. The circuit of Fig. 9.9.a shows one method of
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Yee
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biasing the base of a common-emitter amplifier. The battery E, is
joined to the collector through the load resistance R as usual. The same
battery is connected to the base through the resistance R, which controls
the quiescent value of the base current and consequently the collector
current. In the collector-emitter circuit there are two separate relations
between collector current and collector voltage. These are the Load
Line Equation
veg = — E, — Rig
and the Transistor Equation
tc = f4(is, veE).
These relations are plotted in Fig. 9.9.5, and from them we get the dynamic

relation between ¢5 and vcg for the output circuit; this is shown in Fig.
9.9.c. There are also two relations for the base—emitter circuit:

vpe = — E, — Ryip
and vse = f4(is, VcE).
These are shown in Fig. 9.9.4, and from them we plot in Fig. 9.9.c the
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input circuit relation between iy and vcg. The point Q in this figure gives
the quiescent conditions. In practice, vpg is usually much smaller than
E, in magnitude, so that

tp = — E,/Rp.

Thus 4p is fixed for a given circuit and is independent of the transistor.
This circuit is therefore said to have fixed bias. With a given transistor

-E2 Zl lC
o—\ © e
ig
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(a) (b)
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IB (o] \
Q,
\
(c)
FiG. 9.10

the relation between i¢ and v¢g at zero base current may vary appreciably
with ambient temperature, so that

ic ™ agip + %,

where a, remains almost constant but 7, is temperature dependent.
The effect of this variation on the operating point is shown in Fig. 9.10.a
to d, in which R, Rp and E, are assumed constant. In case (¢) it is seen
that the bias would be unsuitable for amplification.

An alternative bias circuit, which is less sensitive to these variations
in the characteristics, is shown in Fig. 9.11.a. The base is fed from the
collector through the resistance Rp. The base current now depends on
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the value of the collector—emitter voltage, which in turn depends on the
collector current. This is an automatic bias circuit which operates in
such a manner that any tendency for i¢ to change is opposed by a change
of bias. In most cases 73 is much less than 7;, so that the dynamic
relation between 75 and vcg for the output circuit can be determined in

Re l:gtl’a R
s i ¥¥
o—i ¥ Vee
Vee —Fz
o = - 1I-
(a)
{
-E, yc ly
l lv1 _ vl -,
o= O Vce o ¢t
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Q L
Q (.a- E
-E, Re
R
(s) (c)
Fic. 9.11

the same manner as in the fixed bias circuit (Fig. 9.11.5 and ¢). From
the circuit we also see that

tp = (vce — vsze)/Rp.
Usually |vpg| < |vcg|, and then
ia =3 'UCE/RF-

This load line is drawn in Fig. 9.11.c, and the quiescent point is Q. When
the transistor characteristics vary with temperature, Fig. 9.12 shows how
the automatic bias circuit behaves. The variation in the operating point
is much less than in Fig. 9.10. With thecircuit of Fig. 9.11.a a.c. variations
of collector—emitter voltage are transmitted to the base—emitter circuit.
In order to prevent this a decoupling circuit is used, as shown in Fig. 9.13.
The bias resistance is divided into two parts, and Ry and C act as an
a.c. filter.

The stabilizing effect of the automatic bias circuit on the Q-point
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depends on the load resistance R being sufficiently large for vce to vary
appreciably with collector current. With a transformer-coupled load
the d.c. resistance is negligible. Automatic bias may be obtained in
this case with a resistance Rp in the emitter lead, as shown in Fig. 9.14.a.
Although the bias voltage now depends on the collector current, its
polarity is incorrect and it is necessary to provide a counteracting fixed
bias by means of resistances R, and R,. The Q-point can now be found
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as follows. Since 7¢> 75 in magnitude, the dynamic relation between
veg and 75 can be found from the collector characteristics and the Load
Line Equation

veg = — E, — Rgte,

as shown in Fig. 9.14.6 and ¢. The voltages across R, and R, are of the
same order as E,, and normally E, > |vgg|. Hence

Reig=~Rji, andas ig=~—ig

then Rl’.l = - Rzic.
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On substituting in the Load Line Equation we find

i, = (Ey + vce)[R,.
From the circuit it follows that

and hence 1, =

o
‘T i
O— .
Fic. 9.13
The two expressions for #; lead to a second relation between v¢g and 7,
— E\R, R\R,

Vop = 15.

TR, +R, "R, +R,®
This load line is also shown in Fig. 9.14.c, and its intersection with the
previous vcg, ¢z curve gives the Q-point. To prevent the bias voltage
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containing a.c. components a capacitor Cg is connected in parallel
with Rg.

Although this section has dealt entirely with the common-emitter
amplifier, the biasing circuits for the other transistor amplifiers are
similar in principle.

9.8. Transistor Amplifiers at High Frequencies

When transistors are operated at sufficiently high frequencies their
inherent reactances become appreciable just as in triodes or other electronic
devices. The effective capacitances across the p-« junctions, i.e., at
the boundaries of the electrodes, must be taken into account.

F1G. 9.15

Transistors also show effects due to the time of diffusion of the carriers
from the emitter to the collector (holes in the p—n—p case). This time is
not the same for all carriers owing to differences in diffusion path lengths
for individual carriers. Thus if the emitter current is a square pulse,
the collector current pulse is delayed and distorted as shown in Fig. 19.15.

For a.c. signals the effect of capacitances and of diffusion can be ex-
pressed in terms of variation of magnitude and phase angle of the tran-
sistor parameters. In particular, «. falls with increasing frequency.



CHAPTER 10

FEEDBACK

10.1. Feedback

In conventional amplifiers the output is much greater than the input
signal which is connected between the grid and cathode of the first valve.
A small part of this output may be transferred back to the input and put
in series with the signal across the grid and cathode terminals. The
effect on the amplifier then depends on the phase relation between the
fed-back voltage and the signal. If the fed-back voltage is such that
the grid—athode voltage exceeds the signal, higher output and gain are
obtained; alternatively, the signal may be reduced to give the same
output as is obtained with no feedback. With these conditions it is
said that positive feedback has been introduced. If the voltage fed back
is exactly equal to and of the same phase as the grid—athode voltage,
then the signal may be reduced to zero, and the output is the same as
without feedback. Such an amplifier is called a self-oscillator, as it
provides an output with no external signal. If the fed-back voltage is
such that the grid—cathode voltage is smaller than the signal, the output
voltage drops ‘and the gain is reduced. In this case there is negative
feedback. In all cases it may be noted that the output of the amplifier
depends only on the grid-cathode voltage. The valve amplifies the
voltage appearing between its grid and cathode irrespective of how that
voltage is produced. The inherent gain of the amplifier, i.e., v,/v,, is
independent of feedback; it is v,/v, which is affected.

At first sight it might appear that negative feedback is undesirable,
since it reduces the output for a given signal input. However, it may
also have certain very desirable features which more than offset the
loss of gain. Some of these features are: (i) greater stability against
supply variations, (ii) independence of changes in valves, (iii) reduction
in noise such as hum, (iv) reduction of frequency and phase distortion,
(v) reduction in non-linear distortion, and (vi) possibility of achieving
some particular frequency response. It is the main purpose of this
chapter to study the effects of negative feedback. Positive feedback
in oscillators is dealt with in Chapter 13.

10.2. Automatic Bias

In valve amplifiers the grid bias can be obtained automatically by
putting a resistance in series with the cathode lead. We are now going to
examine further some of the effects of automatic bias. In the first place
we consider the circuit of Fig. 10.1.a with no grid battery and with the
input terminals short-circuited. The output from such a circuit is normally

151
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taken from the terminals 4 B. It may be seen that vo = — Rgi4 and
the output voltage is vo = v4 + Rx?y. Thus the grid voltage is part of
the output voltage and we have a case of feedback. It is obvious that
this circuit helps to stabilize the anode current against changes of the
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supply voltage E,. If, for example, E, increases, then 7, increases, and
so does the grid bias, thus offsetting to some extent the original change.
The method of determining the Q-point is shown in Fig. 10.1.b and c.
Besides being related by the grid characterstics, ¢, and ve satisfy the
equation vg = — Rgi,. This is a grid-circuit load line, and it is drawn
in Fig. 10.1.b. The grid characteristics are drawn as parallel straight lines
for convenience. The points where the grid load line cuts each character-
istic are then transferred to the accompanying i, v, diagram (Fig.
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10.1.c). Between 7, and v, there is also the anode load line relation
va = E, — (R 4+ Rg)iy. This, too, is plotted on the 74, v, diagram.
The intersection of the two lines gives the Q-point for the given values of
E,, R and Ry.

If the supply voltage E, changes, the effect may be determined as shown
in Fig. 10.2.a and b. The anode current and anode voltage both increase
when E, changes from E, to E,. At the same time the bias voltage in-
increases and #,, the change in anode current, is smaller than it would
have been if a fixed battery supply had been used for bias. The change
that would have occurred with fixed bias may be found from the anode

R*RK VA= Ez- (R"‘RK)[A

Q

Kl o °\

Voo °¥ ° Va e, %
(s) (c)

Fic. 10.3

characteristic through @, as shown. The greater the value of Rg, the
smaller the change in #, for a given change in E,. This is shown in Fig.
10.2.¢c and d, where the value of Rz has been doubled.

For a pentode the 7, vg characteristic is practically independent of
vy, except at very low values of vs. The transfer from the 7,, vo plot to
14, U4 is therefore a horizontal straight line (see Fig. 10.3). The Q-point
is found as before. Since the grid load line gives a horizontal line in the
14, v4 diagram, it might appear that the cathode resistor does not con-
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tribute to stabilization of 74 against supply voltage changes. However,
the screen electrode in a pentode corresponds to the anode of a triode,
and hence the bias resistor stabilizes ¢, against changes in the screen
voltage.

10.3. Automatic Bias and Signal Feedback

The effect of automatic bias on a small signal may be determined with
reference to Fig. 10.4.a, which shows the circuit of a pentode amplifier
and the total currents and voltages at various points in the circuit. As
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+ S +ZI - °
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Fic. 10.4

we are considering the effect of the signal, we can redraw the circuit as
in Fig. 10.4.5, which shows only the varying components of the currents
and voltages. The input to this amplifier is v, and the output v, so
that the voltage amplification is given by A, = v,/v,. It may be found
from the figure that v, = — Ris, v, = — (R 4+ Rg)i,and v, = v; — Rpgt,.
Since we are dealing with small changes, the Valve Equation can be used,
giving is = gmv, + Yaf?..

ta = gm(vs — Rxts) — (R + Rg)ia/rs,
ie., ta = gm¥/{l + gnRx + (R 4 Rg)[r.}.
Ay = — Rigfv, = — gnRR1 + gnRx + (R + Rpg)/ra}.
With a pentode 7, > R + Rg, and then
Ar= — gmR/(1 + gnRx).

There are several interesting points which may be made about this
circuit. Firstly, this is a case of negative feedback. The voltage
appearing between grid and cathode, when the signal is applied, is not v,
but v, reduced by Rgi,. The reduction is proportional to the output
voltage —Ri,. The fraction of the output voltage fed back to the input
is Rg/R. There is also a reduction in the voltage amplification brought
about by the presence of Rg. If the bias had been obtained from a
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battery, then the voltage amplification would have been 4 = v,/v, = — gmR,
as is shown in Section 7.3. We thus find that the voltage amplification
with feedback is given by

A

ARy

~ R

If the inherent gain A of the amplifier is sufficiently great for ARz/R> 1
numerically, then the gain with feedback is 4,= — R/Rg. Thus the
amplifier gain depends only on the ratio of two circuit components and is
independent of the valve constants. The valve may change with age or
be replaced, or the power supply voltage may vary, but as long as |4] is
sufficiently great, the amplifier gain is unaffected. This most desirable
effect is obtained at the cost of considerable loss of gain. If, for example,
R = 20,000 Q and Rg = 2,000 Q, then 4;= — 10. If g, = 10 mA/V
then 4 = — 200; ARg/R = — 20, so that the condition for stability is
satisfied fairly well, but the gain is reduced from 200 to 10.

A=

10.4. Cathode Bias Condenser

When automatic bias is introduced in Section 7.11 in connection with
a.c. amplifiers it is stated that the cathode resistor Ry is shunted by a
condenser Cx whose reactance is much less than Rg at the operating

-vo=-R (ix-iq)
(ngh Frcq.)

(4) (c)

Fi1G. 10.56
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frequency. Under these conditions there is no appreciable a.c. voltage
drop across Rg (see Fig. 10.5.a). The amplifier behaves as though it had
fixed bias equal to — Rgfq, and there are no negative feedback effects
on the signal. However, the feedback still operates for d.c. changes,
and the Q-point must be determined by the method described in Section
10.2. Also, there is feedback at low frequencies where 1/wCg is not much
less than Rg. The voltage amplification varies with frequency, as shown
in Fig. 10.5.b. The anode load line varies from v, = E, — (R 4 Rg)4
with d.c. to v, = E, — Rgiq — Ri4 at high frequencies (see Fig. 10.5.c).
The Q-point is the same in both cases.

10.5. Feedback—General Considerations

In Fig. 10.6.a a conventional amplifier is shown diagrammatically with
input terminals v, and output terminals v,. The amplifier may be of any
type with one or more stages. A signal v, is shown connected to the input
terminals. In Fig. 10.6.b the amplifier has part of the output fed back
to the input through a feedback network. The input to the amplifier
now consists of the signal v, and the feedback voltage Bv, in series, so
that v, = v, 4+ Bv,. The signs in this diagram define the polarities of
the various voltages. In the analysis of the network it is convenient to
assume a sinuosoidal a.c. signal and to use vector quantities. The phase
of V, depends on any phase changes introduced in the amplifier. The
feedback network may also introduce phase change so that a phase
angle must be assigned to B. We define Ay and A to be the voltage
amplifications for the amplifier with and without feedback where

A[ = vcﬁg a-nd A = VQ/V‘.
Aj and A are also vector quantities. Since Vg =V, + BV,,

Ay = vo/(vc - BVo) = l—.jvop%v“ = A/(l - ﬂA)

Positive or negative feedback is then defined according as [Ay/A| is greater
or less than unity

ie., |1 — BA| < 1 gives positive feedback
and [I — BA] > 1 gives negative feedback.

These conditions are illustrated in Fig. 10.6.c and d. In these figures
OB, OD and DB are vectors representing the grid voltage, the feedback
voltage and the signal voltage respectively. Fig. 10.6.c represents
negative feedback, since DB is greater than OB; on the other hand,
Fig. 10.6.d represents positive feedback. It is obvious that positive or
negative feedback occurs according as the point D lies inside or outside
the circle with its centre at B and its radius equal to OB.

When all the reactances in the amplifier and feedback circuits are



10] FEEDBACK 157

negligible in comparison with the resistances, then the voltages at various
points in the circuits are either in phase or differ by 180°. A vector
diagram showing negative feedback in this case is drawn in Fig. 10.6.c.

+ +
v v, AMPLIFIER v
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In Section 10.3 we consider a simple amplifier of this type in which
B = Rg/R. However, in any amplifier reactances become effective at
some frequencies, and then the feedback conditions change. We have
one example of this in the cathode bias circuit with a condenser in Section



158 PRINCIPLES OF ELECTRONICS [cn.

10.4. At the higher frequencies the feedback is zero, and the amplifier
gain is independent of frequency (see Fig. 10.5.5). With d.c. and at very
low frequencies there is feedback due to Rg, and the gain is constant
but at a lower level. In the intervening range the feedback and the gain
vary with frequency. At the same time the phase angle of the voltage
across Ry is no longer 180° relative to V,, but varies from 180° to 90° as
the frequency rises. When the phase angle is 90°, the amplitude of B is
zero and the feedback is negligible. The vector diagram in this case is
shown in Fig. 10.6.f. As the frequency rises from zero the point D
moves round the curve D D, D, O.

10.8. Effect of Feedback on Non-linear Distortion

When an amplifier with a curved dynamic characteristic is used with
large values of v,, non-linear distortion occurs. This distortion arises
entirely from the nature of the valve characteristic and the size of v,.
For a given output the size of v, is fixed and is given by v,/4, where 4 is
theinherent voltage amplification of the valve amplifier with resistance load.
None of these factors is affected by feedback, and so feedback does not affect
the amount of non-linear distortion produced by the valve. However, the
amount of distortion in the output may be reduced by negative feedback
provided sufficient signal amplitude is available. This may be explained
as follows. If v, is the fundamental output required from the valve,
then v, = v,/4. If there is no feedback v, =v, We assume that
under these conditions a harmonic of voltage vg is produced in the output.
Now let us apply negative feedback to the amplifier and at the same time
increase v, to give the same fundamental output v, as before. The valve
has the same v, as before and produces the same distortion. However,
the harmonic voltage is also subject to feedback, so that the total
harmonic content in the output is due to the part produced by the valve
and the part fed back and re-amplified. If vz’ is the total harmonic
voltage in the output with feedback, then Buvg’ is fed back and amplified
A times. Thus

‘Ug' = Vg + AB‘UHI.
vg' = vg/(l — 4B).

The harmonic distortion may therefore be reduced to a small value if
the feedback is negative and the magnitude of Ap is sufficiently great.
It is assumed above that the reactive components of the feedback
amplifier have no effect and that the voltage amplification is the same
for the fundamental and the harmonic. We have also ignored the effect
of the non-linearity of the amplifier on the harmonic component which is
fed back. This is obviously a second-order effect.

The reduction in non-linear distortion with feedback requires a
greater signal »,, However, this may be obtained from a voltage ampli-
fier operating at a level at which little distortion occurs.
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10.7. Effect of Feedback on Frequency Distortion and Noise

If an amplifier has an excessive gain at some particular frequency, then
there is a greater voltage fed back at this frequency, and this offsets the
gain to some extent. The quantitative effect of negative feedback on
frequency distortion can be found readily from the feedback equation.
If Ap and A; are the voltage amplification with and without feedback
at one frequency, and Ay and A, the corresponding values at a second
frequency, then

Ag = A/(1 — B1A)) and Ap = Ag(l — BoAy),
An/Ap = Ay(1 — B2A5)/As(1 — B1A,).
If, with negative feedback, the magnitudes of B;A; and B,A; are
sufficiently great compared with unity, then, provided B; = B, An = Ag.

Negative feedback may improve the signal-to-noise ratio (S/N) of an
amplifier if the noise is produced in the amplifier. For example, if hum
is introduced in one of the stages of a multi-stage amplifier, then negative
feedback may be used to reduce the amount of hum in the output.
This feedback is applied between the output and a point just before the
origin of the hum. The hum is then reduced in the same way as harmonic
distortion. The gain of the earlier stages of the amplifier is now increased
to restore the output voltage of the whole amplifier to the original level,
using the same signal amplitude as before. The value of S/N at the out-
put stage is improved. This effect on noise assumes that the extra gain
in the early stages may be obtained without introducing comparable noise.

If feedback is introduced in the early stages of a high-gain amplifier, S/N
may be reduced if more valves have to be used to obtain the required gain;
this increases the proportion of noise due to the valves (see Chapter 20).

10.8. Current and Voltage Feedback

In the feedback circuit with a cathode resistor the voltage fed back
to the input is proportional to the output current. This is an example

Fic. 10.7
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of a single-valve amplifier with current negative feedback (Fig. 10.7.a).
An alternative circuit is shown in Fig. 10.7.b. Here pv, = v,R,/(R; + R,),
and the fed-back voltage is proportional to the output voltage. Thisisa
single-valve amplifier with voltage negative feedback. To check the

%.'” T

Fic. 10.8

nature of the feedback in resistance-loaded amplifiers it is convenient
to assume that the effects of the reactances are negligible. Then the cur-
rents and voltages throughout the circuit are either in phase or in anti-
phase with the signal. It should be verified that all the circuits in Figs.
10.7 and 10.8 give negative feedback.



10] FEEDBACK 161

The common-emitter transistor amplifier in Fig. 9.14.a has current
negative feedback when the capacitor Cg is omitted. There is also some
feedback inherent in the transistor itself. This is measured in terms of
h12e = 9vpE/0vce.

10.9. Output and Input Impedance of Feedback Amplifiers

In any generator the output obtainable from it depends on the relative
values of the generator internal resistance and the load resistance. For
maximum power output the load resistance should equal the generator
resistance. For maximum voltage output the load resistance should
be much greater than the generator resistance. For a generator with low
internal impedance the value of the load impedance may vary considerably,
with frequency or otherwise, and the change in output voltage is small
as long as the load impedance is high compared with the generator im-
pedance. On the other hand, if the generator impedance is much greater
than the load impedance the output current does not vary much when the
load varies. The internal impedance of a generator is therefore an im-
portant property. A conventional valve amplifier acts as a voltage
generator of internal resistance 7, feeding the anode load, and the
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amplifier is said to have an output impedance equal to 7, We are now
going to see the effect of negative feedback on the amplifier internal
impedance or output impedance.

When the load impedance of an amplifier or any other generator
changes, the output voltage and output current both change. For
example, if the load impedance rises the output voltage increases and the
output current decreases. If this amplifier has voltage negative feed-
back, then the voltage fed back to the input increases, the effective
voltage on the grid of the first valve decreases and the output voltage
of the amplifier drops. Thus the output voltage tends to remain constant.
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This is equivalent to saying that an amplifier with voltage feedback
has a low internal impedance. The cathode follower is an example
(see Section 10.10).

If the load impedance rises in the case of an amplifier with current
negative feedback, then the decrease in output current brings about a
reduction in feedback which offsets the change in output current.
Thus with current feedback the amplifier tends to give constant current
output, i.e., it behaves as though it has a high internal impedance.

The input impedance of an amplifier, which is defined in Section 7.13,
is another property of considerable importance, since it determines how
much the amplifier acts as a load on the source of the signal. If a signal
V, is connected to the input terminals and a current I, flows as shown in

Fi1c. 10.10

Fig. 10.9.a, then the ratio V,/I, is the input impedance. For a con-
ventional amplifier of the type shown, the input impedance is R, When
no resistance is connected in the circuit, R, is the leakage resistance
across the valve insulators. The effect of the inter-electrode capacitances
is considered in Section 10.11.

In all the cases of negative feedback which we have considered so far
the feedback voltage has been connected in series with the input voltage
between the grid and cathode. This always results in an increase in the
input impedance of the amplifier. In the circuit in Fig. 10.9.5, |Vg| is
less than |V,|, since the feedback is negative; I, is the current taken
from the generator and I, = V¢/R,. This is less than the current V,/R,
in the circuit without feedback, so that negative feedback increases the
input impedance.

It is possible to have feedback connected in parallel with the signal
voltage, and this may result in a decrease of input impedance. The
Miller Effect, described in Section 10.11, arises from this type of feedback.
Another example of parallel voltage feedback is shown in Fig. 10.10.
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The impedances Z; Z,, Z; and Z, are, in general, combinations of
resistance and capacitance; Z; is the feedback impedance. The grid
voltage is derived from the signal through Z; and also from the
output through Z;, so that the feedback and the signal are essentially
in parallel. In this case the value of B cannot be written down easily,
and it is necessary to proceed from the basic circuit equations. For
simplicity it is assumed that the impedances are purely resistive. If the
inherent gain of the valve is large, then approximately

Ig = VQ/Ra.
Also I = (Vs — Vy)/R,.

When there is appreciable negative feedback Vg <€V, and then

I, ~V,/R,.
If R, is sufficiently large
I=—-L.
Vv R
h A = __0 o~ — —3-
Then 1 . R,

The feedback is negative and, as in previous feedback amplifiers, the
gain can be indépendent of the valve parameters. The input impedance
of the amplifier is approximately equal to R;, as compared with R; + R,
when the feedback resistance R;is removed. The output impedance is
low, as it is a case of voltage feedback. The circuit of Fig. 10.10.a has
important applications in electronic computers (see Exx. XIX).
Another example of an amplifier with low input impedance is the
common-grid amplifier, which is discussed in Section 7.12; it is shown in
Fig. 10.11.a and its equivalent circuit in Fig. 10.11.5. This amplifier

Fic. 10.11
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is one with feedback in which the whole of the anode current flows through
the signal circuit. Thus the input impedance is Vy/Iy = (7, + Z)/(x + 1).
When the valve is a pentode and 7, > |Z|, then the input impedance is
7rq/(1 + 1), which is approximately equal to 1/g,. Since g, usually lies
between 1 and 10 mA/V, the input impedance of a common-grid amplifier
is of the order of a few hundred ohms.

A further example of parallel negative feedback is the common-
emitter transistor amplifier with automatic bias, which is given in Fig.
9.11.a. The feedback occurs through the resistance Rp.

10.10. The Cathode Follower

The cathode follower is discussed in Section 7.12 as a common-anode
amplifier in which the signal is connected between grid and anode and the
output is taken between cathode and anode. The circuit is shown in

%RK V;E\D S K

VoAV, Ry

(d)
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Fig. 10.12.a, and in its form for small changes in Fig. 10.12.5. The
cathode follower is a special case of a negative feedback amplifier in
which the whole of the output voltage is fed back to the input. Itisa
voltage negative feedback amplifier in which g = — 1. In Fig. 10.12.5
the valve acts as a normal amplifier of its grid voltage v, with Ry as the
load resistance. As usual, v, = 4v,, where 4 is large. Since v, = v, — v,,
it follows that v, and v, are nearly equal, and that v, and v, are
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in phase relative to their common point E. Thus the cathode voltage is
in phase with the signal and is practically equal to it; hence the name
cathode follower. Since this is a case of voltage feedback, the cathode
follower has a low output resistance.

Quantitative values for the voltage amplification and the output
resistance may be established quite readily. The voltage amplification
follows directly from the feedback equation by putting g = — 1. Then
A;= A[(1 + A). This is always less than unity when 4 is positive, as
it is when Rpg is purely resistive. The value of 4 may be found from the
formula derived in Section 7.3 by putting Rg for R. Then

/vy = A = uRg/(Rx + 74).

The positive sign is taken in this formula, since the polarity of the output
voltage is reversed when the load is in the cathode lead instead of its
usual place in the anode lead. Also, since v, = v, — v,, we get, after
substitution and rearrangement,

® oo Ta .
| v, = Rgis + i+ 1 1.

In this equation the first term is an e.m.f., the second is the voltage drop
due to the current ¢, flowing in the load resistance Rg and the third is the
voltage drop in a resistance 7,/(x 4+ 1) with the same current flowing
through it. The term Rpgt, gives the output voltage of the cathode
follower. The same equation would have been obtained for a generator
of em.f. py,/(x + 1) with internal resistance 7,/(x 4 1) feeding a load
Ry with current ¢,. Thus the cathode follower acts as though it were
a generator of internal resistance 7,/(x + 1) and e.m.f. uv,/(u + 1), as
shown in Fig. 10.12.c. Usually p> 1, particularly for pentodes, and
hence the e.m.f. is approximately equal to v, and the internal resistance
is 74/ or 1/gm. Thus the output impedance of the cathode follower is of
the order of 100 to 1,000 ohms. This low output impedance means
that the cathode follower can give an output voltage which is inde-
pendent of the load impedance for wide variations of the latter. Whena
reactive or low impedance load is to be coupled to a voltage amplifier a
cathode follower is sometimes put between the output of the amplifier
and the load.

It may easily be shown from Fig. 10.12.d that the input resistance of
a cathode follower is approximately equal to R,(1 4 A), where R, is the
resistance between the grid and the cathode.

Since v, is nearly equal to v,, and the input resistance of the cathode
follower is very high, whilst the load resistance may be low, it follows that
the current or the power in the load may be much greater than the current
or the power of the signal. Thus, although it cannot give voltage ampli-
fication, the cathode follower may, like the conventional amplifier, be
used for current or power amplification.
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10.11. The Miller Effect

In a valve there is some capacitance between the anode and grid elec-
trodes. In a conventional common-cathode amplifier this provides
coupling or feedback between the output and input circuits. This is a
case where the feedback is in parallel with the signal. The phase of the
feedback depends on the phase difference between the input and output
circuits. For an amplifier with resistance load of the type shown in
Fig. 10.13.4 the phase difference is very nearly 180°. When the current
through C,, is small compared to the current through the valve, the as-
sumption of 180° phase difference is still justified. If Vyis the input voltage
and |A| is the magnitude of the voltage amplification, then the output

Cc +
ogI I | i 'C_qi
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voltage is —|A|V,. These two voltages have one common terminal and
the other terminals are separated by C,,, the anode-grid capacitance, as
shown in Fig. 10.13.b. There is, therefore, across C,, a potential
difference of (|A| + 1)V,. The current I through C, is equal to
jwCo|A| + 1)V,. Thus, when the signal V, is applied to the input
terminals, it has to supply a reactive current as though it were connected
to a capacitance of value (JA| 4 1)C,. The signal is also connected
directly across Cp, the grid—cathode capacitance, so that the effective
input capacitance of the amplifier is Cyu + (JA] 4+ 1)Cq. In a triode
Co and C,y may be about 10 ppF each. If |A| = 20, then the input
capacitance is 220 ppF. This capacitance is across the load resistance of
the previous valve, and may cause considerable frequency distortion.
In pentodes C, is of the order of 0-01 puF, and pentodes are therefore
much better than triodes in amplifiers which have to be used at high
frequencies. This marked effect of the feedback through the anode-
grid capacitance in a valve amplifier is called the Miller effect.

The input capacitance of a cathode follower may be found by a method
similar to that used for determining the input resistance. The value is
approximately C,y + Cg/(1 + |A|). Thus a cathode follower amplifier
has a much smaller input capacitance than a common-cathode amplifier.
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10.12. Stability with Negative Feedback—Nyquist Diagram

The voltage gain of an amplifier with feedback is given by the equation,

A= A/(1 — BA).

In much of this chapter we have assumed that we are operating with
resistive loads and resistive feedback networks, and that any reactance
effects are negligible. It is quite easy to design an amplifier to satisfy
these conditions and give negative feedback over a required frequency
band, such as the audio-frequencies for sound reproduction. However,
at very low frequencies, reactances such as those of the grid coupling
condensers and the cathode and screen decoupling condensers have some
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effect. The magnitude of A is altered, and at the same time the phase
angle of A is affected so that the feedback may become positive. Unless
A has then become very small, self-oscillation may occur at a low
frequency. The same possibility arises at high frequencies outside the
wanted range, due to stray capacitances shunting the load resistances.
Even though self-oscillation does not occur, there may be a rise in gain
of the amplifier at low and high frequencies, as shown in Fig. 10.14.

The behaviour of a feedback circuit and a criterion for its stability
may be determined by means of a Nyquist diagram. This is based on a
vector diagram of the type shown in Fig. 10.6.c to f. The starting point
is Vg, which is drawn as a unit vector OB in Fig. 10.15. The output
Vois the vector A, and BA is the feedback voltage. Since Vg =V, + BV,,
the vector 1 — BA represents the signal voltage. In normal operation
the magnitude of BA is much greater than unity. Over the required
operating range BA is negative and in antiphase with OB, as shown by
OC; CB then represents the signal. As the frequency departs from
the operating range, BA has a phase angle differing from OC; OD repre-
sents BA at a lower frequency and DB is the vector difference 1 — BA.
If the magnitude of DB exceeds OB, then Ay is less than A and the feed-
back is negative; i.e., if D, the end of the BA vector, lies outside the unit
circle round B the feedback is negative. At the point or points where
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the locus of D cuts the OB line to the right of O, the feedback voltage is in
phase with the grid voltage and with the signal voltage. For inter-
sections between O and B there is an increase in gain but the amplifier

INCREASING
FREQUENCY

Fic. 10.15

remains stable. If the locus of D passes through B, then the feedback
voltage equals the grid voltage, and no signal is necessary to maintain
the output, i.e., the amplifier oscillates. Also, if the point B lies inside
the locus of D the amplifier is unstable.



CHAPTER 11
TRANSIENTS IN AMPLIFIERS

11.1. Steady State and Transients

In considering the response of an electric circuit to an applied voltage
it is necessary to distinguish two different states of the circuit. There is
the steady state, i.e., the condition existing some considerable time
after switching, and there is the transient state which occurs immediately
after switching. In the electronic circuits which have been dealt with in
this book so far, attention has been restricted to steady states. In this
chapter we consider some of the features of the transient conditions in
valve circuits. Before doing so, a brief review is made of transients in
R, L and C circuits.

11.2. Transients in Passive Circuits

Some of the fundamental properties of R, L and C circuits may readily
be established from energy considerations. When a current ¢ flows in a
coil with inductance L, then energy of amount $L3? is stored in the mag-
netic field surrounding the coil. Similarly, when a condenser of capaci-
tance C has a potential difference v across it, energy of amount $Cv? is
stored in the electric field of the condenser. In a resistor R there is no
storage of energy. When a current ¢ flows in the resistor, energy is
dissipated as heat of amount R:%, where ¢ is the length of time the current
flows. By the nature of energy it is impossible to take it at an infinite
rate from a finite supply. Thus, when a battery is connected through a
switch to an inductance the current cannot rise instantaneously. It must
be zero immediately after closing the switch, and a definite time must
elapse before it reaches ifs final or steady state with energy %Li2
Similarly, it is not possible to change the voltage across a condenser
instantaneously. There is no such limitation with a resistor, and the
current rises immediately to its steady-state value E/R, where E is the
e.m.f. of the battery. This involves no energy consumption until some
time has elapsed. Inductance or capacitance is therefore responsible
for the transient conditions in electric circuits. The impossibility of
sudden change of current in an inductance implies that immediately
after the sudden change in applied voltage the inductance acts as an
open-circuit to the change. Similarly, the impossibility of sudden
change of voltage across a condenser implies that immediately after the
initiation of the transient a condenser acts as a short-circuit to the change.
These considerations are useful in determining the initial conditions in
transient changes.

169



170
v
E
{ S ,
f+ 5 -
ké v j‘E (8)
"_T 7}
SWITCH CLOSED AT {=0 ---7——===-
. /
(a) 10(1'1/() "'/'7 |
o Tii -t
(c)
Fic. 11.1
v
E
R
il =

~,

Fic. 11.2

[cH.



11] TRANSIENTS IN AMPLIFIERS 171

The mathematical laws of transient currents and voltages are derived
in numerous text-books, and it is found that they follow exponential
laws. For example, in the case of a coil with inductance L and resistance
R connected suddenly to a steady supply of e.m.f. E (see Fig. 11.1.a),
we have the relation L:i?:
that the current ¢ after time ¢ follows the law

1 =1g(l — ¥7),

where g is the steady-state current equal to E/R, and T = L/R. T is
called the time constant; it is the time for the current to reach (1 — 1/e)
of its final value (i.e., approximately % of 7g). The variation with time
of v, the voltage across the inductance, and ¢, the current through it,
are shown in Fig. 11.1.6 and c.

4+ Ri = E. Solution of this equation shows
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When a battery of e.m.f. E is connected suddenly to a condenser C
through a resistance R, as shown in Fig. 11.2.4 and b, the voltage v, across
the condenser follows a similar law to the current in the inductance, and

v.=1vg(l — e¥T) ands = C% (see Fig. 11.2.¢),

where vg = E, the final value of v.. The time constant T equals RC
in this case. If the same condenser after being charged were then dis-
charged through R (Fig. 11.2.d), the condenser voltage would decay
exponentially to zero according to the law

v, = EetT

which is shown in Fig 11.2.e. The corresponding case of sudden con-
nection of a supply to a pure resistance is shown in Fig. 11.3.4, b and c.
As mentioned already, there is no transient delay in this case.
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In circuits with inductance and capacitance there are two separate
energy stores, and it is possible, under certain conditions, for the energy
to be transferred backwards and forwards from one store to the other.
An example of a charged condenser suddenly connected to a coil is shown
in Fig. 11.4.a. At the instant of switching, all the energy is stored in the
condenser with no current in the inductance. The condenser then dis-
charges through the inductance, and a current grows until the condenser

v,
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is completely discharged. At this instant the current has its maximum
value, and all the stored energy is in the inductance. The current then
decreases and the condenser charges again but with reversed polarity.
The charging continues until the current is zero and so on. Charge
oscillates backwards and forwards round the circuit. While the current
is flowing energy is dissipated in the circuit resistance, so that the amount
of stored energy decreases and ultimately the oscillation dies away.
The variation of current and voltage are shown in Fig. 11.4.b. The oscil-
latory current varies sinusoidally with steadily decreasing amplitude.

The actual law is ¢ = A€ sin wf, where « = R/2L and o =~ \% If
the circuit resistance is large the energy may be dissipated so rapidly

that no oscillation takes place. The condition for oscillation is R < 2 J é

11.3. Transients in Valve Circuits

The anode—cathode path of a valve may be represented by a resistance
74, at least for small changes of the currents and voltages. Also, there
are capacitances between the electrodes. Thus the valve makes con-
tributions to the resistance and capacitance of the circuits associated
with it, and so must affect the transient behaviour for sudden changes
either of the supply voltages or of a signal. The behaviour of the valve
circuit depends to some extent on the place where the change occurs.
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Firstly, we consider the circuit in Fig. 11.5.4, which shows a valve
amplifier with RC coupling to another valve. Inter-electrode capacitances
are ignored at present. It is assumed that a sudden change occurs in the
supply voltage at the point P as shown by the step function in the
diagram. This affects the anode voltage of the first valve V1, but does
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not affect its grid voltage. If the changes are small, then any anode
current or voltage changes are related by 4, = v,/rs. The valve is there-
fore replaced by 7,, as shown in Fig. 11.5.b. The effect of the sudden
voltage change on the amplifier depends on the voltage v,3 appearing at the
grid of V2. On account of the coupling condenser C, a transient occurs.
Ultimately the steady state gives an increase of charge across C and no
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permanent effect on v,,. While C is charging there is a current through
R,, and v, varies as shown by the exponential waveform in the diagram.

As a second example of transients in valve circuits we consider the
case of a sudden small change in grid voltage in the first valve of a two-
stage RC-coupled amplifier as shown in Fig. 11.6.a. After its initial
sudden change the grid voltage remains constant, and the transient
conditions are determined by the rest of the circuit. As the changes are
small, the equivalent circuit may be used as shown in Fig. 11.6.5, from
which the transient change in vg2 may be determined. The actual shape
and magnitude are indicated in the figure. The value of 7, is, of course,
determined from the i,, v, characteristic at the operating point.

Finally, we consider an amplifier with an inductive load (Fig. 11.7.a),
and we assume a sudden grid voltage rise as shown. Since the current
through an inductance cannot be changed instantaneously, it follows
that the anode voltage must drop suddenly in order to maintain constant
anode current. Thereafter the anode current changes gradually to a
new steady value. The variations may be determined as in Fig. 11.7.5
from the valve characteristics and the load line corresponding to the re-
sistance R. The initial quiescent point is Q. The sudden application of
v, results in an instantaneous anode voltage change from vq to vg at
constant ¢4,. The anode current then rises from 7q to 7p, whilst the anode
voltage rises from vy to vp along the — E| + v, grid characteristic. If
the changes are small the transient may be analysed by using the equiv-
alent circuit of Fig. 11.7.c. The nature and magnitude of the transient
changes are shown in Fig. 11.7.4, ¢ and f.

11.4. Amplification of Square Pulses

An RC-coupled amplifier is incapable of amplifying faithfully a single
step signal. Frequently it happens that an amplifier is required for a
flat-topped pulse of the type shown in Fig. 11.8.a. The circuit of Fig.
11.6.a could give at the grid of the second valve a signal of the type shown
in Fig. 11.8.5, which has little resemblance to the original signal. The
nature of the waveform produced by the amplifier varies with the time
constant of the valve and circuit. For the case in Fig. 11.8.5 the time
constant is much less than the width of the pulse. For a time constant
of the order of the pulse width the amplified signal would be as shown in
Fig. 11.8.c. With a time constant much longer than the pulse width the
amplified waveform would be as shown in Fig. 11.8.d, and would be
almost the same shape as the original pulse. The conditions required
for longer time constant are the same as those for extending the low-
frequency range of the amplifier. Thus good low-frequency response is
necessary for the faithful reproduction of the flat top of a pulse.

In dealing with transients in valve circuits so far, we have neglected
inter-electrode capacitances or stray capacitances. In the case of an
amplifier with a resistance load the stray capacitance from the anode,
Cs, is effectively across the load resistance as shown in Fig. 11.9.a. When
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a small square pulse is applied to the grid of such an amplifier the tran-
sient behaviour is found from Fig. 11.9.6 or ¢. The effect of Cs is to
prevent the sudden rise and fall at the beginning and end of the anode
voltage pulse, as shown in the figure. The anode current varies along the
path QRP in Fig. 11.9.c. For an amplifier to give rapid rise and fall to
the sides of a pulse it must obviously have good high-frequency response.

(a) (8)

Fic. 11.10

In some amplifiers an inductance is used in series with the load resistance
to extend the high-frequency range of the amplifier (Fig. 11.10.a). The
load circuit now has L, C and R, and hence oscillation is possible. Whena
square pulse is applied to the input of such an amplifier the output voltage
may have oscillations as shown in Fig. 11.10.5.

11.5. Large Transients in Valve Circuits

In most of this chapter we have assumed that the transients have been
sufficiently small to justify the use of the valve equivalent circuit. Fre-
quently large transients occur, and then mathematical analysis is ex-
tremely difficult, as the valve behaviour may be highly non-linear over
the range of the transient. The performance may usually be determined
qualitatively on the basis of the principles discussed in this chapter by
using anode characteristics and a load line.

11.68. A.c. Transients

We have considered transients arising from a step change in a steady
voltage, and we have seen that the resultant behaviour can be determined
in terms of the initial conditions, the final steady state and the transient
state. Similar effects are obtained on introducing any sudden change.
The nature of the transient part is the same in all cases, and any differences
arise from the different initial conditions and final steady state. In the
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case of a.c. supplies the initial conditions vary with the time of switching;
the magnitude of the resulting transient is affected. However, the dura-
tion of the transient is the same as in switching d.c. supplies.

11.7. Class C Amplifier as a Switch

A sudden change in a circuit with both L and C may give an oscillatory
current which gradually dies away as the energy is dissipated in the circuit
resistance. In Fig. 11.11.a an oscillatory circuit is shown connected to a
power supply E, through a switch S. Let us assume that the condenser
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is charged initially to a potential difference equal to E, and that the switch
is open. The condenser discharges through the inductor, and after one
cycle the voltage across C is slightly less than E,, on account of the energy
dissipated in R during the cycle. If now the switch S is closed for a short
time the condenser voltage is restored to E,, and the switch may be
opened again (see Fig. 11.11.c). A second oscillatory cycle occurs and,
provided S is always closed at the right time each cycle, the battery
restores the energy dissipated; the oscillation therefore continues with-
out loss of amplitude. Provided the energy lost each cycle is only a small
fraction of the energy stored, i.e., provided the circuit has a high Q, the
oscillation is practically sinusoidal. The rate at which a condenser
charges depends on the resistance of the charging circuit. If the resistance
of the condenser-battery-switch circuit is negligible, then the switch need
be closed only momentarily.
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The valve in a Class C amplifier behaves very much like the switch
in Fig. 11.11.a. Once every cycle the valve passes a pulse of current to
restore the initial charge amplitude to the condenser C (Fig. 11.11.b).
Since the valve has some resistance, it must conduct for a definite part
of the cycle in order to recharge the condenser, and also there is some
voltage drop across the valve, so that the condenser voltage amplitude is
less than E,. In the switch circuit we postulated that S should be closed
at the right time every cycle. With the valve this is achieved by con-
necting to the grid a signal of the same frequency as the oscillation.
It may be noted in passing that the grid signal does not supply any power
to the oscillatory circuit. It merely serves as a suitable timing device
to ensure that the losses in R are made good from the anode supply. In
practice, R arises mainly from a coupled load resistance. The resistive
components of the circuits are made as small as possible. The operation
of the Class C amplifier as a switch supplying power to the oscillatory
circuit once every cycle is closely analogous to the operation of a clock
pendulum, which is given an impulse once every cycle by means of the
escapement. The energy is supplied from the potential energy stored in
weights or in a coiled spring. Another analogy is found in the child’s
swing, which is kept going by giving it a push at the right time each cycle.

It may be seen that it is not essential to supply energy to these oscillators
each cycle. Every other cycle, or one cycle in three, is enough, provided
the Q is sufficiently high. When a valve is supplied with a grid signal of
frequency fand the anode circuit oscillates at 2f, 3f or higher, then we have
a frequency-multiplying Class C amplifier.

11.8. Transients in Circuits with Feedback

In Section 11.3 we considered the response of valve amplifiers to sudden
changes of grid voltage. It was assumed that after the initial change
the grid voltage remained constant and that the transient behaviour de-
pended on the rest of the valve and the circuit. In an amplifier with
feedback this assumption is unjustified, as the grid voltage continues
to change with the transient changes in the output circuit. The problem
is then much more complicated. Some consideration is given to the case
of an amplifier with positive feedback in Chapter 13.

11.9. Some General Comments on Transients

We consider above transient effects in circuits with R, L or C in various
combinations. In particular, in circuits which are purely resistive,
changes in current and voltage occur instantaneously. However, when a
resistor carries current there must be a magnetic field around it, so that the
resistor has some inductance as well as resistance. Also, when a potential
difference exists across a resistor there is an electric field around it, so
that it must also have capacitance. The inductance and capacitance,
which are distributed along the resistor, are small. Similarly, inductors
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have distributed resistance and capacitance and condensers have in-
ductance and resistance. The time constants arising from these distri-
buted circuit components are small, usually much less than 10-¢ sec.
For longer time constants than this the circuits can be represented by
simple combinations of R, L andC. For shorter time constants it may be
necessary to consider each circuit component in terms of its distributed
properties, rather like a transmission line.

In circuits with very short time constants the transit time of the
electrons across the inter-electrode spaces may not be negligible. In
some transistor circuits diffusion or reactive effects may be important
at quite low frequencies.



CHAPTER 12
DIRECT-COUPLED AMPLIFIERS

12.1. The Amplification of d.c. Changes

A common requirement in electronics is the amplification of a steady
current or voltage, or of the mean component of a changing current or
voltage. When several stages of amplification are required, then the
capacitance or mutual inductance couplings previously described cannot
be used, since neither of these couplings is capable of transmitting a d.c.
change. A direct connection must be made between the anode of one
valve and the grid of the next valve. If a d.c. signal is applied to the
input of a direct-coupled amplifier, then the output is also a d.c. change.
However, changes in the grid or anode supplies or in the heater supplies
also give d.c. changes in output, and hence are indistinguishable from
signals. This effect, sometimes referred to as zero drift, constitutes a
serious limitation in direct-coupled amplifiers, and special circuits are
used to minimize the effects of supply changes. Similar changes in
supply voltages are of much less account in a.c. amplifiers with capacitance
or mutual inductance coupling, since they do not affect the output, except
in so far as the valve constants, 7, and gn, vary with the supply changes.

Direct-coupled amplifiers are also capable of amplifying a.c. signals.
However, when an amplifier is required for a.c. signals only it is usual to
avoid direct coupling, except perhaps when the frequency of the signals is
very low.

12.2. Direct Coupling

A simple two-stage direct-coupled amplifier is shown in Fig. 12.1.
The direct connection from the anode of the first valve to the grid of the
second valve is made through a battery E,,, The purpose of this
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Vi =
+ E
v‘+ Va2 2
- Va1
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battery is to ensure that the second valve has the correct operating
grid bias. From the circuit it may be seen that vg = v4 — E,, and
v = E, — Ryta. Since vge has a small negative value, E,, is ap-
proximately equal to v4;. Normally, v4; is an appreciable fraction of E,,
so that the battery E,, is fairly large. When a small signal v, is applied
to the input of the amplifier the amplified output of the first valve is
passed directly to the grid of the second valve, and hence

1 1
Vg = Vo1 = —gmxv./(ﬁl + r:)-
The signal output of the amplifier is v,2, where

1 1 1 1
U2 = gmlgmzva/(k—l + ”,;) (E‘z + ;;;)

If the valves are identical pentodes with equal load resistances R, then the
voltage amplification is 4 = (gnR)2 With an a.c. signal the output is in

-
E

2

TE,,

VGZ = VAI - Rll
(Rt*Rz)i =Epp+vy
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phase with the signal. If a small change e,; should occur in the grid
battery supply E,,, this would be amplified and give an output change
of —(gmR)%e,, (assuming pentodes). A variation in E;, of amount ¢,
would give a change in output of gnRe;,. A change of amount e, in the
main h.t. supply E, would give an output change with pentodes of
(1 — Rgm)e,. Normally Rgn,> 1, and then the change in output is
—gmRe,. On account of these variations in output it is essential to
use highly stable supplies with this circuit. Also, the need for the fairly
large battery E,, has certain disadvantages. Not only is it an extra
cost, but its capacitance is in parallel with the load resistance R,, and so
limits the high-frequency and transient response of the amplifier.

An alternative method of obtaining direct coupling is shown in Fig.
12.2. Here the anode of the first valve is joined to the grid of the second
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valve through a resistor R,. The appropriate quiescent grid voltage for
V2 is obtained from an additional supply E,, through the resistor R,.
Here

Vg2 = V4 — Rli,
Ry + R,) =E;, + va
(it is assumed that vg is negative so that V2 has no grid current).
It follows that

where

Vo = Roya _ REy, |
2" R,+R, R, +R,

Since v¢2 is a small negative voltage, then
Ey; ~ Ryva/R,,

and this is one design equation for the circuit.

When a signal is applied
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to the grid of V1 only part of the resulting change in anode voltage,
va1, is applied to the grid of V2, since R; and R, act as a potential
divider. Thus

vﬂ = szGI/(Rl + Rz).

(It is assumed that the internal resistance of E,, is negligible.) It is
therefore desirable to make R,/R, small to give high stage gain. From
the first design equation this means large E,,, and obviously there must
be some compromise. This circuit is sometimes called the ‘‘ third rail
circuit ’. In most other amplifiers there are two h.t. ““ rails ”’, the h.t.
positive and h.t. negative lines. In Fig. 12.2 there is an additional h.t.
rail to the grid of V2.

A third type of direct coupling is shown in Fig. 12.3, where each anode
is connected straight to the next grid. This circuit involves the cathodes
of the valves being at different potentials, which may give rise to cathode-
heater insulation problems unless separate heater supplies are used for each
valve.
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12.3. Use of Negative Feedback

In Chapter 10 it is shown that the use of negative feedback can render
amplifiers insensitive to changes in supply voltage, and it is therefore
worth considering the introduction of feedback to direct-coupled ampli-
fiers. A two-stage amplifier with current feedback applied to each
stage is shown in Fig. 12.4. The cathode resistors Rg provide the feed-
back and at the same time give automatic bias. This bias may be too

Vi A1
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v, ¢ Y1 Ez
A ] 3
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(Rﬁaz)[ =Epatvy
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great, particularly in the first valve, and then an additional battery E,,
is required. In each of the stages the feedback fraction B is equal to
Rg/R. Provided each stage has sufficiently high inherent gain, the gain
of each with feedback is —1/8. The overall gain of the amplifier is then
(R/Rg)?; this assumes that R,/R, is small. The gain of the amplifier is
thus independent of changes in supply voltage. However, this is far
from the whole story, since changes in supply voltages still give changes in
output. For example, a change in E,, is indistinguishable from a signal
v,. Also, it may be shown that a change ¢;, in E;, gives an output change
of

R R,

Rg R, + R, "
and a change in E, of amount ¢, gives an output voltage change of

_R. R,

RK Rl + Rz z

Thus, although feedback renders the amplifier gain independent of

supply changes, it is still necessary to have highly stable supplies to
prevent zero drift.
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12.4. Balanced or Differential Amplifiers

The effects of power supply changes on zero drift can be considerably
reduced by the use of certain balanced or differential circuits. These
usually employ twice the number of valves that would be used in a
normal amplifier, and the connections are arranged so that the changes
produced in the output circuit by the extra valves cancel those in the
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normal amplifier. An example of such a circuit is shown in Fig. 12.5.a.
V1 and V2 form a third rail, two-stage amplifier with feedback
similar to the one considered in the last section. The output of this
amplifier v, depends on the signal applied to the input of V1 and also
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on any changes in the supply voltages. V1’ and V2’ form a second and
similar amplifier, whose output v,” depends only on changes in the supply
voltages. There is no signal applied to this amplifier. The output v of
the whole system is taken between the points 4 and B,and so v = v, — v,'.
The valves and components of the two amplifiers are identical, so that
with no signal v, and v,” are equal and v is zero. Now any changes in the
power supplies cause equal changes in v, and v,” so that v is still zero.
A signal applied to V1 gives a change in v,, but does not affect v,,
and hence v changes by the same amount as v,. With the same assump-
tions as in the previous section, the overall gain of the amplifier is there-
fore (R/Rg)?%. It may be noted in passing that the valves ¥2 and V2’,

Fi1G. 12.6

together with their anode loads, form a Wheatstone bridge network, as
shown in Fig. 12.5.5, where R, and R,’ represent the equivalent d.c.
resistances of V2 and V2’. Changes in supply voltages cause equal
changes in R, and R,’ so that the bridge remains balanced. A d.c.
signal, however, alters the value of R, only, and the balance is upset.
The amount of unbalance is then a measure of the signal.

If the signal is omitted from Fig. 12.5.a the circuit is completely sym-
metrical, and by comparison with the circuits of Section 9.9 it may be
seen that this is a push-pull circuit with resistive components. In
push-pull circuits changes in the supply voltages do not appear in the
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output. In the use of the amplifier described above the signal is con-
nected asymmetrically between one grid C and the earth point E. Such
a signal is said to be unbalanced. One terminal of the signal is assumed
to remain constant at earth potential, and the other terminal varies posi-
tively and negatively with respect to earth, as shown in Fig. 12.6.a.
Sometimes the signal is balanced with respect to earth, i.e., the two
terminals both vary, but by equal and opposite amounts measured from
earth potential, as shown in Fig. 12.6.b. Such a signal would be con-
nected to the amplifier symmetrically, as shown in Fig. 12.6.c, and this
is the normal input connection for a push—pull amplifier.

12.5. High-gain Amplifier with High Stability

We see above that stability against power supply changes can be ob-
tained by the use of a second amplifier giving a differential action. At
the same time stage-gain stability is achieved by the use of current

O

—0
B
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feedback separately on each valve. Even greater stability against
supply changes can be realized by using a common-bias resistor for V1
and V1. As shown below, this gives feedback against supply changes
but no feedback on the signal. Thus high signal gain with high stability
to supply changes is obtained. The circuit is shown in Fig. 12.7. The
anode currents of both valves flow through the common cathode resistor
Rg, giving a bias voltage vg. If need be, this may be offset by a supply
E, in order to bring the valves to a suitable operating point. If there
is an increase in supply voltage E, this causes an increase in the anode
currents of both valves, and so an increase in vg. This increase in bias
reduces the anode current, and so opposes the original change. Thus, in
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addition to the differential action obtained by identical valves and com-
ponents, there is also a feedback against supply changes, and this ampli-
fier is extremely stable against such changes.

When a signal is applied which makes C positive with respect to E
the anode current in V1 rises, and so increases vg. This reduces to
some extent the effect of the signal on the anode current to V1, and
at the same time reduces the anode current to V2. The valve currents
thus vary in opposite senses. The variations are very nearly equal and
opposite, as is now shown. For pentodes and small signals

a1 = Emlg1 and 4, = EmVy2,
where Vgl = Uy — Rx(ial + ‘iaz) and Vg = — Rx(inl + iaz).
— R m
Lt es AL

If Rggm> 1 then ypp = — v, = — v,/2. The input signal is thus shared
equally by the two valves, but in opposite senses. The output voltage

Hence Vg = — Rygm(va + v0), le.,
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of each valve is gnRv,/2 and the total output across the terminals 4
and B is gnRv,. There is therefore no feedback on the signal.

The circuit of Fig. 12.7 has several forms and it is known by a variety
of names, such as a cathode-coupled amplifier and a long-tailed pair.
One variation of the circuit is shown in Fig. 12.8, in which the output is
taken from V2. This output may be connected to the grid of another
valve in a second cathode-coupled amplifier. It may be noted that the
output voltage of a cathode-coupled amplifier is in phase with the signal
voltage.

12.6. Other Methods of Amplifying Steady Signals

Throughout this chapter we have come across the problem of zero
drift in direct-coupled amplifiers—a difficulty which does not occur to
anything like the same extent in a.c. amplifiers. Other methods are
sometimes used for the amplification of steady signals. For example, the
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steady signal may be connected to the terminals of an interrupter, i.e., a
mechanical vibrator which interrupts the steady signal, thereby producing
an alternating signal which may be amplified by a conventional a.c.
amplifier.

The magnetic amplifier is another means of amplifying d.c. by using the
d.c. to produce an a.c. The d.c. is passed through one winding of a
saturable iron-cored inductor. The magnetization of the core varies
with the magnitude of the d.c. A second winding is fed with a.c,,
and the inductance of this winding varies with the magnetization. Thus
the d.c. change is converted into an a.c. change, which may be amplified
further and finally rectified to restore a steady signal.



CHAPTER 13
OSCILLATORS
13.1. Introduction

Electronic circuits are used as generators of oscillations at frequencies
from 1 to 101! ¢/s. To cover this enormous range, valves or transistors
and circuits of great variety are used. In considering the operating
principles it is convenient to divide oscillators into two main classes,
negative resistance and feedback. In the former an electronic device
acts, between two terminals, as a negative resistance which cancels the
normal ohmic resistance of a tuned circuit connected across the terminals.
A feedback oscillator can be realized from any device capable of power
amplification. Sufficient output power is fed back to the input so that
the amplifier supplies its own input signal. This chapter deals with both
classes of oscillator, but only with those producing sinusoidal oscillations
and using negative grid valves and transistors. Special valves for very
high frequencies are considered in Chapter 15, and non-sinusoidal oscil-
lators in Chapter 18. In all oscillators the ultimate source of energy is a
d.c. power supply. The valves and circuits serve to convert some of
the d.c. energy into a.c. energy.

13.2. Negative Resistance Oscillators.

When a condenser is discharged through an inductance the current is
oscillatory provided that the resistive damping of the circuit is not too
great (see Section 11.2). The amplitude of the current decreases ex-
ponentially, and ultimately becomes negligible when all the original energy
stored in the condenser has been dissipated in the resistance. In the
circuit in Fig. 13.1 a capacitance is connected in parallel with an inductance
L and a resistance R. When the switch is closed an oscillatory current

flows and the rate of decay of the oscillation
S depends on R; the larger the value of R, the
slower the rate of decay. At any instant the

f rate of dissipation of energy in R is v2/R, where
c L v is the instantaneous value of the voltage
across C. When R is infinite there is no loss

Fic. 13.1 of energy, and once the current starts it con-

tinues indefinitely with constant amplitude. If

R is negative the resistance acts as a source of energy and the amplitude
of the oscillation steadily increases.

Under certain conditions, a tetrode valve behaves as though there is a
negative resistance between the anode and the cathode. An anode

190
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characteristic for a tetrode is shown in Fig. 13.2.a. Over the region BC
the anode slope resistance 7, is negative. An arrangement for using this
negative resistance to generate oscillations is shown in Fig. 13.2.5, where

L

I

2

Mml--=—cee—— =

Fic. 13.2

a parallel tuned circuit is used as the anode load. As far asalternating cur-
rents are concerned, the valve is in parallel with the tuned circuit (Fig.
13.2.¢), and the resultant resistance across L and C is R’ = R7,/(R + 7,)
(Fig. 13.2.d). If the quiescent point is chosen near the middle of BC, then
74 is negative, and the sign of R’ depends on the relative sizes of R and 7,.
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If R and 7, are numerically equal R’ is infinite, and an oscillatory current
once started does not decay. In practice, it is extremely difficult to
arrange that R and 7, are exactly equal. The circuit and voltages are
adjusted so that 7, is negative and numerically less than R and then R’ is
negative. The amplitude of oscillation therefore increases. However,
it may soon reach a value where the anode voltage goes beyond the range
BC; 7, is then positive and no longer acts as a source of power. In
operation the anode voltage variation is just enough to give 7, an average
value over one cycle equal to R. The anode voltage and current varia-
tions are shown in Fig. 13.2.e. Although the anode current is not sinu-
soidal, it produces voltage across the load only at the fundamental
frequency, since the load impedance is small at frequencies away from the
resonant value, f,, where 2xf, = 1/+/LC. The initial adjustment of this
oscillator is more than enough to produce oscillation, and the amplitude
is limited by the valve characteristics. This is an example of a practice
which is common in valve oscillators.

In Section 5.13 it is shown that a gas diode may produce an arc dis-
charge which has a negative resistance. In the early days of radio, arc
oscillators were frequently used in transmitters. Diodes and other
vacuum tubes may have the property of negative resistance at certain
very high frequencies, when the electron transit time is greater than a
period of the oscillation. The tetrode negative resistance oscillator is
usually called a dynatron oscillator.

13.3. Feedback Oscillators

The vast majority of electronic oscillators are amplifiers which provide
their own input. In the general feedback circuit of Fig. 10.6.6, which is
discussed in Sections 10.5 and 10.12, it is shown that any amplifier oscil-
lates when 1 — BA is zero, where BA is the feedback factor. This means
that the feedback voltage is exactly equal in magnitude and phase to
the grid voltage. Oscillation may also occur if the feedback voltage is
greater than v, but again the phases must be identical. In general,
there are, therefore, two separate conditions to be satisfied in feedback
oscillators. The phase condition determines the frequency of oscillation.
The other condition is concerned with the feedback magnitude.

The principle of the feedback oscillator may be illustrated with re-
ference to a single-stage resistance-loaded amplifier of the type shown in
Fig. 13.3.a. In this circuit the output voltage v, is greater than the signal
voltage, and differs from it in phase by 180°, provided the capacitances
of the valve and circuit elements are negligible. If this amplifier is to
provide its own input there must be a further change of phase of 180°
in the feedback circuit. This can be achieved with a phase-shifting
network of the form illustrated in Fig. 13.3.5. The phase difference
between the voltages v, and v, varies from 90° to zero, as the frequency is
raised from zero to a very high value. At the same time the phase differ-
ence between v, and v; ranges from 270° to zero. If this network is put in
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parallel with the anode load R;, then at some frequency, f,, the voltage
v, is in phase with v,. If R> R, there is approximately 180° phase
shift through the amplifier and a further 180° in the R, C network.
The magnitude of the voltage v, is considerably less than v,. Provided
that the voltage gain of the amplifier at frequency f, is greater than v,/v,,
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then v, is greater than and in phase with v,. Hence, on joining the out-
put of the phase-shifting network to the input of the amplifier, as shown
in Fig. 13.3.¢, the circuit oscillates at frequency f,.

13.4. Tuned-anode Oscillator

A common form of feedback oscillator is shown in Fig. 13.4, where a
tuned anode load is used, and the feedback to the grid is through the
mutual inductance M. In order to determine the conditions for oscil-
lation certain assumptions are made. Firstly, small a.c. changes are
assumed so that the valve equivalent circuit may be used with vector
currents and voltages. Also, it is assumed that no grid current flows so
that the mutual inductance has no effect on the current in L. The
equivalent circuit for the valve and load is given in Fig. 13.4.6. If this
amplifier provides its own input, then the voltage across the grid winding
of M must be Vg as shown. If Z is the vector impedance of the LC
circuit then

Z = (R + joL)/(1 — @*LC + jRaC).
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The following equations follow directly from the network

Vg = Li(rs + 2), (R 4 joL)I; = L/juC,
L=I5+L and Vg = joMI.

Then I, = I(l + joCR — w?LC),
ie., I = (1 + joCR — «?LC)Vy/jaM
and uVg = (1 + joCR — w2 LC)V(rs + Z)/juM.

On substituting for Z it is found that
joMyp = (1 + joCR — «*LC)rs + R + joL.

K
(0) (s)
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This equation must be satisfied if the circuit is to provide its own input.
The real and imaginary parts must be equal, and hence

M = Lju 4+ CR[gm (using gm = /7a)
and @!LC =1 4 R/r,.
Both of these equations are necessary conditions for oscillation. The
first gives the value of M for given values of L, C, R, 1 and gn. The
second equation gives the angular frequency of oscillation

o = LLC (1 + R/ra).

Normally 7, > R and then w? =~ 1/LC, the familiar value of the resonant
frequency of the LC circuit when resistances are neglected. This analysis
shows how self-oscillation can be obtained from a tuned-anode amplifier
working under Class A conditions with small a.c. amplitudes and feeding
back to the grid a voltage which just maintains these conditions.

13.5. Class C Oscillators and Amplitude Limitation

In practice, it is extremely difficult to operate stably under the con-
ditions described in the last paragraph. The feedback is usually greater
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than the value required to maintain Class A operation. Then the ampli-
tude of the oscillation increases until it is limited by the valve character-
istics in much the same manner as with the negative-resistance oscillator
described in Section 13.2. Large amplitudes of anode and grid voltages
are built up, and the analysis based on small signals no longer applies,
except as an indication of the starting conditions. The frequency of
oscillation is still given approximately by «? = 1/LC, but the M condition
becomes
M > Lfs + CR/gm.

However, this applies only in the early stages of the build-up of oscillation,
since gm, and to some extent y, vary over the cycle as the amplitudes grow.
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When the grid voltage goes into the positive region, grid current flows.
The oscillator is usually adjusted to operate under the conditions de-
scribed for Class C amplifiers in Chapter 8. This means that the grid bias
is beyond cut-off and the grid is driven well into the positive region. The
behaviour of such an oscillator can be determined to some extent if the
dynamic grid characteristic is known into the positive region. Such
a characteristic is shown in Fig. 13.5. When the grid is positive the anode
current continues to rise at first, but subsequently the curve may turn
over. This is largely due to the increasing current taken by the grid
(shown by broken line). In this region g, and @ both drop. Thus at the
peak of the grid voltage the condition for maintenance of oscillation is not
satisfied. The amplitudes settle to equilibrium valuesin which the average
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values of g and . over a cycle satisfy the M condition. It may be noted
that gy, is zero over an appreciable part of the cycle.

A self oscillator cannot operate under Class C conditions with fixed
grid bias. On switching on, the anode current would be cut-off, and no
oscillation could build up. The bias is usually obtained automatically
by utilizing the flow of grid current through a grid leak R,, as shown in
Fig. 13.6.a. There is a condenser C across R, such that 1/oC < R,.
Then, only the mean grid current flows through R,, and the bias is equal

(8)
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to R, times the mean current, i.e.,, —Ryig. With this arrangement there
is no bias on switching on. The bias gradually builds up until the
equilibrium condition is reached, rather after the manner shown in Fig.
13.6.5.

The equilibrium condition for a Class C oscillator with grid leak bias
adjusts itself automatically so that, during the portion of the cycle when
the valve is conducting, it passes enough energy from the h.t. supply to



13] OSCILLATORS 197

the oscillatory circuit to make up the loss of energy during the whole
cycle. If for any reason the amplitude of oscillation decreases slightly,
then it is essential that the bias decreases also, otherwise the circuit losses
are not made up and the amplitude of the oscillation decreases further
and ultimately falls to zero. The rate at which the bias voltage may be
changed depends on the time constant of R, and C, and there is therefore
a limit to the value of R,C. The actual value is related to the rate at which
oscillations decay in the resonant circuit. When oscillation ceases in this
manner the valve remains cut-off until C is discharged sufficiently. Then
the valve passes current and amplifies once more. The oscillation
builds up again with steadily increasing amplitude and bias. If the bias
lags behind too much, it increases beyond the equilibrium value and oscilla-
tion again decreases. Thus when R,C is too great, intermittent oscilla-
tion may be obtained. The effect is known as squegging.

The operating conditions for a Class C oscillator are the same as
those for a Class C amplifier. The power output is rather lower, since
the oscillator has to supply its own grid power.

13.6. Other Tuned Oscillators

In the tuned-anode oscillator of Fig. 13.4 the grid and anode a.c. voltages
are very nearly in antiphase. The grid voltage Vg differs in phase by
90° from I;, and I differs from V, by 90°, except for the small effect of
R. The vector diagram is shown in Fig. 13.7. In this diagram Vj is
drawn first and then I;, 90° behind Vg. The voltage vectors for RI; and
joLl} are drawn next, in phase with and 90° ahead of I, respectively.
The resultant gives the voltage across the load, whichis —V,. V,and Vg
are very nearly in antiphase, but the
small departure from 180° is essential Vo
to give the correct feedback. For
many purposes it is convenient to
ignore the effects of resistances of RI,
the oscillatory circuits, and then V,
and Vg are directly in antiphase.

This is a useful approximate rule

for applying to other tuned oscil-

lators. Then the rough criterion

of suitability of a circuit as an oscil- I,
lator is that the grid and anode
voltage should be in antiphase, and
there should be ready means of adjusting the size of the grid voltage to
ensure that it is sufficient.

A common triode oscillator, known as a Hartley circuit, is shown in
Fig. 13.8.a. Only the essential a.c. connections are given. In this
circuit Vy =joL;; and Vg= — joL,l;, ignoring mutual inductance
between L, and L,. (The oscillatory current I, is large compared with

Vo (=/wM1y)

Fic. 13.7
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any current in the other leads, and we may assume that the same current
Iiflowsin L, and L,) Thus Vg¢/V, = — L,/L, and the size of Vg may be
varied by moving the tapping point on the inductance. This is a simple
oscillator and easy to adjust. The frequency is determined by L and C,
where L is equal to L, 4+ L,. A circuit diagram showing the d.c. con-

Ch C.

R, TC’
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nections as well is given in Fig. 13.8.b. The condensers Cjp, of large
capacitance, are for d.c. separation; the inductances C# are of high value
to act as chokes at the frequency of oscillation; R, and C, provide the
grid bias.

Another commonly used oscillator, known as the Colpitts’ circuit, is
shown in Fig. 13.9. Here Vg/Vy = — C,/C,.

T
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In Fig. 13.10 a generalized triode oscillator circuit is drawn showing
reactances between each pair of the electrodes. Circuit and valve re-
sistances are neglected, and inter-electrode capacitances are included in
X,, X, and X,. The three reactances form a closed oscillatory circuit.
Obviously they cannot all be inductances or all capacitances, as there
would then be no tuned circuit. The same current flows through all
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the reactances. Since Vg and V, must be of opposite sign for oscillation,
it follows that X, and X, must both be inductances or both capacitances.
Thus the possible arrangements of the reactances are as shown in the table.

X, X, Xs
I L c
I c L c

It may be seen that the Hartley circuit conforms to type I and the Colpitts
circuit to type II. This generalized circuit may be used to interpret any
tuned oscillator in which there are no mutual couplings.

Another circuit, known as a tuned-anode, tuned-grid oscillator, is
shown in Fig. 13.11. This case conforms to the generalized circuit if the
anode—grid capacitance is included to form
X,. Thisisa type I oscillator with X, and
X, both inductive. Thus the two tuned

circuits, including the other inter-electrode r-
capacitances, must both be tuned to a Cog23
frequency above the frequency of oscil- I
lation. .

In the generalized oscillator circuit of
Fig. 13.10 the current flowing round the
circuit depends on the values of the three {
reactances. If any one reactance is very
high the current is small and the grid volt- Fic. 13.11
age may not be sufficient to give oscillation.
Oscillation in the circuit of Fig. 13.11 occurs more readily at high frequencies
when the reactance of C4, is small. In pentodesC,, is very small and there
is much less likelihood of oscillation. Hence the circuit of Fig. 13.11 with
a pentode may be used as a stable amplifier; sometimes it is necessary
to place a screen between the input and output circuits.

13.7. Transistor Oscillators

Transistor amplifiers with suitable feedback may act as oscillators,
and most of the triode circuits described in Sections 13.4 and 13.6 have
corresponding transistor versions. The circuit in Fig. 13.12 shows a
tuned-collector oscillator in which a common-emitter arrangement is
used. The main oscillatory circuit is L,C,, and the feedback is obtained
through the mutual inductance between L, and L,; the resistance R
provides the correct operating base voltage, and C is a d.c. blocking
condenser. The similarity to the tuned-anode oscillator is obvious.
In considering the latter in Section 13.4 we assumed that the resistance
between grid and cathode was infinite. In the transistor case the input
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impedance with the common-emitter circuit is a few hundred ohms, and
this factor constitutes a major difference between valve and transistor
oscillators. In Section 13.6 we estab-

L, L, lished some general properties of triode
oscillators on the assumption that only
C, % reactances between the electrodes need
R be considered. Now the resistance be-
tween base and emitter may be com-

parable with the reactance, and the
CT ‘ —"f conditions for oscillation are rather

more complicated. One result is that,

_ in order to obtain the correct phase of

Fic. 13.12 the feedback, the frequency of oscil-

lation may differ appreciably from the

resonant frequency of the LC circuit. Also, the input impedance acts
as a damping load on the oscillatory circuit.

Transistor versions of the Hartley and Colpitts oscillators are shown in

Fig. 13.13.a and b. These circuits should be compared with Fig. 13.8.a

and 13.9.

L,
L.

(a) | (8)
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13.8. Feedback and Negative Resistance Oscillators

So far we have distinguished between feedback and negative resistance
oscillators. Actually, it is always possible to deal with a feedback
oscillator in terms of negative resistance. For example, consider the
two-stage, direct-coupled transistor amplifier of Fig. 13.14.q, in which
the output is fed back to the input; R, and R, are the coupling resistances,
and R is the load of the second stage. If the relation between v, and ¢,
is measured it is found that there is a negative resistance portion of the
curve, as shown in Fig. 13.14.b. Thus if a parallel tuned circuit is con-
nected with a suitable biasing voltage, as shown in Fig. 13.14.c, oscillation
can occur. A triode circuit with similar properties is shown in Fig. 13.15.

Another interesting oscillator which may be discussed in terms of feed-
back or negative resistance is the transitron, which uses a pentode valve
in a rather unusual way. In Section 6.11 we discuss the variation of
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screen current with suppressor voltage, when all the other voltages are
constant. The characteristic takes the form of Fig. 13.16.a, and as vgs
rises, 7g2 falls. If G, is used as a control grid and G, as an output elec-
trode, then the output current is in antiphase with the signal voltage.
Hence, with a resistance load, the output voltage is in phase with the
signal. This means that direct feedback from the screen to the suppressor
gives the necessary phase condition for oscillation. The transitron
oscillator, based on this principle, is shown in Fig. 13.16.5; the con-
denser C provides the feedback. The oscillator can also be analysed in
terms of negative resistance. For constant v4 and vg,

te2 = flvs, van),
and for small changes
az
ga+ =2 ”02 L33 + ve2/7s

. Jigs
tﬂ—am

From Fig. 13.16.a it is seen that g,, can be negative in value; 7, is positive.
When G, and G, are joined together changes in vg3 equal changes in vgz.

Then

It = (g3 + 1/7y) Ve
or Ve 1

ic— 823 + l/’z

As long as 823 is negative and numerically greater than 1/7,, the dynamic
resistance 7 is negative. Hence, with a suitable parallel tuned circuit
between the screen grid and the cathode, oscillation can be obtained.
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The transitron oscillator is sometimes referred to as a negative mutual
conductance (or transconductance) oscillator.

Transistors can be used in a variety of ways to give negative resistance
oscillators. For example, if a transistor has «, greater than unity this
can lead to a negative resistance characteristic. With a point-contact
transistor in the circuit of Fig. 13.17.a the relation between v, and ¢, is as
shown in Fig. 13.17.b. If a parallel tuned circuit is connected in the base
lead with suitable bias, as in Fig. 13.17.c, oscillations occur when the
magnitude of the negative resistance is less than the parallel resonant
resistance of the tuned circuit. This circuit can also be considered to
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give positive feedback through the resistance of the tuned circuit, since
the changes in collector current are greater in magnitude than changes in
emitter current.

All the negative resistance oscillators discussed above have used a
parallel resonant circuit as the frequency-determining element. Con-
tinuous oscillations may be obtained in a suitable series tuned circuit,
and an example is given in Fig. 13.18, using a point-contact transistor.
Oscillation occurs in this case, provided the magnitude of the negative
resistance exceeds R, the series resistance of the tuned circuit. The
quiescent point is determined by R¢ and E,. The base resistance Rp
can be considered to give positive feedback. It should be noted that,
in this case, the negative resistance portion of the characteristic exists
uniquely for a definite range of current, whereas in the previous cases of
negative resistance the controlling factor is the voltage range.
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13.9. Triode Oscillators for Ultra-high Frequencies

As the frequency of operation is increased the inductance of the elec-
trode leads and the inter-electrode capacitances become increasingly
important. With ordinary valves it is impossible to make a simple
Hartley or Colpitts oscillator, since the connections from the valve to the
tuned circuits have appreciable reactance. Some high-frequency oscil-
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lators use the anode—cathode and grid—cathode capacitances as C; and
C, in a Colpitts circuit, and then there is no need for the connection from
the common point to the cathode. The ratio of Vg to V, equals—Cai/Coe.
This modified Colpitts circuit is shown in Fig. 13.19. The anode and
cathode supplies are fed through chokes. Circuits of this type may
operate quite successfully at high frequencies, but they do not conform to
any of the simple oscillators which have already been described, since
there are always stray and indeterminate
couplings between different parts of the cir-
cuits. Special triodes have been designed
which do permit of fairly simple and control-
lable operation even at frequencies of 4,000 Mc/s
and higher. Such a triode is shown diagram-
matically in Fig. 13.20. This valve has a
planar electrode system, and the leads to the
anode and the grid are in the form of copper
disks. The cathode lead is essentially a metal
tube. This valve is constructed in such a
way that it forms an integral part of the ex-
ternal circuit, which, instead of using lumped
inductances and capacitances, employs short
sections of high-frequency transmission lines.
The arrangement is illustrated in Fig. 13.21. The triode plugs into a
circuit consisting of three co-axial tubes, each electrode being attached
to one tube with the anode outermost and the cathode innermost. There

Fic. 13.20
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are then two co-axial transmission lines attached to the electrodes.
The grid tube is part of both lines. Its outside surface is the inner
conductor of the anode—grid line, and its inside surface is the outer
conductor of the grid—cathode line. Although one conductor is shared
by these two circuits, the high-frequency currents are completely isolated
from one another, as they flow only on the surfaces of the conductors.
The two co-axial transmission lines are short-circuited by means of sliding
plungers, P, and P,, whose positions may be varied for tuning purposes.
The lengths of short co-axial lines act as inductances or capacitances,
depending on their length relative to the wavelength of the oscillation.
When the length lies between 0 and /4 the reactance is inductive and
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when it lies between A/4 and 2/2 the reactance is capacitive. Both of these
relationships are unaffected by the addition of any integral number of half
wavelengths to the length of the transmission line. It may be seen
from Fig. 13.21 that the valve and its capacitances are attached to the
two transmission lines in such a way that they conform to the simple
generalized circuit of Fig. 13.10; X, is the cathode—grid transmission
line with Cy in parallel, X, is the anode—grid line with Cg, in parallel and
X, is simply Cqy. Since X, is capacitive, then X, must be capacitive
and X, inductive. The transmission lines are adjusted to give the re-
quired reactances for oscillation.

The reactances of X;, X, and X, have all to be sufficiently small to give
oscillation. In some cases Cq has to be increased if oscillation is to occur
in the circuit of Fig. 13.21. On the other hand, if Ca is very small there is
no oscillation, and this circuit may be used as a stable amplifier. The
signal is connected to the cathode—grid line, and the output is taken
from the anode-grid line. This is an example of a common-grid amplifier.
It is frequently but inaptly called a grounded-grid amplifier.

Common-anode circuits have also been used with transmission lines
as oscillators for very high frequencies. The common-cathode oscillator,
which is another name for the tuned-anode, tuned-grid circuit of Fig. 13.11,
is not suitable for operation at the highest frequencies.



CHAPTER 14
ELECTRONS AND FIELDS

14.1. Induced Currents due to Moving Charges

In this chapter we investigate further the interchange of energy between
moving electrons and electric fields with a view to explaining the operation
of some of the special valves which are used for the generation of alternating
currents at ultra-high frequencies. Consider the movement of a negative
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charge between two large parallel planes (Fig. 14.1), under the influence of
the steady field produced by the battery E,. When the charge —gq is in
the space between the two planes it induces positive charges +¢; and
+¢, in the planes, such that

G1t+e=q
When the charge leaves K,

¢y=¢and ¢,=0
and when it reaches 4,

¢1=0and ¢,=g¢.

As the charge moves across the space the positive charge is continuously
transferred from K to A. The transfer must take place through the
battery and the total transfer is +¢. When the charge moves a distance
dx in the space we assume that charge dg, is transferred from K to 4.
The electric field strength in the space is —E,/d, and the force on the
charge is gE,/d. The work done in moving the charge the distance
dx is qE,dx/d. This energy is obtained from the battery by the transfer
of dg, through it in the direction of the arrow. Hence

gEdxjd = E,dq, or dg, = gdx/d.
208
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The current flowing in the external circuit is

:qu = qu/d, where u = ‘;—:

Thus the movement of the charge induces a current in the external
circuit, and the magnitude of the current depends on the velocity of the
charge. The induced current starts when the charge leaves K and ends
when it reaches 4. We thus see that the motion of a charge to or from an
electrode produces a current to that electrode in the external circuit.
When there are many moving charges the external current is the sum of all
the induced currents.

Similar considerations may be applied to the movement of a charge

A
2
G-——————————— —\_=FE,
o-q
K =F,
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from the cathode to the anode of a triode as illustrated in Fig. 14.2. As
the charge moves from the cathode to the grid an induced current flows
through the grid battery in the direction of arrow 1. After the charge
passes through the grid the induced current flows through the grid and
anode batteries as shown by arrow 2. If the triode has a high amplifica-
tion factor p there is very little charge induced on the anode when the
moving charge is in the cathode-grid space, and similarly there is neg-
ligible induction on the cathode after the charge passes the grid. Of
course, the values of E, and E; have to be such that —F, 4 E,/u is
positive in order to make the charge move from the cathode. The values
of the induced currents again depend on the charge velocity. The direc-
tions of current flow in Fig. 14.1 and 14.2 show that in both cases the
current in the E, battery is in a direction to take energy from the battery.
The motion of the charge between K and G in Fig. 14.2 causes a charging
current in the grid battery, i.e., energy is given to the battery. The
subsequent movement from G to A gives a discharging current, and an
equal quantity of energy is taken from the battery. We have here an
example of how current may flow to an electrode even when it collects
no charge from the space. Further consideration of the energy conditions
in the batteries shows that energy is given to a battery when the negative
charge moves towards a negative electrode. Energy is taken from the
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batteries when the negative charge moves away from a negative electrode
or towards a positive electrode.

14.2. Energy Considerations

In the triode in the previous paragraph there are two separate sources
of the steady field, namely the grid and anode batteries. The energy
relationships between the moving charge and the sources may be stated
in an alternative form. When charge moves against, or is retarded by,
the field of force produced by a source it gives energy to that source.

When a charge moves with, or is accelerated
a by, the force produced by a source, it takes

energy from the source. In the triode ex-
% ample both sources are steady. However,
the same energy relationship applies when

one or more of the sources is varying. This
may be confirmed by reference to Class A,

4
° B and C amplifiers in Section 8.11. There
Vs it is shown how more energy can be trans-
o ! ferred to the a.c. circuit by arranging for a

- -=-Z~->5__  greater proportion of the electrons to move
towards the anode during the negative half
cycle of the a.c. anode voltage. We may

F consider the case of the Class A amplifier in

A more detail in terms of the ideas of the

present chapter. The relative waveforms of

anode voltage, grid voltage and anode cur-

rent are shown in Fig. 14.3 for a Class A

Fic. 14.3 amplifier with a resistive load. The elec-
trons which flow from the cathode to the
grid during the first half cycle move against the alternating grid force

(the alternating grid voltage is negative). These electrons therefore give

energy to the source of the grid a.c. field. As these same electrons move

from the grid to the anode, they are moving with the alternating grid
force (they are being accelerated by the negative a.c. grid voltage), and
so take back the energy which they have already given to the grid. At
the same time they are moving towards the anode whilst the alternating

anode force is accelerating, and so they take energy from the anode a.c.

source. During the second half cycle the electrons first take energy

from the a.c. grid source and then return it. They now move against the

a.c. anode field of force, and so give energy to it. More electrons flow

during the second half cycle, and on balance the electrons give more

energy to the a.c. anode source than they take from it. The resultant
energy exchange with the grid source is zero.

We have considered above each alternating field of force separately and
ignored the d.c. fields whilst considering the exchange between the elec-
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trons and each separate field. There is, of course, energy exchange going
on continuously between the electrons and all the sources of field in each
region. The d.c. sources supply the energy, some of which is transferred
to the a.c. circuits, and the whole process goes on simultaneously. In
Chapter 15 there are examples where the electrons move first in the d.c.
field to acquire energy, some of which they then give up in an a.c. field.
For energy conversion from d.c. to a.c. the electrons should be given high
velocities by the d.c. source and then slowed down in the retarding part
of the a.c. field. The slower the electrons are finally, the greater the
efficiency of energy conversion.

When an amplifier has a resistive load the anode voltage is in anti-
phase with the anode current, and the concentration of the electrons at
the negative half cycle of the anode voltage is an essential feature of the
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operation. In most amplifiers and oscillators the load is resistive (fre-
quently parallel-resonant) and the conditions for energy conversion arise
automatically in the adjustment of the circuits. A common example at
high frequencies of this type of operation is found in space resonators, in
which the electrons move between two electrodes which are integral parts
of the circuit. Examples are shown in Fig. 14.4.2 and 6. In the former
there is a section of a space resonator in which two parallel plates 4 and B
are joined by a doughnut-shaped conductor. This resonator, which is
sometimes called a rhumbatron, is an extension of the *‘ lumped *’ circuit
in Fig. 14.4.b, where two plates act as a capacitor and are tuned to re-
sonance by a number of inductors in parallel. In such a space resonator
the plates A and B are usually grids permitting the passage of a beam of
electrons normally. The beam is modulated in density so that one com-
plete cycle of modulation passes through the resonator during the natural
resonant period. Induced currents flow round the doughnut and build
up the a.c. field across 4B with the retarding half cycles coinciding
with the maximum density of electrons. A second type of space re-
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sonator is shown in section in Fig. 14.4.c. In this case the beam of electrons
builds up the a.c. field across the gap G.

14.3. The Energy Equation

When an electron moves in a steady field between two points at poten-
tials v, and v, the gain in kinetic energy equals the loss of potential
energy. This is expressed in the Energy Equation

e(v, — vy = dm(uy? — u?),

u, and %, being the velocities at the two points. In the case of a diode
with steady potential difference E, between anode and cathode, the energy
equation becomes ¢E, = }mu,®, where u, is the electron velocity at the
anode and it is assumed that the electron leaves the cathode with zero
velocity. If the diode has an alternating potential difference as well,
then the total voltage between anode and cathode is v4 = E, 4 7 sin «t.
Provided the electron transit time is negligible compared with the dura-
tion of one cycle of the field, then each electron traverses the diode in a
steady field, and the kinetic energy on arrival at the anode is given by

mu,® = e(E, + 7 sin of).

14.4. Transit Time Loading

When the electron transit time is not negligible the electric field changes
during the electron’s flight, and the kinetic energy at the anode is not given
by the simple energy equation. The curve in Fig. 14.5 shows the variation
in anode voltage with time in a parallel-plane diode. At any instant the
force on an electron is ev,/d if the effects of space charge are neglected.
An electron which leaves the cathode at time ¢, and arrives at ¢, experiences
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a decreasing force during its transit. At the anode its kinetic energy
exceeds what it would have been if it had moved throughout in a steady
force given by ev,/d, the value when it reaches the anode. Such an
electron arrives at the anode with kinetic energy greater than the loss of
potential energy. Similarly, an electron crossing between ¢; and ¢, while
the force is increasing arrives at the anode with kinetic energy less than the
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loss of potential energy. The excess or deficiency of the kinetic energy
over the potential energy is obtained from the alternating field. To find
the net energy exchange between the electrons and the field an average
must be taken over a complete cycle. These conclusions apply whether
the current flowing is temperature-limited or space-charge-limited. In
the latter case the greatest number of electrons leave the cathode when
v4 is maximum at ¢;, i.e.,, when the force on electrons is beginning to
decrease. Also, the smallest number leave at ¢, when the force is starting
to increase. Thus, on balance, there is an excess of kinetic energy gained
at the expense of the a.c. field, and the effect of the finite electron transit
time is to put an additional load on the a.c. generator. When the electron
transit time is very large the energy exchange becomes complicated.
Similar considerations may be applied to the grid circuit of a tetrode or
pentode amplifier. Usually the transit time between the grid and screen
is much less than that between cathode and grid, on account of the high
screen voltage. Transit-time effects may therefore be neglected between
the grid and the screen when they begin to be appreciable in the cathode-
grid space. The energy exchanges in the latter space are practically the
same as for the diode considered above. Thus in the pentode at high
frequencies the electron transit time causes a load on the grid signal,
even though no electrons are collected by the grid. This effect is fre-
quently called input damping due to electron transit time. Transit-time
damping also occurs in a triode. However, the conditions are complicated
by the varying anode voltage. When the anode voltage is low transit-
time effects in the grid-anode space must also be taken into account.



CHAPTER 15
SPECIAL VALVES FOR VERY HIGH FREQUENCIES

15.1. The Klystron

In Chapter 14 it is shown that electrons can be used for transferring
energy from a d.c. source to an a.c. circuit. The electrons are given high
velocity by a steady field, and are slowed down in an alternating field by
making them traverse the latter whilst it is in its retarding phase. Any
electrons which move through the alternating field during its accelerating
phase decrease the field and reduce the efficiency of power conversion from
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the d.c. supply to the a.c. circuit. In some electronic devices, such as
diodes, triodes and pentodes, the electrons move simultaneously in the
steady and alternating fields. In others, the two fields are separated.
The klystron amplifier is a good example of the latter. The essential
parts of one type of klystron are an electron gun to produce a beam of
high-velocity electrons and two space resonators of the type described in
Section 14.2 and having the same resonant frequency. The high-fre-
quency fields are confined to the spaces inside the two resonators. The
arrangement is shown in Fig. 15.1. The final anode of the gun and the
212
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two resonators are at the same steady potential. The electrons emerge
from the gun with high velocity and enter the first resonator. This
resonator is energized at its resonant frequency from some signal source,
so that there is a small alternating field across the resonator gap. The
electrons which traverse the gap during the half cycle that the field
is accelerating emerge with slightly increased velocity. During the other
half cycle the electrons leave the resonator with reduced velocity. The
electron beam is said to be velocity modulated by the resonator. In the
drift space between the two resonators the faster electrons overtake the
slower ones and there is electron concentration into bunches by the time
the second resonator is reached. The bunches are repeated each alternat-
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ing cycle. In passing through the second resonator the bunches of charge
induce pulses of current round the resonator and a voltage builds up across
the gap at the resonant frequency. The phase of this voltage automatic-
ally gives a retarding field while the bunches are passing through, and the
electrons emerge from the second resonator with reduced velocity, having
given up their energy to the resonator. An equilibrium condition is
reached when the rate of energy removal by the output coupling equals
the rate at which energy is extracted from the beam. The electrons are
finally collected by a separate electrode, whose voltage is just sufficient to
collect all the electrons.

In Section 14.4 it is shown that energy losses occur in the grid circuit
of a conventional amplifier when the electron transit time is comparable
with the high-frequency period. Similar losses occur in klystron reson-

ators. However, as the electrons traverse these resonators with high
H
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velocity, the electron transit time is much less than in the grid circuit of a
pentode where the voltages are low. Hence in klystrons transit-time
limitations occur at considerably higher frequencies.

If space-charge effects are neglected the formation of electron bunches
in the drift space of a klystron may be illustrated graphically as in Fig.
15.2. The horizontal axis represents time, and the vertical axis represents
distance along the drift tube from the first resonator, or buncher, as it is
frequently called. On the time axis is shown one cycle of the buncher
voltage. The electrons emerge from the buncher with modulated
velocities and then move in the field free drift space. The subsequent
distance travelled by an electron along the drift space may be found from
a straight line whose slope represents the velocity. The greatest slope
occurs when the resonator voltage is at its positive maximum (line 1)
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and the least at the negative maximum (line 2). The lines starting from
the buncher are equally spaced in time, representing the uniform beam
density leaving the buncher. It may be seen from this diagram that at a
distance along the drift space there are regions of high and low charge
density. Also, the separation in time of the bunches is one period.
The second resonator, or catcher, is placed where appreciable bunching has
occurred.

Considerable voltage and power amplification can be obtained from a
resonator klystron. If coupling is introduced between the output and
input resonators the amplifier may provide its own input and so become a
self-oscillator.

In the reflex klystron which is shown diagrammatically in Fig. 15.3
only one resonator is used and the electron beam is reflected back so that
it traverses the resonator twice. In this way the one resonator acts as
both buncher and catcher. Provided the phase of the bunches is correct,
self-oscillation may be obtained. The phase may be controlled by adjust-
ment of the d.c. voltages of the resonator and the reflector.
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15.2. Travelling-wave Tubes

For the transfer of energy from moving electrons to an a.c. circuit the
electrons must be bunched or density-modulated, and the bunches must
move in an alternating field during the retarding half cycle. Alternating
fields can exist in the form of travelling electromagnetic waves as in a
transmission line or a waveguide. If a stream of electrons could be
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made to move with the same velocity as the travelling wave, then it would
be possible for continuous exchange of energy between the stream and the
wave. For a net gain of energy to the wave it would be necessary to
bunch the stream and for the bunches to move in the retarding regions of
the wave. This is the principle of operation of certain types of high-
frequency valves, including travelling-wave tubes, space-charge-wave
tubes and cavity magnetrons.

Waves on a transmission line or in a normal wave-guide travel with
velocities of the order of the velocity of light. Electron beams with such
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velocities are not practicable. If the waves are to travel in step with
the electrons the wave velocity must be reduced. This can be done
in several ways, two of which are shown in Fig. 15.4.4 and 4. In the
former a helix of wire is enclosed inside a conducting tube. This is like
a co-axial transmission line with a coiled inner conductor. The velocity
of a wave on a transmission line is equal to 1/4/(LC), where L and C are
the inductance and capacitance per unit length. For the helical line,
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C is much the same as it would be for a line with a rod inner conductor
whose diameter equalled that of the helix. However, L is very much
greater and the wave velocity along the axis is considerably reduced.
The wave is guided round the wire rather than along the axis, and the
velocity reduction is about equal to the axial length divided by the wire
length. Fig. 15.4.b shows a cylindrical wave-guide with diaphragms at
intervals along the length. The axial wave velocity in such a guide is
much less than the free space velocity.

In Fig. 15.5.4 the instantaneous field is shown along the helix. The
lines and arrows show the direction of the force on electrons, i.e., in the
opposite direction to the electric field strength. The voltage and force
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distribution at the same instant are shown in Fig. 15.5.5. If now a beam
of electrons travels along with a velocity equal to the wave velocity (i.e.,
the relative velocity of the electrons and the wave is zero) some are
accelerated and others retarded, and bunches gradually form at regions 4.
At A the axial force is zero, and the bunched electrons then travel along
in step with the wave, but there is no further exchange of energy, since the
bunches are in regions of zero field. If the beam velocity is slightly
greater than the wave velocity, bunches still form, but they move to
regions to the right of 4, where the force is retarding. As long as these
conditions are maintained the electrons give up some of their energy to the
wave, whose amplitude increases. The relationship between the beam
and the wave along the tube is illustrated in Fig. 15.6. Initially the
beam is uniform, but it gradually becomes more bunched, and the wave
amplitude increases at the same time. Since energy is transferred to the
wave at the expense of the kinetic energy of the electrons, the electron
velocities ultimately approach the wave velocity and the bunches move
to the positions of zero field. No further increase in amplitude is then
obtained.
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The relation between the electrons and the field in a travelling-wave
tube may be illustrated by the movement of traffic along an undulating
road, where the undulations correspond to the variation in field along
the helix. The excess velocity of the electrons over the wave velocity
corresponds to the mean speed of the traffic relative to the road. Be-
cause of the undulations there are also fluctuations in the traffic speed.
Vehicles slow down when going up hill and speed up on the down gradients.
Thus concentrations of traffic or bunches occur on the rises and there is
relatively little traffic on the descents. Similar behaviour is obtained
with the electrons and the bunches, though it must be remembered that,
as the electrons have negative charge, they concentrate in the regions
where the potential is decreasing. Also the size of the ‘* hills ’ increases
steadily as the electrons give up energy to the wave. The traffic analogy
may also be used to illustrate the behaviour of the electrons when their
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velocity equals the wave velocity. The vehicles would have no mean
forward velocity relative to the road, and they would all concentrate in
the valleys, which correspond to the regions 4 in Fig. 15.5.a.

In a travelling-wave amplifier the wave is injected into the helix with a
wave-guide coupling as shown in Fig. 15.7. The outputis taken from the
helix with a similar coupling arrangement. This circuit may be used for
self-oscillation by feeding back some of the output to the input circuit.
There may be some reflected wave travelling backwards from the output
end of the helix to the input. If the amplitude of the reflected wave is
sufficiently great this may cause self-oscillation. Usually it is necessary
to introduce some attenuation in the helix to prevent oscillation in this
manner. The length of the helix in a travelling-wave tube may be 20 cm
or more. An axial magnetic focusing field is used to keep the beam inside
the helix.

One feature which distinguishes travelling-wave amplifiers from other
high-frequency amplifiers is the absence of resonant circuits. A wide
range of frequencies may be covered without tuning. This feature is
valuable in any system which requires a wide frequency bandwidth.
Klystron amplifiers, which use sharply tuned resonators, are limited to
narrow bandwidths.
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15.3. Linear Accelerators

When a travelling-wave tube is used with the electron velocity slightly
less than the wave velocity, the bunches form in the accelerating parts
of the wave and the electron energies increase at the expense of the wave.
This principle is used in the linear accelerator for giving extremely high
velocities to electrons. If the wave velocity is gradually increased, say
by opening out the helix, the electron velocity may be increased until it
approaches close to the velocity of light.

15.4. Space-charge-wave Tubes

If a beam of electrons is density modulated as, say, in a long drift tube
of a klystron amplifier, there is a series of bunches along the tube with
low density regions between them. The axial electric forces set up by this
charge distribution are similar to those shown in Fig. 15.5.a. Such a
beam is equivalent to a slow travelling wave, and can be used to exchange
energy with a second beam of electrons flowing along with the first and
with a slightly different velocity. Double-beam arrangements of this type
are called space-charge-wave tubes, or double-stream amplifiers.

15.5. Cavity Magnetrons

In Fig. 15.4 two arrangements are shown for producing slow travelling
electromagnetic waves. Another possible arrangement is shown in Fig.
15.8, in which the wave travels round the slot and hole cavities and the
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horizontal velocity is considerably less than the free space velocity.
Each slot and hole acts rather like a resonant circuit. The electric field
is greatest near the slot and the magnetic field within the hole. The
lines with the arrows show a possible instantaneous distribution of the
electric force on electrons, and the correspondence between this and
Fig. 15.5 is obvious. If a horizontal beam of electrons travels in the space
between 4 and K with the correct velocity, this arrangement produces
bunching and energy exchange between electrons and field.

A horizontal flow of electrons may be maintained in this structure if it is
used as a planar magnetron of the type described in Section 2.8, with K
as the cathode, 4 as the anode and a magnetic field into the plane of the
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paper. With a steady electric field, the electrons describe cycloidal
paths provided space-charge effects are neglected. The nature of the
path depends on the relative sizes of the electric and magnetic fields.
In the absence of a high-frequency field and with the magnetic field much
greater than the cut-off value, an electron leaving the cathode with zero
velocity describes a path as shown in the curve in Fig. 15.9.2 and just
returns to the cathode with zero velocity. There are electrons describing
similar paths all along the cathode, and there is therefore a horizontal
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flow of charge. If now an electromagnetic wave is introduced at the left
and travels along the system with a velocity equal to the mean horizontal
velocity of the electrons, energy interchange takes place between the elec-
trons and the wave. An instantaneous distribution of electric field is
shown in Fig. 15.9.b, where the arrows again show the direction of the
force on electrons. Electrons in regions D have the horizontal com-
ponents of their velocities increased, whilst those at B lose velocity.
The effect of the increase in velocity is to increase the force (Bex) due to
the magnetic field, and these electrons are driven back to the cathode
with appreciable velocity and are removed from the field. Electrons
with reduced velocity have a reduced force due to the magnetic field, and
are therefore brought to rest before they reach the cathode. They then
move on again under the influence of electric field (steady and varying).
As the mean horizontal velocity of the electrons equals the wave velocity.
the electrons continue in the retarding high-frequency field and describe
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a path as shown, ultimately reaching the anode. From the nature of the
path it is seen that the mean velocity of the electrons remains constant
during the passage from cathode to anode. At first sight it might appear
that they have given no energy to the wave. However, although they
have maintained their mean kinetic energy, they have lost potential
energy in moving from the zero potential cathode to the positive anode,
and this energy has been given to the wave. Thus all the unfavourable
electrons which leave the cathode at D are quickly removed, and those
from B continue to move along with the travelling wave, giving up energy
to it as they go.

This planar magnetron acts as a travelling-wave amplifier. Most
cavity magnetrons are used as self-oscillators, and this is achieved by
bending the planar structure into cylindrical form, as shown in Fig. 15.10,
the output end being joined to the input. For this arrangement to work
it is essential for there to be an exact number of waves round the circuit.

D

MAGNETIC FIELD
INTO PAPER

OUTPUT

Fic. 15.10

With the eight-cavity magnetron it is possible to have one, two, three or
four complete waves. With four waves there is a phase difference of =
radians across each cavity, as shown by the signs in the figure; this is
known as the n-mode of operation. There are four regions for favourable
electrons, and the electron distribution forms an axle-and-spoke arrange-
ment as shown shaded in the figure. The field and the electrons travel
together round the system in the direction of the arrow. The favourable
electrons in a magnetron can give up most of their potential energy
(equal to ev,) to the high-frequency circuit. The unfavourable electrons
are in the field for only a very short time. The magnetron may therefore
operate as a generator of high efficiency. Conversion efficiency from d.c.
to a.c. of 70 per cent can be obtained.

The main field of use of the special valves described in this chapter is for
frequencies from about 1,000 to 100,000 Mc/s.



CHAPTER 18
RECTIFICATION

16.1. Simplified Diode Characteristics

The applications of diodes, whether vacuum, gas or semi-conductor,
are based on the asymmetrical features of the characteristics. It may be
seen from Fig. 16.1 that these characteristics all show similar general
trends. When v, is positive the resistance is very much lower than when
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v4 is negative. When v, is zero the current is either zero or small. In
order to simplify the analysis of circuits using diodes, the characteristics
can be assumed to have the ideal form shown in Fig. 16.2, in which i, =0
when v, is negative, and i, = v4/R, when v, is positive.
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The first application which is to be considered is that of the rectifica-
tion of an alternating current to produce a direct current. The frequency
of the a.c. supply may be 50 c/s, but the application is not limited to this
frequency.

221
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16.2. A.c. Supply, Diode and Resistance in Series—Half-wave Rectifier

The circuit arrangement is shown in Fig. 16.3, where a transformer is
used to provide a voltage, v;, = 9 sin «f, and also to act as a low resistance
return path for the diode current. The resistance R represents the load
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which has to be supplied with d.c. When terminal 1 is positive with
respect to terminal 2 current flows through the diode and the resistance.
On assuming the ideal diode characteristic, it is found that the current is
given by

1= RT R + Ro sin wf from ¢ = 0 to T/2, T to 3T 2, etc.
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At the same time the voltages across the load and the diode are

Vg = Rg sin ot
=R+ R,
and =g }-T-OﬂRo sin w?

When terminal 1 is negative with respect to terminal 2 no current flows
through the diode, so that

142=0from¢= T/2to T, 3T/2 to 2T, etc.,
whilst vz = 0and v, = 7 sin wt.

The variations of current and voltage are shown graphically in Fig. 16.4.

Fi1G. 16.6

The current through the resistance and the voltage vz across it are both
cyclic but unidirectional. Each may be separated into a steady com-
ponent and a cyclic component. The steady component of the current is
the average value of 7,, and the cyclic component has zero average value
over one cycle. The two added together give the actual 7,. The average
value of the current is

1 T
W=7 /0 iadt = 3/=(R + Ry).

The cyclic component 7 is shown in Fig. 16.5.a along with 7,. The areas
1 and 3 together equal area 2, since the cyclic component has zero average
value. The voltages are shown similarly in Fig. 16.5.b; the steady
component of the voltage is

#r = Riy = Ri/x(R + R,).

From Fig. 16.4 it is seen that the maximum voltage across the diode
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occurs when it is not passing current and the anode is negative. This
voltage is equal to the peak value of the supply voltage, and is called the
peak inverse voltage.

The above circuit has produced a d.c. supply with a superimposed cyclic
component, which is usually called a *‘ ripple ”’.  For some purposes this
ripple is undesirable, and various methods of reducing it are described later
in this chapter. Since current is drawn from the supply only during
alternate half cycles, this circuit is known as a half-wave rectifier. A
more efficient arrangement, which is described in the next section, gives
full-wave rectification by using a second diode during those half cycles
when the first diode is inoperative.

16.3. Full-wave Rectification
The circuit of the full-wave rectifier is shown in Fig. 16.6. Two identical
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valves are used and v,, = v,5 = # sin wf. From the circuit it is found that
Ve = g1 + vp = 7 sin of and —v,; = v42 + vg = — ¥ sin wl.

From ¢ = 0 to T/2, terminal 1 is positive with respect to terminal 2 and
diode 1 passes current. At the same time terminal 3 is negative with
respect to terminal 2 and diode 2 is non-conducting. Thus for this
period of time

. 9 . .
1‘1=R+R° sinwf, 142=0,
Vg = Rg sin w?
R=RF R,
11 = Rof sin wt

R+ R,

and vipa=—17(1 +R+R°) sin wf.
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From ¢ = T/2 to T, diode 2 conducts and diode 1 is non-conducting, and
hence

. ] . .
142=—R+Rosmwt, 144 =0,
_ _ R y
Vg = R+R°Sln°’
v41=ﬁ(l+%)sinmt
)
and Vo = — R}jva sin wf.
0

During this time interval sin wf is negative, and hence #4a and vy are
positive. This may be verified readily from Fig. 16.7. Now vz consists
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of a unidirectional voltage in half sine wave pulses, and the average

value is
g = 2R9[x(R + R,).

This mean voltage is double the value obtained from the half-wave
rectifier, but, for the full-wave ciruit, the total transformer secondary
voltage is also doubled. It may be seen that the frequency of the ripple
is twice the supply frequency. The maximum voltage across each diode
again occurs during the non-conducting half cycles. Usually Ry < R,
and hence the peak inverse voltage is nearly equal to 24. With the same
approximation 7z = 24/x.

16.4. Choke-input Full-wave Rectifier

When an inductance is used in series with the load the rectifier be-
haviour is modified in certain respects. The circuit, known as a choke-
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input rectifier, is shown in Fig. 16.8. Provided R, is sufficiently low, the
voltage between terminals 4 and 2 is a series of half sine waves of ampli-
tude ¢ as shown in Fig. 16.9.a. As before, v,, may be separated into its
steady component 7 and a ripple component v (Fig. 16.9.b); again

7 = 29[n.
The steady voltage causes a steady current 7 through the load R, where
i=9/(R+ Ry

and R, is the resistance of the choke. The d.c. voltage across the load is
therefore 3R/(R + R,), and it is seen that R, should be small compared
with R. The cyclic voltage v gives rise to a cyclic current #, where
. di

v=(R+R)i+ L%
If L is sufficiently large
di
dat

f vdt,
o

v=1L

and hence

-

$ =
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i.e., # may be determined from the area under the curve of v against ¢.
This is done in Fig. 16.9.c using Fig. 16.9.5. At the point B, # is zero and
then increases in the negative direction to point C. Here v goes positive
and ¢ becomes less negative, until at D, 7 is zero and area 1 equals area 2.
The current now goes positive, passes through a maximum value at E and

%2 % (o)

1 V= V4V

(8)

(c)

(d)

(e)

(1)

F1c. 16.9

drops to zero again at F. The cyclic current adds to the steady current %,
giving the total current, which is supplied in alternate half cycles by the
two diodes as indicated in Fig. 16.9.d and e. The ripple voltage across
the load is 7R, and this may be made very small with large L. Thus one
advantage of the choke-input rectifier is considerable reduction of ripple.
The individual diode currents consist essentially of rectangular pulses of
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maximum height little in excess of the mean load current 7. This is
another feature in favour of the choke-input circuit in comparison with
some other rectifiers. For satisfactory operation of this circuit the choke
must have high inductance but low resistance. Also it must have high
inductance with some d.c. flowing in it. To meet these requirements the
choke usually has an iron core but with an appreciable air gap.

16.5. A.c. Supply, Diode and Condenser in Series

The circuit for this case is shown in Fig. 16.10. It is assumed that
v;, = 7 sin of and that the condenser C is uncharged at the time of
switching on. When terminal 1 is positive with respect to terminal 2,
current flows through the diode and charges up the condenser to voltage
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ve. During the negative half cycle no current flows and the condenser
retains its charge, provided its insulation resistance is infinite. When
the next positive half cycle occurs the diode anode is positive with respect
to the cathode for only part of the time on account of the voltage ve.
The charging process increases v¢ during each positive half cycle until the
condenser is charged to a voltage equal to 7, when no further current flows.
This process may be analysed as follows using Fig. 16.11. At all times

V3o = U4 + v¢ = 7 sin wf.
At ¢t =0, v, is just about to become positive and current ¢, flows through
the diode of amount
14 = (¥ sin of — v¢)/R, as long as 7 sin wf > ve.

While the current flows v increases, since the condenser charge

q= fiAdt and v¢ = ¢/C.
0

At time ¢;, v, is zero and v¢ = ve1, where vy = 7 sin o, At ¢, 74 also
is zero, and it remains zero as long as v, is negative, i.e., until ¢, where
wly = 3n — wf;. The condenser voltage remains constant at ve; during
the time ¢, to£,. After ¢,, v, is again positive, diode current flows and the
condenser charges to a voltage vgs at time ?,, where 7 sin wfy = v¢s.
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Current again ceases from ¢, to ¢,, flows from ¢, to f; and so on. An equili-
brium condition is reached in which:

(a) the condenser is charged to a steady voltage equal to 7 (this is
the rectified or d.c. voltage, and C is called the reservoir condenser),

(b) the potential difference between anode and cathode of the diode
is cyclic and equal to —4(1 — sin f), i.e., it varies from zero to
—279, thus giving a peak inverse voltage of 24, and

(c) there is no diode current at any time.

The equilibrium condition is approached more quickly with smaller
C or smaller R,, Maximum diode current occurs during the first cycle,
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and its value increases with the capacitance of the reservoir condenser.
This circuit has applications for small rectifiers, voltage doubling and
peak voltage measurement.

16.6. Condenser-input Full-wave Rectifier

The steady voltage across the reservoir condenser may be used for
supplying d.c. to a load resistance by connecting the latter across C.
Usually a full-wave circuit is used, and this involves a centre-tapped
transformer and two diodes, as shown in Fig. 16.12. With this arrange-
ment a current 7z flows in the load where 7z = v¢/R. The condenser is
being discharged continuously by R, and it is being charged only during
those periods when the anode—cathode voltage of either diode is positive.
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In analysing this system it is assumed that the equilibrium condition
has been reached. At time ¢, (Fig. 16.13) when v,; becomes positive,
V1 passes current and charges C. During the interval ¢, to ¢, the diode
supplies current to both C and R. Then

i1 = o + in, Where iz = v/R and ig = C 2.
1 dn
i+
- v+ VY iwn
2 = I * -
SUPPLY ' - ——0 -I_
a | C" e |latinz y
- V2 A2
3 R 1+
b2
Vi2=WatVe V3=tV
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From ¢, to ¢;, 441 = 442 = 0 and ¢¢ = — ¢z. The condenser is now being
discharged. If at time ¢,, v¢ = v,, then at time t after ¢,,
Vo = vye"/BC,
If ©/RC is small
ve =2 vy(1 — 7/RC).
. by —1,
At time ¢,, ve=vg>y, (1l — ")

The greatest possible value of ¢, — ¢, is 1/2f, where f is the supply fre-
quency, hence the above approximation is justified if RC > 1/2f. The
waveforms of the various currents and voltages are shown in Fig. 16.13.
It is seen that there is a ripple current which can be reduced by increasing
the capacitance of the reservoir condenser. The average voltage across
the load is ¢ and the average load current is 9¢/R. The recharging of
the condenser by the two diodes takes place during the intervals of time
equal to ¢, — #,. The shorter the value of #, — ¢;,, the nearer ¢ is to 4,
but the larger is the maximum current taken by each diode to produce the
average load current. The value of ¢, — ¢, may be shortened by in-
creasing CR. Thus for a given load resistance the greater the value of the
reservoir condenser, the lower the ripple, but the greater the maximum
diode current. The condenser-input rectifier may require a maximum
diode current several times the mean load current. In this respect the
choke-input rectifier has a distinct advantage, since its maximum diode
current is approximately equal to the load current. On the other hand,
the condenser-input circuit gives a rectified voltage equal to 9 from a
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given transformer, which is about 50 per cent more than the value 24/=
obtained from the choke-input circuit.
The average rectified voltage with the condenser-input rectifier is given

by
o= (o + v9j2 = 3y (1 — B
Vo= 2+v3 = Uy 9RC /"
As rough approximations v, = 9 and ¢; — ¢, = 21]'
L 1
Hence Jo=1 (l — m)
Also /R == ig = 3, the rectified current, and so
Jo = T =1 — .1_0.
Vo = U¢ v by fC
This shows that the rectified voltage decreases with the current to the
load. This variation of the d.c. voltage with the load current is called the
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regulation of the rectifier. In this case the regulation may be improved
by increasing C. In practice, the regulation is also affected by voltage
drop in the resistance of the transformer winding and in the diodes.
The regulation of the choke-input filter depends on similar resistances,
including the resistance of the choke. However, in that case there is no
drop in voltage comparable to that due to the discharging of the reservoir
condenser. As a result, the choke-input rectifier has better regulation.
The condenser-input full-wave rectifier is used mainly for small power
supplies of a few hundred volts and 200 mA or less. Larger supplies use
the choke-input circuit.

16.7. Voltage-doubling Circuits

It is shown in Section 16.5 that the voltage across the diode in a diode-
condenser rectifying circuit varies from 0 to 24, with the greatest value
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occurring when the anode is negative with respect to the cathode. If a
second diode and condenser are connected across the first diode with the
correct polarity, as shown in Fig. 16.14, then this diode passes current
until the condenser C, is charged to a steady voltage equal to 24, thus
giving double the rectified voltage of the single circuit. The peak inverse
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voltage across the second diode is 27, and occurs when the anode is nega-
tive with respect to the cathode. A third diode and condenser may be
connected across the second diode, and this condenser is also charged to a
voltage 29. The process may be continued as often as required, as illus-
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trated in Fig. 16.15, where voltages up to 64 can be obtained from six
diodes and condensers.

An alternative voltage-doubling circuit is shown in Fig. 16.16. Here
two half-wave rectifiers use a common transformer, and the voltage
across the two reservoir condensers in series is 27.

16.8. Filter Circuits

Rectifier circuits produce a current in the load which consists of a steady
part and a superimposed ripple. The amount of ripple is usually ex-
pressed in terms of the ratio of the r.m.s. ripple current through the load
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to the mean current (or the r.m.s. ripple voltage across the load to the
mean voltage).

In the choke-input rectifier the ripple current through the load may be
reduced by connecting a condenser C, in parallel with it. The cyclic

ripple current passes mainly through C;, provided o% < R, where the
1

ripple is assumed to be sinusoidal and of frequency f = «/2r. The ripple
current through the load is reduced in the ratio 1/wC;R (see Fig. 16.17).
Further reduction in ripple may be achieved by the connection of a
‘“ filter circuit ’’ between the rectifier output terminals and the load.
The filter circuit consists of one or more inductors and capacitors. A

single L, C filter is shown in Fig. 16.18, where wL > 1/wC and o')l_C <R.



234 PRINCIPLES OF ELECTRONICS [cH.

In this circuit the condenser C, is either the parallel condenser used above
in the choke-input circuit or else the reservoir condenser in the condenser-
input circuit. Using the above conditions, the magnitude of the ripple
voltage across the load is reduced to 1/w?LC of its value across C;. Any
resistance R associated with the inductor causes a reduction in steady
voltage across the load. The higher the supply frequency, the smaller
the values of L and C needed for filtering. Also, the filtering or smooth-
ing of a full-wave rectifier is easier than a half-wave rectifier, since the
ripple has twice the frequency in the former case.

16.9. Diode Peak Voltmeter

The series diode-condenser circuit is used widely, and particularly at
high frequencies, as an a.c. voltmeter for reading the peak value of any
applied voltage. The circuit in Fig. 16.19.2 has an equilibrium state
when the condenser is charged to a steady voltage v¢ equal to 7, and the

1 1 1

[+
[/ {
Vu'pcln@f ----:
c c ‘@E.SM ., C

2 S 2 I v R

VA‘E("" (l)f'-l) (> ;/R

c=v

(o) () (c)
= b fi— VW 3
C R *
L . T & . At-
(d) (e)

Fic. 16.19

measurement of the peak voltage reduces to the measurement of a
steady voltage. Thus, if an electrostatic voltmeter is placed in parallel
with C, as shown in Fig. 16.19.5, it reads the peak value of the applied
voltage. As an electrostatic voltmeter has itself a capacitance, it can act
asC. An alternative method of measuring the voltage across C is shown
in Fig. 16.19.c, which uses a voltmeter of high resistance R. The current
taken by this voltmeter must be negligible, and this means a large value
of CR, as shown in Section 16.6. For this circuit to work the source of
the a.c. voltage must have a d.c. path, otherwise there is no circuit for the
voltmeter current. The d.c. path must also have a resistance much less
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than R to avoid reduction in the voltage indicated by the voltmeter.
A circuit which avoids the need for the supply to have a d.c. path is shown
in Fig. 16.19.d. It is based on the equilibrium voltage v, across the diode.
For a sinusoidal applied voltage this is shown in Section 16.5 to be given
by v4 = — 7 4 9sin . The d.c. voltmeter, consisting of a high re-
sistance and a galvanometer, is connected across the diode, and it measures
the steady value of the voltage, irrespective of whether or not there is a
d.c. path between terminals 1 and 2. To protect the galvanometer from
the current arising from the cyclic component of v, it may be shunted
by a condenser as shown. The form of this circuit which is usually used
in practice is drawn in Fig. 16.19.¢, where a filter R,C, is inserted between
the diode and the voltmeter. Across terminals 3 and 4 there is a steady
voltage 9 and a cyclic voltage of magnitude 9/{1 4+ R,%w?C,2}}/2, which
can be made very small. It might appear at first sight that the resistance
R is not necessary in this circuit. However, even with terminals 1 and 2
shorted there is some diode current due to initial velocities of the electrons.
This current requires a path back to the cathode, and it produces a
voltage drop across the resistance of the path, thereby giving the diode a
negative anode voltage for its quiescent condition. Without R the re-
sistance of the path depends on leakages and is indefinite. The purpose
of R is therefore to stabilize the quiescent voltage across the diode. The
value of R is normally many megohms. The steady voltage across C,
is usually measured with a d.c. amplifier; the actual peak value of the
a.c. voltage is the difference between this steady voltage and the quiescent
voltage.

Any good voltmeter should take a negligible current from the supply
being measured. The impedance at high frequencies of the diode peak
voltmeter of Fig. 16.19.¢ is determined almost entirely by the effective
shunt capacitance C; between terminals 1 and 2, and this should be as
small as possible. It depends mainly on the capacitance of the diode
and stray capacitance from the condenser C to terminal 2. When the
voltmeter is used at very high frequencies the leads from the circuit
under test to terminals 1 and 2 should be as short as possible. Any
inductance in series with the input capacitance C; across terminals 1
and 2 effectively changes the input impedance to j(—1/wC;+ oL);
the voltage across the capacitance C; is greater than the voltage to be
measured, as LC; is a series circuit. At the resonant frequency of this
circuit the voltmeter reading may be many times the applied voltage.

In using a diode voltmeter care must be taken when the magnitude of
the applied voltage varies with time. The rate at which equilibrium is
reached depends largely on the product CR. In order to measure rapid
changes in amplitude CR must be small in comparison with the duration
of the changes. However, CR must be large in comparison with the
alternating period if the measured voltages are to approximate to the
peak values. Thus there must be some compromise in the choice of C
when a high-frequency voltage of varying amplitude is to be measured.
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16.10. Some Practical Considerations in Rectifier Design

In the design of rectifiers there are several important practical considera-
tions, some of which have already been mentioned. In the choice of a
suitable diode there are two main factors: (4) the maximum current in
the forward direction, and (b) the maximum peak inverse voltage. The
maximum permissible values are specified by the valve maker. These
factors become increasingly important in larger rectifiers. When large
currents are required it is obviously desirable to have the mean rectified
current nearly equal to the maximum allowed current. The choke-input
rectifier is therefore preferred in such cases. The peak current demand
on switching on also favours the choke-input circuit. When the current
taken from a rectifier varies, then an important factor is the regulation,
i.e., the change in the output voltage when the load current varies between
its minimum and maximum values. The ratio of the change in output
voltage to the corresponding change in load current is called the internal
resistance of the supply. For good regulation the internal resistance
should be low. In any rectifier the resistance of chokes, transformer wind-
ings and R,, the diode forward resistance, all contribute to the internal
resistance. Thermionic gas diodes, mercury-arc diodes and crystal diodes
have very low values of R,, and are therefore used in rectifiers when high
currents are required. In addition to having stability of the output
voltage against load changes, it is sometimes important to have stability
of output voltage against changes in the mains voltage. Both types of
stability may be achieved with special circuit arrangements, examples
of which are described in the next two sections. When thermionic diodes
are used in rectifiers care must be taken with the insulation of the windings
of the heater transformers. This is particularly necessary in voltage-
doubling circuits.

16.11. Voltage Stabilization—Gas Diode

A cold-cathode gas diode can maintain a discharge in which the voltage
across the diode remains almost constant while the current varies over
considerable limits. A typical characteristic is shown in Fig. 16.20.a.
Over the current range from ¢y, t0 #may, the voltage across the diode varies
from vmin t0 Umey. The average value of v, over the range is the main-
tenance voltage vy; vgis the striking voltage. This diode may be used
to provide a stable voltage equal to vy across a varying load R, with
the circuit shown in Fig. 16.20., in which E is the supply voltage. The
arrangement provides stability against changes in the load over quite an
appreciable range. The value of R is chosen so that 7, equals its maxi-
mum value 7n.y, Wwhen Ry is infinite, i.e., zero load current. Then

Uy = E - Rim.x.
But V4= Vy
and hence R = (E — vu)/imas.
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When there is some load current 7, the diode current adjusts itself to
give

iA + iL = imnx,
and the voltage across the load is still vy approximately. Over the current

range gy, to #may the diode acts as a current reservoir; as the load current
increases, the diode current decreases by a corresponding amount.
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This circuit also gives a stable voltage vy across a fixed load Ry for an
appreciable range of variation of supply voltage E.

If i =vy/Ry,
then ¢( = ¢y + #4) may vary from
21 + tmin t0 21 + tmax.
The supply voltage may therefore vary from
vy + Rz + tmi) to v + R(iz + tmax)s

and the load voltage remains nearly constant at vy.
In all uses of the circuit shown in Fig. 16.20.b it is essential to ensure
R E

RT R, must be

that the discharge strikes initially. This means that

greater than vg when the circuit is switched on.

Gas diodes with values of vy of 50 V and upwards are available, but one
of the disadvantages of this type of stabilizer is that the voltage cannot
be varied once a particular diode is chosen. Another limitation is that
the maximum load current is determined by the diode. An alternative
stabilizer, which gives greater freedom in these respects and at the same
time gives greater stability, is described in Section 16.12. Crystal diodes
are available with characteristics which make them suitable as stabilizers
for low voltages of the order of 5 to 10 V.
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16.12. Voltage Stabilization—Feedback

By using the principle of negative feedback a power supply can be
constructed with low internal resistance. One suitable circuit is shown
in Fig. 16.21. The load R, is fed from the supply E through a triode
V1 in a cathode follower circuit. Part of the output voltage, across the
resistance R,, is connected to the grid of a pentode amplifier. The
actual grid—cathode voltage of the pentode V2 is the difference between
the voltage across R, and the voltage across a gas diode V'3, which acts as
a diode stabilizer. The output of the pentode amplifier is direct-coupled
to the grid of the triode.

The operation of this circuit is somewhat as follows. If, for any reason,

O
+

o
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the value of v, tends to rise, then the voltage across R, rises. The
reference voltage across the diode V3 remains constant over a range of
variation of current through it. Hence the grid—cathode voltage of V2
becomes less negative, its anode current increases and its anode voltage
decreases. This means that the grid voltage of V1 becomes more negative
and the triode passes less current, thus offsetting to some extent the
original increase in v;. In effect, the pentode provides amplified negative
feedback between the input and output circuits of the triode cathode
follower, thus keeping the output voltage nearly constant. Suppose
that the supply voltage changes by amount e and gives rise to changes
g2 and v,2 in the grid and anode voltages of V2. Then

Vg2 = € — gmgvnga.
This is the input voltage to V1 and,

provided Rigm > 1,

the output voltage of the cathode follower equals the input voltage, and
hence v = e — gmVpR,.

But ve2 = Ryui/(R; + R,) and
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The factor gmeR, is the gain of the pentode amplifier, and the fraction
R,/(R, + R,) need not differ greatly from unity, so that

R
w=ef sk 3 E)

gives a measure of the stability of this circuit against changes in the supply
voltage. It has been assumed above that the voltage across the gas diode
remained constant. Actually, the voltage does change by a small amount
in the same direction as the change across the load, so that the control
is reduced somewhat. Where very high stability is required the gas
diode is sometimes replaced by an h.t. battery. Alternatively, some
improvement may be obtained if the resistance R, to the diode is fed from
the stabilized side of the supply. The magnitude of the output voltage
may be varied by adjusting the value of R,/(R, + R,). When this fraction
equals unity the output voltage approximately equals the maintenance
voltage of the diode. When the fraction is decreased the output voltage
rises, but for small values of the fraction the stability is reduced.



CHAPTER 17
MODULATION AND DETECTION

17.1. Modulation

If the output of an oscillator is connected to an aerial, some of the
output is radiated into space as an electromagnetic wave. A small part
of the radiation may be intercepted by a second aerial which is connected
to a receiver. In order to convey information over this communication
system some characteristic of the original oscillation must be varied in
time in accordance with the information. The sinusoidal output of the
oscillator may be varied in amplitude, giving amplitude modulation;
alternatively, the phase angle may be varied, in which case there is either
frequency or phase modulation. There are also several ways of using
pulses, which are varied by the information, and which themselves
control the output of a sinusoidal oscillator, thus producing pulse modu-
lation.

Modulation techniques are also used in other applications of electronics,
such as instrumentation.

17.2. Amplitude Modulation

The main sinusoidal oscillation is known as the carrier. In amplitude
modulation the amplitude of the carrier is determined by the instantaneous
value of the information, or modulation.

If e. = é.sin wd
represents the carrier voltage wave and the modulating signal is given by
em = émf (t)-
then the modulated carrier is given by

e=¢, {1 + & f(t)} sin wd.

In the case when the modulating signal is a single sine wave,
ém = ém COS wnmt, the modulated carrier wave is

e = é{l 4 m cos wnt} sin wd,

where m = é,/é.. This quantity m is called the modulation factor or the

depth of modulation, and it should not exceed unity, otherwise distortion

is introduced into the system (see Fig. 17.1). Both experiment and

analysis show that the modulated wave may be represented by three
240
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separate sinusoidal components, the carrier and two side bands of angular
frequency w, — wp and o, + om.  Since

e = é{1 + m cos wpt} sin ot

then  e= ésin wd + ’”{ sin (¢ + om)t + '%e sin (@ — @m)t.

If this modulated voltage is produced across a resistance whose value is
the same at the carrier and the side-band frequencies, the power in each

€ — .
@
\ 2'{9. /
—I5 4 o \/ t
= b) moouLaTio
o, (0) casmier { (8) moouLaTiON
(‘0/")6‘- @ mmmm—=e - y H
A \L I ’

mé, -
ML
N e
S VV { o
u"’u” N \\U 7
U Y 291 . 1
B ~ / \
. N

(¢) MODULATED CARRIER (¢) over moouLateo
CARRIER

Fic. 17.1

side band is m?/4 of the carrier power, with a maximum value of 1/4 when
m is unity.
For a more complicated modulating signal the modulated wave is

e = é{1 4 mf(t)} sin ot

and f(¢) is defined so that it has a maximum value of unity and m can
have any value up to unity. For distortionless amplitude modulation
the envelope of the modulated wave has the same wave shape as the
modulating signal as shown in Fig. 17.1.b and c.

17.3. Circuits for Amplitude Modulation

It is not usual to attempt to modulate the amplitude of a self-oscillator,
as this produces some unwanted frequency modulation as well. Ampli-
tude modulation is effected in the power amplifier stages following the
oscillator. At low power levels amplitude modulation may be carried
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out using a device with a non-linear current-voltage characteristic such as
a diode. The carrier and modulating voltages are connected in series
with the diode as shown in Fig. 17.2.a. The dynamic characteristic of the
diode can be expressed as a power series

1g = av + bv? 4 cv3 4.
where the applied voltage is given by
v = é,5in od + ép COS wpt.

These equations are similar to those used in Section 8.7, where intermodu-
lation in a triode is discussed. If we consider only the first two terms in
the power series we find that the current contains components of angular

(o) (8)

FiG. 17.2

frequency o, om, 20, 20m, ©, — wn ande, + o, The components in
@, 0, — oy and o, + o, represent the carrier and side bands. The out-
put voltage of these components is proportional to
aé, sin od + béép sin (w, + o)t + bélp sin (0, — wm)l.
The depth of modulation is given by
'—n = be—‘f’-", i.e., m= %
2 aé, a

If the cubic term of the power series is included the output current also
includes components of angular frequency, w.+ 20, and o, — 2wp.
These components introduce unwanted side bands whose amplitudes are
proportional to é,% Since m is proportional to é,, it is important to
keep the modulation depth small to avoid distortion. In addition to the
carrier and side bands the diode current contains components at frequen-
cies wpm, 20m, 3om, 20, 3w, etc. In practice the diode load is arranged
to have appreciable impedance only over the range covering the carrier
and side bands. One way of achieving this is shown in Fig. 17.2.5, where
the parallel resonant circuit is tuned to the carrier frequency.

Amplitude modulation may also be produced by connecting the carrier
and modulation voltages in series with the grid and cathode of a triode or
other amplifier and operating over a curved region of the dynamic grid
characteristic.

In a pentode, amplitude modulation can be achieved by applying the
carrier voltage to the control grid and the modulating voltage to the
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suppressor grid, as shown in Fig. 17.3. In this case the dynamic character-
istic may be represented approximately by the expression

1g = a(va + kvgs) + b(vﬂ. + kvga)z

and the square term gives rise to side bands as before.
In high-power transmitters it is more usual to modulate the anode of
the final stage of a power amplifier operating under Class C conditions.

Fi1G. 17.3
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The circuit is shown in Fig. 17.4. In a Class C amplifier the amplitude
of the sinusoidal component of the anode voltage is approximately
proportional to the quiescent value of the anode voltage, i.e., to E,'.
Thus, if the latter is varied at the modulation frequency so that

E, = E,(1 4+ m cos wgut),
the alternating component of the anode voltage is
e. = é,(1 4+ m cos wn) sin o .

Negative feedback can be used to reduce distortion in the modulation
process. Some of the modulated carrier is demcdulated in a linear
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detector (see Section 17.7) and the output is fed to the input of the modu-
lating amplifier. The action is similar to that described in Section 10.6
for the reduction of harmonic distortion.

17.4. Frequency Modulation

When a carrier wave is frequency modulated the instantaneous devia-
tion of the frequency from the carrier is proportional to the instantaneous
value of the modulating signal, so that

W = 0, + Aép COS wpt.
The high-frequency wave completes one cycle of frequency variation
during one cycle of the modulation, as shown in Fig. 17.5.4 and b.
In the unmodulated carrier, é, sin wd, the total phase angle is 6, where
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0 = od. The angular frequency o, is seen to be the time rate of change
of 6. Similarly, the instantaneous frequency in the frequency-modulated
wave is defined as the rate of change of the instantaneous phase angle 6,

where 0 = od + [&" Sin wp,L.
Wen

Thus the frequency-modulated voltage wave is given by

e = é sin {mct + %’sin ) t}-
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When a carrier wave is phase modulated the phase angle varies accord-
ing to the modulation so that

e = é.sin {ot + Bép cos opt}.

Thus, in addition to the normal linear increase of the total phase angle
with time, there is a varying component of the angle which is proportional
to the modulating signal (see Fig. 17.5.c). The instantaneous angular
frequency in this case is given by

Wi = W — Bwnén sin opl,

and the frequency deviation is proportional to the frequency of the
modulating signal. This means that, in a phase-modulated wave, the
carrier is frequency modulated by a signal whose amplitude varies pro-
portionately with the frequency of the signal. Obviously, frequency and
phase modulation are closely related.

172.5. Circuits for Frequency Modulation

An oscillator can be frequency modulated if it has, in parallel with its
resonant LC circuit, a small susceptance whose magnitude varies with the
modulating signal. If the susceptance is capacitive, Cn(f), then the re-
sonant frequency is

. — Cml®),
fi=g L(C+C il /«/1“‘
1
Whel‘e fo = W—z—c‘
When Calt) LC,
then = fo{ - ‘:2_g)}

Thus if C,(#) is proportional to the instantaneous value of the modulating
signal the oscillator is frequency modulated. As long as the output of the
oscillator remains constant over the range, then there is no amplitude
modulation. A device giving a susceptance with the required properties
for Cp(t) is the reactance valve,shown in Fig.17.6.a. The essential features
of this circuit are a pentode valve with a capacitor C connected between
its anode and control grid, and a resistor R between the control grid
and cathode, as shown in Fig. 17.6.b. In the former diagram all the
other capacitors have negligible reactance at high frequency. The choke
Ch has a very high reactance and merely serves the purpose of feeding the
d.c. supply to the anode of the pentode. The pentode is connected across
the tuned circuit of the oscillator so that there is an alternating voltage
v, between the anode and the cathode. Provided 1/wC > R, the voltage
across R, i.e. vy, leads the anode voltage by nearly 90° and its magnitude
is §,0CR. The anode current of a pentode is nearly independent of the
I
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anode voltage and 7, = gnv,. Thus the anode current has a magnitude
gnowC R, and it also leads the anode voltage by nearly 90°. The total
current taken from the source of v, is, therefore, of magnitude
(gmwCR + «C)?, and the current leads v, by 90°. The effective susceptance
across v, is (gmR + 1)oC and is equivalent to a capacitance (gnR + 1)C.
If gnR > 1, then the reactance valve behaves as a capacitance of g,RC
across the tuned circuit. In some pentodes there is almost a linear re-
lationship between mutual conductance and grid voltage. Then if the
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grid voltage is varied at modulation frequency through a transformer, as
shown in Fig. 17.6.a, the capacitance g, RC is proportional to the modulat-
ing signal, and this is the required condition for frequency modulation.
Using the equivalent circuit of Fig. 17.6.c and the conditions wCR < 1
and gnR > 1, it can be confirmed that there is an effective capacitance
gmRC across v,. It can also be shown that there is a parallel conductance
Gn, given by

Gn = 0*C*R%,, + }
a
The conductance is small and is usually neglected. However, as it varies

with g, and frequency, it may cause some amplitude modulation.
Some alternative reactance-valve circuits are given in Exx. XVII,

17.8. Detection or Demodulation

The useful information in a modulated carrier wave is contained in the
modulation. The extraction of the information is achieved in the process
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known as detection or demodulation. In the case of amplitude modula-
tion the envelope of the modulated wave has to be extracted, whereas
with frequency modulation a voltage has to be produced proportional to
the instantaneous frequency deviation from the carrier frequency.
Before detection, the modulated wave is usually amplified by means of a
tuned high-frequency amplifier. In the detection process use is made of
the non-linear characteristics of diodes, triodes or other electronic devices.
For small signals detection may be dealt with in terms of the curvature
of the characteristics. If the received signal is amplified sufficiently
before detection the electron device is best represented as a switch. In
this case the principle of detection is very similar to that of rectification,
which is discussed in Chapter 16.

17.7. Detection of Amplitude-modulated Waves

A thermionic or a crystal diode is frequently employed as the non-
linear device. The modulated carrier voltage

e = é,(1 4+ m cos wpt) sin ol
is applied in series with the diode and a load resistance R, as shown in
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Fig. 17.7.a. The diode characteristic is assumed to be ideal, and then

the average value of the diode current over one cycle at the carrier
frequency is found by the method used in Section 16.2. It is found that

FiG. 17.7

i — é,(1 4+ mcos m,,.t).
4T n(R + R,)
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It is assumed here that wm < w, so that cos w,t does not change ap-
preciably during one cycle of the carrier frequency. In addition to the
mean anode current there is also the carrier component (see Fig. 17.7.c
and d). This component can be removed by means of a suitable filter
circuit, shown in Fig. 17.7.b. Then the output voltage consists of a
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steady part proportional to the carrier amplitude and a part, 9 cos wnf,
proportional to the original modulating signal, as shown in Fig. 17.7.e.
Since the amplitude 7, varies as m, the modulation depth, this is called
linear detection. The linearity, of course, depends essentially on the
assumed ideal characteristics of the diode.

The detection efficiency 7 is defined as #,/mé, and is given by

7= R/=(R 4+ Ry).

When R > R, the efficiency has a maximum value of 1/z. The maximum
efficiency can be increased by connecting a capacitor C across the load
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resistance, as illustrated in Fig. 17.8.a. If this condenser is made very
large the output of the detector is a steady voltage and, as shown in
Section 16.5, it is equal to the maximum value reached by the applied
voltage, i.e., (1 4 m)é. (see Fig. 17.8.b). However, if the capacitance is
reduced in value the detector output is able to follow changes at modula-
tion frequencies (Fig. 17.8.c.). In order to give improved efficiency the
time constant CR must be large compared with the period of the carrier,

l T —1O0
c+ - + c-l- Y%
S c e( '['
fi— L1
RS ¢, (8)
— vi
R v,
C"E Ry e-
(2) -~ va' 2T [
-0
(¢)
FiG. 17.9

but to follow the modulation envelope CR must be small compared with
the period of the highest modulation frequency.

Several linear detector circuits are shown in Fig. 17.9. The first,
Fig. 17.9.4, has a filter R,;, C,, and a variable resistor R, to control the
size of the output; C, provides d.c. separation between R, and the rectifier
circuit. Fig. 17.9.b shows parallel connection of a diode detector with
L, C filtering. Finally, Fig. 17.9.c is an example of a push-pull detector.

The assumption of the ideal characteristic for the diode detector
is justified only if the signal is large. For small signals the dynamic diode
characteristic is represented by a power series

1e = av + bv? +
where v = é(1 4 m cos wyl) sin wd.

The output voltage across the load resistance includes high-frequency
components which may be filtered out as before. The square term in the
power series gives rise to low-frequency components in the output voltage
of value

bm?é2R

I CoS 2wp,t.

Un = IME2AR COS wpt +
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The first term is the required modulating signal, and the second represents
second-harmonic distortion. If other modulation frequencies are
present there are also inter-modulation terms. Thus small signal de-
tection is always accompanied by appreciable distortion, and normally
this method is not used.

Detection can be achieved with triode or other valves by using the
non-linear variation of anode current with grid voltage when the valve is
biased near to cut-off. Alternatively, the non-linear grid current-grid
voltage relation near to zero grid bias may be used.

17.8. Receivers

For satisfactory radio reception the signal applied to a linear detector
must be of the order of a few volts. The received radio signal is not likely
to be more than a few millivolts, and may be much less. Considerable
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amplification is therefore necessary. The signal covers a band of fre-
quencies which includes the carrier and the side bands. To avoid
frequency distortion, the whole of this bandwidth should be amplified
uniformly. At the same time it is necessary to discriminate against
signals arising from other transmitters whose carrier frequencies are
adjacent to the wanted signal. For example, in a sound broadcasting
system with amplitude modulation, the side bands may cover a range on
either side of the carrier of about 5,000 c/s. The carrier frequencies
of the transmitters are separated by 9,000 c/s. Thus the receiver must
satisfy fairly stringent requirements of bandwidth and frequency selection.
Also it must have considerable voltage amplification prior to the de-
tector. Added to all this is the requirement that the receiver must
be capable of selecting any one of many signals of widely differing radio-
frequencies. One simple type of receiver is shown schematically in
Fig. 17.10. This includes a high-frequency amplifier, a detector and an
audio amplifier. With this kind of receiver it is virtually impossible to
satisfy simply the above requirements of high-frequency amplification,
bandwidth and selectivity over a wide tuning range.

17.9. Superheterodyne Reception
The difficulty of maintaining adequate and constant performance with
wide tuning is overcome to a large extent in the superheterodyne receiver,
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whose essential features are represented in the diagram in Fig. 17.11.
The main tuning element of the receiver is in the local oscillator, whose
frequency is adjusted so that it differs from the signal frequency by an
amount equal to the intermediate frequency. The signal voltage and
local oscillator voltage are both applied to a ‘““ mixer "’ or frequency
changer, which is a non-linear device producing output current com-
ponents whose frequencies are the sum and difference of the signal and
local oscillator frequencies. The output circuit of the mixer selects the
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difference frequency, which is also the intermediate frequency. The
selected output contains all the components of the modulated wave,
with the intermediate frequency replacing the carrier frequency. The
signal is now amplified at intermediate frequency, and the modulation
is extracted by using a linear detector, as before. When a different
carrier frequency is to be received the local oscillator is tuned so that the
difference between its frequency and the wanted carrier is again the inter-
mediate frequency. Thus gain, selectivity and bandwidth are all achieved
almost entirely at the fixed intermediate frequency. In some super-
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heterodyne receivers there is a single-stage high-frequency amplifier
before the mixer to give additional selectivity.

Crystal or thermionic diodes are frequently used as the non-linear
devices in the mixer stage. The signal voltage and local oscillator voltage
are connected in series with the diode and the load circuit, which is
tuned to an angular frequency of either v, — w, or w. — w,, as shown in
Fig. 17.12. The oscillator voltage is usually much greater than the signal
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voltage. The operation of this circuit is similar to the circuit of Fig.
17.2. The diode current contains components at frequencies wgy, 2w,
@, 20, 0, — g, @ + w,, etc. The impedance of the load is negligible
at all angular frequencies except w. — w,, and hence the output voltage
of the mixer is at this frequency. Only the carrier frequency has been
considered in the above analysis. However, the side-band components
are treated similarly, and the tuned load circuit has a bandwidth sufficient
to accept the side bands. Thus the modulation of the carrier wave is
transferred unchanged to the intermediate-frequency wave.
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Mixing may also be achieved with specially designed multi-grid valves,
much in the same way as the pentode is used for producing amplitude
modulation, as described in Section 17.3. One form of multi-grid mixer
is shown in Fig. 17.13. The valve has five grids, and it serves the triple
function of mixer, local oscillator and first intermediate-frequency
amplifier. The cathode and first two grids act as a triode Hartley
oscillator. The signal is connected to the third grid. The fourth and
fifth grids act like the screen and suppressor grids of a pentode amplifier,
and the anode circuit is tuned to the intermediate frequency. The oscil-
lator operates in the Class C condition so that the anode current consists of
a series of pulses at angular frequency w,. When the small signal e, is
applied to the third grid the anode current varies linearly according to the
relation ¢ = gne.. However, owing to the action of the oscillator grid,
&m Vvaries at oscillator frequency and may be represented by the series

8m = go + £1 5N 0y + g, sin 204 +

The conditions are similar to those for the diode mixer and output is
obtained at the intermediate frequency.

17.10. Automatic Volume Control

In a communication system it is sometimes found that the received
signals vary slowly in magnitude due to changes in the propagation
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properties of the medium between the transmitter and the receiver.
These slow variations are known as fading, and they are detected in the
receiver along with the wanted modulations. The fading usually occurs
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at a rate much slower than the lowest modulation frequencies, and it is
possible to introduce suitable compensation with a circuit arrangement
of the type shown in Fig. 17.14. The detector circuit is the same as the
one shown in Fig. 17.9.4, but it has an additional filter circuit C;, R,
which has a time constant of about 0-1 sec. Thus across C, there is a
voltage which remains steady except for the slow variations due to fading.
This voltage can be used as a grid-bias voltage for the preceding amplifying
valves, varying the gain in such a way that the effect of fading is reduced
considerably. Special amplifying valves are used in the automatic
volume control circuit. By varying the pitch of the control-grid wires
along the length of the system a valve is produced whose mutual con-
ductance varies over a wider range of grid bias than in a normal pentode.
These valves are known as variable-u pentodes.

17.11. Detection of Frequency-modulated Waves

The detection of a frequency-modulated signal requires a circuit whose
output is proportional to the instantaneous frequency difference between
the modulated and unmodulated carrier. This can be achieved simply
by adjusting a resonant circuit so that the carrier frequency is in the sloping
part of the resonance curve, as shown in Fig. 17.15. Satisfactory opera-
tion requires the range of frequency deviation to be within the straight
portion of the resonance curve. This is possible only for very small
deviations, and this circuit is not often used.
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A more useful form of detector is shown in Fig. 17.16.4, in which e,,
the frequency-modulated signal, is connected across the primary section
of a tuned high-frequency transformer. The windings are tuned to
resonate at the carrier frequency. The secondary inductance is centre-
tapped so that equal voltages are developed across the two halves.
The high potential end of the primary circuit is joined to the centre tap
through a condenser C, whose reactance is small at high frequencies.
The two diodes and their load circuits C,, R are identical. The common
point of the load circuits is joined to the centre tap on L, through an
inductance L;. The reactance of L, is large compared with the reactance
of L;; L, and L, are effectively in parallel so that the voltage across
L,is e, For sinusoidal voltages it can be shown that

|y M G
B rtjfer,—L) @
2T J 274G,

where M is the mutual inductance between L, and L,, and R, is the series
resistance of the secondary winding. This assumes that the circulating
current in the primary is large in comparison with the current taken from
the generator e¢;. At the carrier frequency w.L, = (% and Eg and E;
-2

differ in phase by =/2. At a frequency o, + 8w near to resonance it
can be verified that the phase difference between E; and E; is =/2 4 ¢,
where tan ¢ >~28wL,/R,. When 8w is small ¢ is therefore proportional
to the difference between the actual frequency of the signal and the carrier
frequency.

For determining the voltages applied to the diodes the circuit can be
redrawn as shown in Fig. 17.16.5. Then

Vi=E;+E; and Vy= —E; + E;.

These voltages are rectified separately by the diodes operating as linear
detectors. The voltage v, across the load is proportional to the difference
between the outputs of the diodes, i.e.,

vo = K{|E¢ + Ey| — |—Ep + Ey}.
If ¢, = ¢, sin wf then ¢, = é, sin (wf + g + ).
The numbers of turns on the windings are chosen so that é, = é, and then

T

|Es + Ey| = 22, cos (4 + ‘;)

T

and |—Eg + E;| = 24, sin (4 + g)
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Hence we find that

4K¢é

Vo = W

As ¢ is proportional to 8, then the output voltage is proportional to the

instantaneous difference between the modulated frequency and the carrier
frequency, which is the required condition. Since the output of this

sin§ = Keg V2.

S

° (r-%)

(d)
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circuit is proportional to the phase angle ¢, it is called a phase dis-
criminator. As it gives an output proportional to the frequency difference
3w, it is also a frequency discriminator. The conditions in the circuit are
shown diagrammatically in Fig. 17.17.

The output of the discriminator is proportional to the signal amplitude
as well as to the frequency deviation. Thus amplitude variations due to
interference or noise may produce unwanted output. It is usual to
eliminate these amplitude variations before the discriminator by means of
an amplitude limiter, which consists of a cut-off triode clipping circuit,
similar to the one described in Section 19.2. This ensures constant
amplitude without affecting frequency variations. Thus any amplitude
modulated interference is removed.
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17.12. Automatic Frequency Control

A frequency discriminator produces an output voltage proportional
to the difference between the frequency of a signal and some fixed fre-
quency. If the output voltage is used to control the bias of a reactance
valve the frequency of an oscillator may be kept automatically at a value
that gives, on the average, zero output at the detector.



CHAPTER 18
RELAXATION OSCILLATORS AND SWITCHES

18.1. Relaxation Oscillators

Various types of valve oscillator for producing sinusoidal voltages
are discussed in Chapter 13. We now consider relaxation oscillators
which produce non-sinusoidal waves. There are two distinctive features
of these oscillators. Firstly, they depend on valves acting as voltage-
sensitive switches, and secondly, the frequency of oscillation is determined
by the time constants of the circuits. The switching action may cause a
sudden change or relaxation of the conditions and is responsible for the
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non-sinusoidal waveform. The principle may be explained with re-
ference to the circuit of Fig. 18.1.a, which shows a resistance and con-
denser in series with a battery. Across the condenser is a rather special
type of switch S. This switch has the property of closing automatically
when the condenser has charged up to some specific voltage vs. The
condenser then discharges rapidly down to some lower voltage v, when
the switch automatically opens. The condenser charges again and the
process is repeated, giving an alternating voltage across the condenser
of the shape shown in Fig. 18.1.b. The period of the relaxation oscillation
is Ty, which is determined primarily by the time T taken for the con-
denser C to charge from a voltage vy to vs. This is given by the equation

e TIRC = (Ey — vg)/(Ea — vu)-
268
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The time T, of discharge of the condenser from voltage vs down to vy is
determined by the series resistance of the condenser plus the resistance
of the switch. Usually T, € T;, so that the period of oscillation is
nearly equal to T, which depends on the time constant RC. It is shown
in Section 18.2 how certain types of valve may act as the switch S.
In Fig. 18.1.b the condenser is assumed to be uncharged at time ¢ = 0.
If the switch is not present, the condenser ultimately charges up to the
battery voltage E,. The initial part of the rise of voltage is nearly linear,
but, as the condenser voltage approaches E,, the rate of rise of voltage
decreases. For linear voltage rise from vy to vg it is necessary for E, to
be considerably greater than vs. The waveform, usually called a ‘‘ saw-
tooth *’, is used for the time base of a gathode-ray tube. The period of
oscillation can be altered by changing R or C, and also by changing
either vg or vy or both.

18.2. Gas Diode or Triode Oscillator

A cold-cathode gas diode may be used as the switch S, as shown in
Fig. 18.2. The voltages vs and vy correspond to the striking and main-
tenance voltages respectively (see
Section 5.12). This is a simple Ry R
type of oscillator whose frequency +
is altered by changing the time con-
stant RC. The amplitude of the § c % E,
oscillation is constant and equal to
vg — vy. As long as this is small T .l-
compared to E,, the condenser volt-
age rises reasonably linearly with
time. A small resistance R, is included to limit the diode current
during the discharge of the condenser. The actual value of R, is de-
termined from the maximum permissible diode current.

The hot-cathode gas triode or thyratron may also be used as the switch

Fic. 18.2
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in a saw-tooth generator with the circuit shown in Fig. 18.3. The
thyratron has the advantage that the striking voltage vg can be changed
by altering the value of the grid bias E;. The greater the magnitude
of the negative bias, the higher the striking voltage. However, as shown
in Section 6.12, the maintenance voltage vy is approximately equal



260 PRINCIPLES OF ELECTRONICS [cn.

to the ionization potential of the gas and is almost independent of the
grid bias. Thus it is possible to control the amplitude of oscillation
by varying the bias, but this is accompanied by a change of frequency.
The frequency can also be changed by varying the time constant, and this
does not alter the amplitude.

A refinement of this circuit is the use of a pentode in place of the charg-
ing resistance, as shown in Fig. 18.4. The pentode has the property of

=y
N 711
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7% E;-n

passing an anode current which is almost independent of the applied
anode voltage, as long as the voltages on all the grids are kept constant,
and the anode voltage is greater than a certain minimum, vg,. The
constant charging current produces a linear rise of voltage across C.
The anode current, and hence the frequency of oscillation, can be altered
by changing the screen voltage.

18.3. Feedback Relaxation Oscillators—The Multivibrator

In dealing with feedback oscillators in Chapter 13 it is shown that two
conditions are necessary for oscillation. The phase of the feedback
voltage must be exactly correct, and its magnitude must be sufficiently
great. If the output of a two-stage resistance—capacitance coupled
amplifier is connected back to the input, as shown in Fig. 18.5.4, the mag-
nitude of the feedback may be much more than enough for oscillation.
On account of the coupling condensers the phase of the feedback is exactly
correct when 11 _ 0, ie., at infinite frequency. In practice,

oC;  wC,
because of lead inductances and valve capacitances, this would probably
mean some fairly high frequency. However, it is found that this circuit
gives rise to a relaxation oscillation in which each valve conducts in turn
while the other is cut off; the frequency is determined by the time con-
stants of the circuits. The mechanism of the oscillation may be explained
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roughly as follows. Because of the positive feedback, any small change
of voltage produces large and sudden changes throughout the circuit.
This results in one of the valves being driven beyond cut-off and amplifi-
cation ceases. The grid bias of this valve now increases at a rate de-
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termined by the circuit time constant. As the bias passes through the
cut-off value amplification occurs again, resulting in large and sudden
changes in the opposite direction, and ending in the other valve being cut
off. The whole process is repetitive and the anode voltage waveforms
are nearly rectangular (see Fig. 18.5.d). We now attempt detailed
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explanation of these waveforms. Let it be assumed that at a certain
instant V1 is conducting with vs1 = 0 and 74 =4, and V2 is cut
off with vg2 = v¢g and 742 = 0. Under these conditions

va1 = E; — veoR1/Rg2 — Ri, = v, (see Fig. 18.5.0)
a.nd 042 = Ezo
The corresponding points are marked « in Fig. 18.5.4, which shows the

variations with time of the anode and grid voltages of the two valves.
At the same instant the voltages across the condensers C; and C, are

Vo1 = V41 — Vg2 = V; — VUgo
and Vo2 = Vg2 — Vg1 = E,.

Now let vg; increase slightly for any reason so that anode current just
starts to flow in V2. Then v42 becomes less than E,. As the voltage
across C, cannot change instantaneously, then vg goes negative by the
same amount. This reduces 74 so that v, becomes greater than v,.
The voltage across C, cannot change abruptly so that vg increases further.
This means that 745 increases, v42 falls and v, becomes even more nega-
tive. Thewhole process is cumulative giving a sudden avalanche of change
in which V1 becomes cut off, whilst V2 conducts and its grid is driven
positive. Then

i41 =0 and Uq1 = Ez —_ Rlim.
The end point of the avalanche may be determined by considering the
grid current taken by V2. If Ry is large so that vge/Ry2 is negligible
compared with 7gs, then, as 44 = 0,
igg = igl and Vg1 = Ez —_ Rlioz.
The avalanche has taken place instantaneously without change of con-
denser voltages so that v,; must have changed from its initial value of
v, by an amount equal to the change in vg,. Thus after the avalanche,
i.e., at b in the diagrams
Va1 = v; + Vg2 — Vco
sothatvge = (Ey 4+ veo — v;) — Rytge. Thisequation may be represented
by a load line in a vgy, 762 plot as shown in Fig. 18.5.c. In this diagram
is shown also the dynamic characteristic of 7gy against vg, for V2
operating with battery voltage E, and anode load R,. The point Q in
this figure gives the end of the avalanche where
Vg2 = v, and vy = v; + v, — veo.
If 744 is the anode current of V2 at b then
v = E, — Ryiss = v, (see Fig. 18.5.d)

and ve = v; — E,.

The condenser C, now begins to discharge from E, and condenser C,

begins to charge from v, — vgo. As V2 is taking grid current, the
charging of C, is determined mainly by the time constant R,C,, as long
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as vge/igz € R, and Ry,. Thus C; charges up rapidly to E, whilst v
falls to zero. The anode current of V2 falls somewhat and v, rises
to v;. There is a consequent change of vg of amount v; — v,, although
v still remains beyond cut-off. The corresponding positions on the
waveforms are marked ¢. The next part of the waveform arises from
condenser C, discharging through R, and R, in series, with a time constant
Cy(R, + Ryy). During this discharge everything else is quiescent until
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vg1 Treaches vgy at points d. V1 now begins to take current and a
second avalanche occurs but in the reverse direction, giving an abrupt
transfer of current from V2 to V1. The second avalanche is limited
as before, and the whole process is repetitive with waveforms shown in
Fig. 18.5.d. In drawing these diagrams it has been assumed that the
circuit is symmetrical with identical valves and R, =R, C,=0C,
and R, = R,,. This relaxation oscillator is known as a free-running
multivibrator.
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A circuit for a transistor multivibrator is shown in Fig. 18.6. The
principle of operation is similar to the one described above, and the wave-
forms are summarized in the diagram.

To some extent the multivibrator may be likened to a limiting case of
a squegging oscillator of the type described in Section 13.5. The valves
attempt to build up an oscillation at a very high frequency in agreement
with the phase relation mentioned at the beginning of this section.
However, the oscillation builds up only part of one quarter cycle before
the bias condition of one valve causes the oscillation to cease. The bias
now changes slowly until conditions for oscillation are again correct,
when a further quarter cycle occurs before the oscillation stops once more.

18.4. The Transitron Relaxation Oscillator

Another relaxation oscillator using feedback may be based on the
transitron circuit which is described in Section 13.8. When such a
circuit has a resistive load (R in Fig. 18.7) the output voltage v, is in
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phase with the input voltage v,;. Thus direct feedback between screen
and suppressor may give the required phase conditions, and the mag-
nitude of the feedback may be more than is necessary for oscillation.
In order to separate the d.c. supplies, the feedback is introduced by means
of a capacitance C as shown in Fig. 18.8.a. The presence of C gives the
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correct phase condition for oscillation only at very high frequency. It
may be seen that the conditions are similar to those in the multivibrator,
and again relaxation oscillations are obtained. Sudden large changes
occur in vgs and vgy, with resulting waveforms of the type shown in
Fig. 18.8.b. The limits to the changes are set by the regions of the
characteristics where the suppressor voltage no longer affects the screen
current and amplification ceases. The recovery time after each sudden
change depends on the time constant C(R; 4+ R,).

18.5. The Blocking Oscillator

Frequently it is required to produce voltage pulses whose width is much
less than the separation between the pulses. It is possible to do this
with a multivibrator by proper choice of the circuit components. How-
ever, a more suitable arrangement is the blocking oscillator, which is
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shown in Fig. 18.9.a. In Section 18.3 the multivibrator is likened to a
very high-frequency squegging oscillator which has excessive feedback
and which builds up only a fraction of one cycle of the high-frequency
oscillation before the valve is cut off. The blocking oscillator is similar
to some extent, but it uses a single valve with mutual inductance feed-
back, usually through an iron-cored transformer. The detailed action
of the oscillator is quite complicated, as it depends not only on the non-
linear characteristics of the triode but also to some extent on the mag-
netic saturation of the transformer. The sequence of operations may be
followed by assuming that the grid of the triode is initially beyond cut-off
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but is becoming less negative. When the grid rises above the cut-off
value anode current begins to flow and an induced voltage, proportional
to the rate of change of anode current, makes the grid less negative, thus
increasing the anode current even further. The action of the feedback
is to give a sharply decreasing anode voltage and rising grid voltage, as
shown in Fig. 18.9.5. Two factors bring this feedback action to a stop.
Firstly, when the grid becomes positive there is effectively across the
transformer a low resistance damping the oscillation, and secondly, the
mutual conductance of the triode is decreasing. The grid voltage then
falls slowly for a short time until it again becomes slightly negative, whilst
the anode goes more positive. The effect of removing the load from the
transformer together with the falling anode current is to produce a rapid
feedback action in the opposite direction, which drives the grid beyond
cut-off and charges the condenser C to a voltage v,. The condenser now
discharges through the resistance R. When the grid voltage again reaches
the cut-off value the whole process is repeated. The length of the pulse
depends upon the characteristics of the transformer and the value of C,
and is usually much shorter than the time interval of repetition. The
latter is determined mainly by the time constant of the RC circuit, so
that the frequency varies approximately linearly with the reciprocal
of R.

18.6. Monostable Circuits

The circuits described in this section have one stable and one unstable
state. When a suitable signal is applied the circuit goes from one state
to the other, and then returns to the stable condition after a time de-
termined by the constants of the circuit. The circuit produces an output

Yao R vel
o t _L

8

o— TEz
SIGNAL
PULSE V=

D E

5 1T - > ¢

(o) (s)
F1c. 18.10

voltage of fixed magnitude and waveform for input signals which may
vary in amplitude and shape over wide limits.

A monostable thyratron circuit is shown in Fig. 18.10. The stable
state occurs when the anode voltage is below the striking value, and the
condenser C is charged to a voltage E,. When a positive pulse is applied
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to the grid the thyratron strikes and rapidly discharges the condenser
down to the maintenance voltage of the thyratron when the discharge is
extinguished. The condenser then recharges to a voltage E, through
resistance R, returning the circuit to its stable condition, in which it
remains until it is triggered again by another signal.

In the multivibrator described in Section 18.3 the operation is closely
connected with the charging and discharging of the coupling capacitances
between the stages of the two-stage resistance-loaded amplifier. We
know that such amplifiers may have direct coupling between the stages,
and it is interesting to consider the effect of this on the behaviour of the
multivibrator. In the circuit shown in Fig. 18.11 one of the coupling
condensers is replaced by a battery E;. We assume that the circuit has
initially both valves operating with zero grid voltage, and we find the
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effect of a small change in one of them. For example, let the first grid
voltage become slightly negative. This change is amplified by the two
stages and is fed back to the first valve, making its grid much more
negative. An avalanche occurs and the valve is driven beyond cut-off.
At the same time the second valve passes a large current and v, drops to a
low value. The condenser C then discharges at a rate depending on
C(R + R,), just as in the free-running multivibrator, and the negative
grid voltage on the first valve decreases until current starts to flow.
This initiates another avalanche which makes the first grid positive
and the second grid negative. At the same time the first anode voltage
drops to a low value. Now the actual value of the second grid voltage
is given by vge = vq — E,. It is possible therefore, by suitable choice
of E,, for vg to cut off the current in V2 after the second avalanche.
There is now no mechanism in the circuit to change this condition. Thus,
this circuit has one unstable condition with V1 cut-off and one
stable condition with V2 cut-off; hence the name monostable multi-
vibrator, or univibrator. When in its stable state, the second valve
may be rendered conducting by the application of a positive signal to its
grid. This circuit has many applications as a switch or relay, whose
operation is controlled by an external signal or trigger of the correct
polarity. After operation the relay is automatically reset. When re-
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quired to operate on receiving a negative signal the latter is connected to
the first grid.

Practical univibrator circuits do not have battery coupling. One of
the alternative methods of direct coupling is used, as described in Chapter
12. Two circuits using a third rail and cathode coupling are shown in
Fig. 18.12.a and b respectively. An interesting point in the circuit of
Fig. 18.12.b is that the grid resistance R, is returned to the h.t. positive
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rail instead of h.t. negative. Following an unstable avalanche making
v very negative, the grid voltage gradually becomes less negative until
the stable avalanche takes place. When R, is returned to h.t. negative
the cut-off value of v occurs near the end of the discharge of C when the
voltage is varying slowly, and the time of occurrence is rather uncertain.
When R, is returned to h.t. positive the cut-off voltage occurs whilst the
discharge rate is still changing rapidly and the time of occurrence is more
certain. This arrangement may also be used with advantage in the
free-running multivibrator, particularly when R, is large.

The blocking oscillator circuit can be adapted for monostable working
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by using a grid battery which cuts off the anode current in the stable
condition, as shown in Fig. 18.13. When a positive pulse is applied to the
grid, then one cycle of oscillation is induced just as in the free-running
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circuit. At the end of the pulse of anode current the condenser C is
charged to a voltage somewhat greater than F, and then discharges to its
original state. The short pulse of output voltage can be made nearly
rectangular in shape by adjusting the value of resistance R,.

18.7. Bistable Circuits

Some circuits possess two separate stable states and can be transferred
from one to the other by suitable input signals. However, they can exist
indefinitely in any one of the two states when required. The circuit of
Fig. 18.14 shows a bistable thyratron circuit. In one stable condition the
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anode voltage is less than the striking voltage. The application of a
positive pulse to the grid causes the thyratron to strike, giving the second
stable condition, which is unaffected by any further positive pulses to the
grid. The new condition remains until a negative pulse is applied to the
anode, extinguishing the discharge and returning the circuit to its original
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stable state, which in turn is unaffected by further negative pulses to the
anode.

The substitution of direct coupling for one of the coupling condensers
in the free-running multivibrator gives a circuit with one stable and one
unstable state. When the second coupling condenser is also replaced by
direct coupling, as in Fig. 18.15.a or b, there are two stable states. When
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this circuit receives a suitable triggering signal at one grid it changes
from one stable state to another. It returns to its original state when a
signal of reversed polarity is applied to the same grid. This circuit
may be used as a switch or relay when it is desired that the action be con-
trolled by two separate signals.

18.8. Cathode-coupled Trigger Circuit

A direct-coupled multivibrator can have two stable states. If a
common-cathode resistor is used for coupling, then bistable operation
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is still obtained, but the existence of either state depends on whether the
signal voltage is above or below a threshold value. The circuit is there-
fore able to discriminate between the amplitudes of signals. It is shown
in Fig. 18.16, and it is sometimes called the Schmitt Trigger circuit.
One stable state occurs with zero input voltage and with V1 cut-off.
Its grid—cathode voltage is equal to vz, which is due to the anode current
of V2 flowing through the cathode resistor Rg. Under this condition
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vgz is slightly negative. This voltage is determined by v and the potential
divider R, R,, R,. If v, is now increased to approach vz, V1 begins to
pass current and causes a fall in v4. As a result vg; becomes more
negative and vp decreases, thus increasing the current in V1. There
is a sudden transfer of current from V2 to V1 until the second valve is
cut off, giving the second stable state, which is unaffected by further
increase of v,, though vy now varies with v, When v, is reduced the
circuit remains in its second stable state until V2 starts to take
current, when there is a sudden transfer back to the original stable state.
The diagrams in Fig. 18.17 show the voltage variations. The threshold
voltage depends to some extent on whether v, is increasing or decreasing,
but the ‘‘ backlash’’ Av; can be made small compared with v;. The
capacitance C, is included to avoid the delay in transfer of rapid changes
in v41 to vgq arising from the stray capacitance across R,.

18.9. Counting and Scaling

Some of the circuits described in this chapter are used for counting
electronically, as in digital computing machines or in counting the pulses
produced by radiation particles in ionization counters. In any counting
process the principle of scaling is used. In ordinary arithmetical count-

: :

INPUT PULSES $ Vi
B

Ys0 ~ OuUTPUT
o ——O

S — V2
% v3(F) c c(Awva L

VWV

1
0 1

Fic. 18.18

ing we use the decimal scale of 10. Any particular number is expressed
in powers of 10, e.g., 971 is equal to 9 x 10 4+ 7 x 10! 4+ 1 x 10°,
Electronically it is convenient to use the binary scale of 2, and this can
be done by means of a number of bistable multivibrator circuits. In
Section 18.7 it is shown that a bistable circuit requires two signals to take
the circuit through one complete cycle of operation and that two signal
pulses produce only one output pulse from the anode of one of the valves.
If this output pulse is passed on to a second bistable circuit, then four
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signal pulses are required to produce one output pulse from an anode of the
second pair of valves. Each pair of valves gives a division by 2 of the
number of signal pulses and so a counting system in the scale of 2 can be
produced with a series of bistable circuits in tandem. If there are =
circuits, pulses can be counted up to 2°. One basic bistable circuit for
binary scaling is shown in Fig. 18.18. The bistable multivibrator of
valves V3 and V4 is the same as that of Fig. 18.15.b except that the con-
densers C are added to speed up the response to rapid changes. The
diodes V1 and V2 are used to feed the signal pulses to V3 and V4. Some-
times a bistable circuit has the signals connected directly to both valves
through isolating condensers. This may work all right, but the applica-
tion of a large negative pulse to both valves simultaneously may give rise
to undesirable effects. The purpose of the diodes in Fig. 18.18 is to ensure
that the signal pulse affects only one of the valves V3 or V4 at a time.
If the circuit is quiescent with V3 passing current and V4 cut off, then the
anode of V3, is at a lower potential than the anode of V4. Thus the
negative voltage across V1 is less than the negative voltage across V2.
When the negative signal pulse is applied to the common cathode of V1
and V2, V1 conducts but not V2, and the triggering signal is applied to
V4 but not to V3. In the other stable state the reverse situation exists.
This is sometimes referred to as a steering circuit.

18.10. Decade Scaling

An electronic decade counter can be produced using four bistable
multivibrators suitably connected (see Exx. XVIII). Aninteresting cold-
cathode gas valve, called a Dekatron, has been specially designed for decade
counting. Fig. 18.19 shows diagrammatically one type of Dekatron,
in which there is a cylindrical anode, surrounded by nine cathodes ‘‘ 2 *’, ten
cathodes *“ b’’, ten cathodes ‘‘ ¢ ’’ and one cathode ““ d ’’.  All the cathodes
of one type are connected together, and the ““d’’ cathode is normally at
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the same potential as the ‘‘ @’ cathodes. Each ‘“a’’ cathode hasa ‘5"’
and a ““ ¢ "’ electrode on either side of it. Under quiescent conditions the
“b” and ““¢”’ cathodes are at the same negative potential with respect
to the anode and the “ a *’ cathodes are more negative still. Thus a local
glow discharge is set up between one ‘“ @'’ cathode and the anode. A
signal pulse now makes the ““ b’’ cathodes more negative than the “a”’
cathodes and the discharge moves to the adjacent ‘“ 5’ electrode. A
short time later the same pulse is arranged to make the ““ ¢ ’’ cathodes
even more negative so that the discharge moves on one place toa “¢”’
electrode. The “ b’ and ‘¢’ potentials now return to their quiescent
values and the discharge moves to the next ‘“ @’ cathode. The signal
pulse has thus advanced the discharge in a clockwise direction by one
‘“a’’ cathode. The single ““d’’ cathode functions similarly to the “ &’
cathodes, but, although it is at the same potential as the ““ @’ electrodes,
it is connected separately through a resistance. When the discharge
reaches the ““d '’ electrode there is a pulse of current through the resist-
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ance. Thus for every ten signal pulses there is one output pulse, which
may, after suitable amplification, be passed on to another similar Deka-
tron. One output pulse is obtained from the second Dekatron for every
100 signal pulses. Provision is usually made for zero setting by switching
a large negative pulse to the ““ d’’ electrode so that the discharge moves
to that electrode. Normally the gas discharge can be seen through the
end of the Dekatron, and a scale marked 0 to 9 gives a visible indication
of the count.

A typical circuit for use with a Dekatron is shown in Fig. 18.20. The
potential divider R;, R, ensures that about half of the input pulse is
applied to the ““ 5’ cathodes. At a short time later, determined by the
RC circuit, the full pulse is applied to the ““ ¢’ cathodes.

18.11. Amplitude Control and Discrimination

For satisfactory operation of the counting circuits described in Sections
18.9 and 18.10 it is desirable to have pulses of constant amplitude. This
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can be achieved by using the signal pulse to operate a monostable multi-
vibrator (see Section 18.6). As long as the signal pulse is sufficient to
operate the multivibrator the latter produces an output pulse of constant
amplitude and shape.

Sometimes it is desired to count only pulses which are greater than a
certain amplitude. This can be done readily with a cathode-coupled
trigger circuit (see Section 18.8). Frequently, counting circuits embrace a
combination of trigger, switching, shaping and scaling circuits.



CHAPTER 19
WAVE SHAPING

19.1. Wave-shaping Circuits

In the operation of certain electronic circuits it is essential for the signal
to have some particular waveform. For example, pulses may be re-
quired with flat top, steep sides, suitable duration or suitable magnitudes.
To achieve these requirements the signal may have to pass through a
wave-shaping circuit. There are two main classes of such circuits. In
the first, use is made of the non-linear characteristics of valves for changing
the shape of a sinusoidal or other type of signal. In the second class,
the transient properties of linear circuits are exploited.

19.2. Non-linear Wave-shaping Circuits

The asymmetric conductivity of thermionic or crystal diodes may be
used for wave shaping. For example, if a sinusoidal voltage is applied to a
resistance and a diode in series, as shown in Fig. 19.1, the voltage across
the resistance consists of a series of half sine waves. Provided the series
resistance is much greater than the diode forward resistance, the voltage
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across the diode also consists very nearly of half sines. The diode has
clipped or limited the waveform. When, as in Fig. 19.2, there is a
battery in the series circuit another clipped waveform is obtained. By
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using two diodes in the circuit of Fig. 19.3 both halves of the sine wave
are limited.
Wave clipping is frequently achieved by means of the non-linear grid

characteristic of a triode. With a high resistance in series with the input
K
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D

signal the grid and cathode can act together like the diode in the previous
paragraph. When the grid is driven positive the grid-cathode voltage
is limited, and the resulting output voltage takes the form shown in
Fig. 19.4. When the grid voltage is positive the cathode current is
shared between the grid and the anode. As the voltage rises an increasing
share of the current goes to the grid, and the anode current passes through
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a maximum value as seen in Fig. 19.5. Thus wave clipping can arise even
without a high resistance in series with the grid signal. If, at the same
time, the signal is sufficiently large to give cut-off over part of the cycle
the other half of the waveform is also limited, as shown in the diagram.
By suitable adjustment of the grid bias cut-off clipping is easily achieved.
A two-stage amplifier can give cut-off clipping in each stage. Because of
the phase reversal in a resistance-loaded amplifier both peaks are limited
as shown in Fig. 19.6.
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A junction transistor amplifier of the form illustrated in Fig. 19.7 can
be used for shaping a signal waveform. The transistor amplifies linearly
only for a limited range of signal. Cut-off occurs when the base is positive
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with respect to the emitter. Also, with a large enough signal, particularly
when the load resistance is high, the collector voltage is almost zero over
part of the negative peak. Thus both halves of the signal are limited in
the manner shown.

19.3. Clamping Circuits and d.c. Restoration

In the diode clipping circuit of Fig. 19.1 the output voltage across the
diode does not rise appreciably above zero. The output voltage is said to
be clamped at zero. Similarly, v, in Fig. 19.2.4 and v, in Fig. 19.2. are
clamped at zero and E, respectively. In the triode circuit of Fig. 19.4
the grid voltage is clamped at zero.

A clamping circuit is frequently used to restore the d.c. component
of a pulse which has been passed through an a.c. amplifier or through
any other circuit which does not pass d.c. In Fig. 19.8.4 is shown a
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signal pulse which has a d.c. component. If this is passed through a
transformer or an a.c. amplifier it is possible to reproduce the shape of the
pulsewithout distortion, but the d.c. component disappears and the average
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value of the output is zero as shown in Fig. 19.8.. The d.c. component
of the pulse can be restored by using the circuit of Fig. 19.8.¢, in which
the time constant RC is large compared with one complete cycle of the
pulse. During the negative portion of the pulse the diode conducts and
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charges condenser C.  This continues until at no point of the cycle does the
total voltage v, fall below zero, as shown in Fig. 19.8.4d. Whatever the
mean level v, of the pulse, this circuit automatically produces positive
output pulses with zero level at the base. The circuit in Fig. 19.9 gives a
negative output pulse which just rises to zero.
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19.4. Linear Wave Shaping—Differentiating and Integrating

In Chapter 11 we consider the transient response of various circuits
possessing resistance, capacitance and inductance. When the time con-
stants of the circuits are very small or very large the response may be
nsed to modify certain wave-forms. Consider the circuit of Fig. 19.10.a,
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in which a voltage v, varying in time is connected in series with a resistor
R and a condenser C. The circuit equations are

. dv,
P=Cg
dv,
Vo = RC ﬂ

and v, = ¥ + ¥,
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If RC is very small in comparison with the time required for any signal
change, then v, >~ v, and

dv,

T

Thus the output voltage is approximately equal to the differential co-
efficient of the signal voltage. The response of this circuit to three different
signals is shown in Fig. 19.10.5, c and d. The sharp spikes in Fig. 19.10.d
in response to the step signals are really limiting values of the exponential
waveforms of Fig. 19.10.e. The smaller the value of RC, the more
nearly does the actual response correspond to Fig. 19.10.d. Another
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differentiating circuit may be achieved with resistance and inductance
connected as shown in Fig. 19.11. Provided that the time constant
L/R is sufficiently small it follows that

L
° Rt
When the positions of the components in Fig. 19.10.a or Fig. 19.11 are

interchanged then the circuits give a response corresponding to the
mathematical process of integration, but now it is necessary for the time

%4
5 -t

(a)
Y )

L

S e VAN WANIY 4

+
V,+ R v / 5 ¢

Fic. 19.12



284 PRINCIPLES OF ELECTRONICS [cH.

constants. to be large in comparison with the time of duration of signal
changes. In Fig. 19.12.a

v,=é[idt=-ﬁ%/vkdt

and v.=vg+1—i,%/vgdt.
Then, provided RC is sufficiently great, v, = vz and
1
U, = RC v,dt.

In the LR circuit of Fig. 19.12.5 it may be shown similarly that
R
e v dt

provided that L/R is sufficiently large. These integrating circuits give
an output of triangular waveform in response to a square wave signal,
as shown in Fig. 19.12.c.

19.5. Electronic Integrating Circuits

An interesting electronic integrator can be realized with a single
pentode valve and by exploiting the Miller Effect. The circuit is shown
in Fig. 19.13.4, in which there is a capacitance C between the anode and
control grid of a pentode amplifier. Ft is shown in Section 10.11 that
the effective capacitance between grid and cathode in this circuit is
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(4 4 1)C, where A is the voltage gain of the amplifier and, in this case,
A =~gnR,. The time constant of the grid circuit is R,C(1 + gnR,),
which is much greater than R,C. When a step signal is applied to the
grid circuit it is effectively integrated, the grid voltage rises linearly and
the amplified output voltage drops linearly. If R, is large the input
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voltage is clamped at v = 0, so that the linear variations cease abruptly.
The waveforms are shown in Fig. 19.13.5. The Miller integrator is usually
controlled on the suppressor grid. The suppressor is biased negatively
so that the anode current is zero and the cathode current flows to the
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screen. A positive pulse is applied to G3, so that anode current starts to
flow, and there is a sudden drop in anode voltage which is passed on to
G1, through C, and the integrating action occurs as the grid voltage
returns to its quiescent value. The circuit and waveforms are shown in
Fig. 19.14.a and b. This circuit may be used for producing a single-
stroke time-base for a cathode-ray tube. A continuous time base can
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be achieved by combining this integrator with the transitron relaxation
oscillator described in Section 18.4. Successive sweeps are initiated by
each transitron avalanche, but the flow of anode current is controlled by
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the integrator. The circuit and waveforms are shown in Fig. 19.15;
the integrating resistor R, is returned to h.t.4, but this does not affect
the principle of operation. The circuit gives, from a single valve, a wave-
form which is highly linear and which is of considerable amplitude.
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Another electronic integrating circuit is illustrated in Fig. 19.16.a,
where a triode has an anode load consisting of resistance R and capacitance
Cin parallel. A square wave voltage is applied to the grid, and the bias is
chosen so that the grid voltage varies between zero and beyond cut-off,
as shown in Fig. 19.16.b. Whilst the valve current is cut off the con-
denser C charges through R from E,. When the grid voltage changes to
zero the anode slope resistance is effectively in parallel with C and, pro-
vided 7, <€ R, the condenser discharges rapidly to a voltage vo = E,— Rip,
where 7y is the anode current at zero grid voltage. The total range
of anode voltage variation is limited to a small fraction of the possible
range, and then the output voltage varies linearly with time. A common
adaptation of this circuit is shown in Fig. 19.17, where the output is
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applied to a cathode follower, which in turn feeds back to a tapping
point on the load resistor of the triode amplifier. The cause of non-
linearity in a condenser charging circuit is the decrease in charging
current as the condenser voltage opposes the supply voltage. If the
supply voltage is increased appropriately, then the charging current may
be kept constant. This is what is attempted in the circuit of Fig. 19.17.
As the condenser voltage rises so does the output voltage of the cathode
follower, and this contributes to the charging of the condenser C. Thus
the charging current is maintained very nearly constant and the circuit
gives a high degree of linearity of output voltage against time. This
circuit, usually called a Bootstrap circuit, is used as a single-stroke or
repetitive time-base.

An electronic differentiating circuit and its waveforms are shown in
Fig. 19.18. This circuit and also the Miller integrator can be considered
as special cases of the parallel voltage feedback amplifier analysed in
Section 10.9. (See Exx. XIX.)



CHAPTER 20
NOISE

20.1. Noise

Before the information in a small signal can be used the signal fre-
quently has to be amplified considerably. Any output from the amplifier
other than that due to the signal introduces extraneous information and
is classed as noise. Noise may arise from many sources, and some of these
have been mentioned in other chapters. Variations in the output may
arise from the a.c. sources used to heat the valve cathodes or to produce
the electrode supply voltages; this type of noise is usually referred to
as mains hum. Other noises come from sources outside the amplifier
and its associated equipment. A common example is radiation from
sparks in motor car ignition systems or in the commutators of electric
motors. Interference of this type may be reduced by taking suitable
precautions in the offending equipment. There is one source of noise
which is inevitable in all electrical apparatus, including amplifiers.
This noise arises from the finite size and random movements of electrons.
As a result of these random movements an electric current does not have a
perfectly steady value but varies randomly about an average value.
The variations are very small, but they set a limit to the size of the signal
which may be usefully amplified. When the output voltage due to the
signal is less than that due to the noise no more information can be obtained
from the signal by further amplification.

Noise due to random electronic fluctuations is sometimes called funda-
mental noise. It may arise from resistances or valves, when it is referred
to as Johnson or shot noise respectively.

20.2. Johnson Noise

In a conductor the electrons move through the crystal lattice and they
continually exchange energy with the thermal vibrations of the ions in
the lattice. As aresult, there are random variations in the charge density
of electrons, and hence variations in potential, through the conductor.
When the conductor is part of an amplifier circuit these potential variations
are amplified just as any other voltage across the conductor. It has been
shown experimentally by Johnson that the mean-square value of the
electronic voltage fluctuations across an open-circuited resistance R is
given by

e = 4kTRB
where & is Boltzmann’s constant, T is the absolute temperature and B

is the measured frequency bandwidth of the equipment which is used to
288
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observe the effect. It is noted that the mean-square noise voltage per unit
bandwidth is independent of frequency. The formula is applicable to
the effective resistance of any circuit, however complicated.

20.3. Shot Noise

Consider the flow of electrons from the cathode to the anode of a diode.
As shown in Section 14.1, each electron during its flight induces on the
anode a charge which varies from zero up to +e. The change of charge
with time constitutes a pulse of current in the external circuit. The
total current is the sum of the pulses due to all the electrons in transit
at any instant. When the current is temperature-limited all the electrons
reach the anode. Due to the random motion of the electrons in the
cathode material, the number and velocity of the electrons emitted in
equal time intervals fluctuate in a random manner about average values.
Thus the anode current fluctuates also, and produces a noise voltage
across the load in the diode circuit. This fluctuation is called shot noise.
It has been shown experimentally that the mean-square noise current in a
temperature-limited diode passing a current 4, is given by

1.—2 = 26‘£AB,

where B is again the bandwidth of the equipment which is used to observe
the effect. The mean-square current per unit bandwidth is independent
of frequency.

In the temperature-limited diode each electron is assumed to move
independently of the others. In the space-charge-limited diode this is
no longer the case, and it is found that the effect of space charge is to
‘“ smooth out *’ the fluctuations, giving a considerable reduction in the
noise current. The formula is now

1:_2 = 261:43 F 2,
where F? is the space-charge reduction factor which is determined experi-
mentally; it may be as low as 0-03, and is about 0-1 on the average.

The noise current in a space-charge-limited triode is given by the
same formula, as long as the grid is at a negative potential and collects
no electrons. In valves where the cathode current is collected by more
than one electrode there is an increase in shot noise. This arises since
the fraction in which the current divides between the electrodes fluctuates
in accordance with the random transverse components of the electron
velocities. In the case of a pentode with anode and screen currents the
fluctuating anode current is given by

= . o Fo4 + ‘io“}
2 — 2 B —_—
: o { 14+ 12
The value of F2 for a pentode is about 0-1 as in a triode. However, ig;

may be as much as 0-2 of the total current, and a pentode thus has more
noise than a triode with the same anode current. When the cathode
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current is temperature-limited it is seen that the noise current is unaffected
by the partition of current between screen and anode.

20.4. Addition of Noise Voltages

Noise arises from unrelated random events, and noise from one source
can be treated independently of noise from a different source. The
resultant effect is then obtained by the direct addition of the appropriate

R,
1 = R
4
T CC -
(Oe?
= 2e(,BF?
@2 =4 kTBR,
(a) (6)
Fi1c. 20.1

mean-square values. As an example we may consider the diode with
load resistance shown in Fig. 20.1.a. The diode shot noise may be
represented by a current generator supplying its current in parallel with
the diode slope resistance 7,. The noise in the load resistance R, may be
represented by a voltage generator in series with R;. The resultant
circuit is shown in Fig. 20.1.5. Due to shot noise the mean-square noise
voltage between anode and cathode is

— -3 RL 4 2 -5

0.2 — 72 __0) =12 R,
! (R L+t 7

where R is equivalent to R, and 7, in parallel. Due to resistance noise

the corresponding mean-square noise voltage is

— e2r,2 e2R?
by QA N
2

I PENALIY )
The resultant noise voltage is therefore given by
v =2 4 9,2 = R(1% 4 ¢*/R,?) = R®B(2¢i,F? 4 4kT|R ).

20.5. Equivalent Noise Resistance

In Fig. 20.2 a triode is shown with load resistance R;. It may be
verified, in most practical cases, that the noise voltage across R, due to
its own resistance noise is much less than the noise voltage across R, due
to the shot noise current of the valve. The latter may be evaluated from



20) NOISE 291

Fig. 20.2.b exactly as in the previous section for the diode, and it is found
that the output voltage is
v? =72 R? = 2¢i, BF*R®.

For some purposes it is convenient to express this noise voltage in terms
of an equivalent noise voltage from a resistance between grid and cathode

R= Re7o
RL RL+r¢ RL

A
b= T‘Q %” R R

F
e

i?=2¢(,BF?
(o) (8) (c)
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and to assume a noiseless valve. If Rpg is this resistance, then it produces
an input noise voltage of

e, = 4kTBRp.
After amplification this gives an output voltage of

- 2,2
? = A — 4.k TBRR?.
(m+7)

The noise voltages are equivalent if

ei F?

2gntkT

Thus the shot noise of a valve may be represented by an equivalent noise
resistance between its grid and cathode, as shown in Fig. 20.2.c. This
is convenient for many purposes, since Rg can be determined by measure-
ment, and then the noise performance of the valve may be compared
with noise from any resistance in the actual input circuit. The formula
for Rg shows that a low noise valve has a high g, at low 4.

Rp=

20.6. Noise Factor

Any signal is always associated with a source of some internal resistance.
For example, the aerial of a receiver has a radiation resistance. In the
case of a signal generator there is the internal resistance of the generator.
The resistance is a source of noise, and from the source there is therefore a
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definite signal-to-noise ratio. This may be expressed as a signal-to-noise
power ratio v;?/vi,2. When the signal is applied to the input of an
amplifier as shown in Fig. 20.3 it is amplified giving an output voltage
v,,. However, in the amplifier there is some noise arising from the
effective parallel resistance of the input circuit, and there is also some shot
noise from the first valve. If this valve has appreciable gain the noise
of subsequent circuits and valves is negligible. In any case, it is obvious
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that the amplifier has reduced the signal-to-noise ratio. If v,, is the noise
voltage in the output of the amplifier, then the quantity N defined by

_ Vil fviad

Vor? [ Von?

is called the noise factor of the receiver. It is usually expressed in
decibels. An ideal receiver producing no noise would have a noise
factor of 0 dB. The various signal and noise voltages in the circuit are
shown in Fig. 20.3.b. In this figure R, is the resistance of the signal circuit,
Ry is the resistance of the input circuit of the amplifier, v,y is the noise
voltage associated with Ry, and vy, is the noise voltage equivalent to the
valve shot noise. In using the concept of equivalent noise resistance
it must be realized that Rg has no physical existence, and it must not
be included in the circuit in determining the actual voltages applied
between grid and cathode.
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20.7. Other Sources of Noise in Valve Amplifiers

The presence of small quantities of gas in valves may increase valve
noise appreciably. Electrons ionize the gas atoms, producing more
electrons and positive ions. The former flow to the anode and produce
additional fluctuations, whilst the ions flow to the grid and cause fluctua-
tions in grid current.

In some valves it is found that the mean-square noise current per unit
bandwidth increases as the mean frequency is reduced below about
4 kcfs. This flicker effect, as it is called, is most notable with oxide-
coated cathodes and especially under temperature-limited conditions,
though it is still present when the current is space-charge-limited.

Finally, mention may be made of noise arising from mechanical vibra-
tion of the valve system, particularly in the early stages of a high-gain
amplifier. This may cause variation in the valve currents which may be
amplified and appear in the output. This type of noise can be minimized
by using valves specially designed to reduce ‘‘ microphony *’, as it is called.

20.8. Transistor Noise

Transistors and crystal diodes produce Johnson noise like any other
resistance. When they are passing steady currents additional noise is
produced. Unlike shot noise in valves, transistor noise is not constant
over the frequency band. It is greater at lower frequencies. Although,
in some cases, transistors are inferior to vacuum valves as far as noise is
concerned, inherently solid state valves have a distinct advantage over
the thermionic valve. The latter requires a high temperature cathode
as the electronic source. There is no such temperature requirement in
crystal devices; indeed they may be operated at low temperatures where
electron random movements are much reduced.
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ExaMpLEs 11

1. Find the percentage increase in mass of an electron accelerated
through a p.d. of 5,000 V.

(1 per cent.)

2. Calculate the transit time of an electron in the deflecting plates of a
cathode-ray tube if the plates are 2 cm long and the final anode voltage is
1,000.

(11 X 1079 sec.)

3. A cathode-ray tube has deflecting plates 2 cm long, 0-5 cm apart and
20 cm distant from the screen. If a deflecting p.d. of 40 V produces a
spot deflection of 2 cm, calculate the approximate value of the final anode
voltage. Point out any assumptions which you make.

(800 V.)

4. What is the shortest time it would take for a proton starting from
rest to move between two points differing in potential by 1 V and separated
by a distance of 1 cm? What factors might increase this time?

(14 ps.)

5. How would you show experimentally that electrons acquire energy
in moving from a cathode to an anode under the influence of a p.d.?

6. The potential distribution between co-axial cylinders is given by the
formulae v = % log(r/r,) and 2 = v,/log(,/r,), where 7, and 7, are the radii
of the cylinders and v, is the potential difference between the cylinders.
Draw a graph showing the variation of v in a cylindrical magnetron with
anode radius of 1 cm and cathode radius of 0:025 cm. Hence show that
with a magnetic field parallel to the axis the path of an electron in a
magnetron with a thin wire cathode is very nearly circular.

7. A cylindrical magnetron has a filamentary cathode 0-2 mm in dia-
meter and the anode diameter is 2 cm. If v, = 1,000 V, calculate the
approximate value of the magnetic flux density for an electron just to
reach the anode. Explain any assumptions that you make.

(0-022 Wb/m?2.)

8. If 101¢ electrons per second pass steadily along a 100V electron
beam, find the beam current and the power dissipated at the collector.

(16 mA, 0-16 W.)

9. An electron with energy 400 eV moves in a uniform magnetic field
of flux density 0-001 Wb/m?, the field and the velocity being mutually
perpendicular. Calculate the radius of the electron path.

(6-8 cm.)

10. A 1,000V electron moves in a uniform magnetic field of flux density

294
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0-01 Wb/m?, the electron velocity making an angle of 5° with the field.
Calculate the path of the electron.

(Helix of radius 0-93 mm and pitch 6-7 cm.)

11. Discuss critically some of the differences in construction and use
of cathode-ray tubes with electrostatic and magnetic deflection.

12. Determine the path of an electron which enters a uniform magnetic
field of flux density B with a velocity v at right angles to the field. How
is the path modified when the velocity and the field are inclined at an
angle 6?7 Mention briefly one important practical example of each of
these cases. [I.E.E., II, 1954.]

13. With the aid of a sketch show the essential parts of a cathode-ray
tube with electrostatic deflection. Derive an approximate expression
for the deflection sensitivity in terms of the deflecting voltage and the
final anode voltage.

When there is no deflecting voltage how does the electron velocity vary
between the final anode and the screen? (Give reasons.)

[I.E.E., II, October 1956.]

14. The deflecting plates of a cathode-ray tube are 3 cm long and 0-5 cm
apart. The distance from the centre of the plates to the fluorescent
screen is 20 cm. A deflecting potential difference of 100 V produces a
spot deflection of 4 cm. Calculate the final anode voltage. Derive any
formula that you use, and explain any assumptions you make in the
derivation. What is the velocity of the electrons leaving the final
anode? (1500 V, 2-:3 X 107 m/s.) (I.LE.E., II, October 1957.]

15. An electron of charge e and mass m is projected with velocity v into
a uniform magnetic field of flux density B. If the direction of projection
is normal to the field, determine the path of the electron.

Describe with the appropriate theory any experiment for the determina-
tion of ¢/m for an electron. (I.LE.E., II, April 1956.]

16. A cathode-ray tube has deflecting coils which produce a uniform
field of 6 x 10 Wb/m? when the coil current is 1 A (d.c.). This field
extends an axial distance of 2:5 cm and its centre is 25 cm from the screen.
If an alternating current of 0-25 A (r.m.s.) produces a trace 15 cm long on
the screen, what is the final anode voltage of the tube? Prove any form-
ulae used relating to electron ballistics. (2750 V.) [I.E.E., III, 1954.]

17. A high vacuum diode has a cylindrical anode of diameter 1 cm.
The cathode, of very small diameter, is on the axis of the cylinder. The
anode is maintained at a positive potential of 800 V relative to the cathode.
What value of uniform axial magnetic field is required just to cause the
anode current to be zero? Derive any necessary formulae and state
clearly any assumptions made.

(1-35 x 1072 Wb/m?.) (I.LE.E., III, October 1956.]

18. A cathode-ray oscillograph has a final-anode voltage of +2:0 kV
with respect to the cathode. Calculate the beam velocity.

Parallel deflecting plates are provided, 1-5 cm long and 0-5 cm apart,
their centre being 50 cm from the screen: (a) find the deflection sensitivity
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in volts applied to the deflecting plates per millimetre deflection at the
screen; (b) find the density of a magnetic cross field, extending over 5 cm
of the beam path and distant 40 cm from the screen, that will give a
deflection at the screen of 1 cm. Prove all the formulae used.

(27 X 107 m/s, 2-8V, 7-6 X 10°®* Wb/m®) (L.E.E., III, April 1956.]

19. Derive an expression for the electric field strength in the annular
space bounded by two concentric cylinders when there is a potential
difference between them.

An electron is injected with a certain velocity and at a certain radius
into the evacuated space between the cylinders in a tangential direction.
Determine the relation that must exist between electron velocity, cylinder
radii and potential difference if the electron is to follow a concentric
circular orbit. Calculate the potential difference required to give a.
circular orbit if the electron velocity is 107 m/sec and the relevant cylinder
radii are 2 cm and 6 cm, respectively.

(The ratio of charge to mass of the electron is e¢/m = 1-76 x 1011
coulomb/kg.) (630V.) (I.LE.E., III, April 1957.]

20. An electron moves with velocity 2 X 107 m/sec mid-way between
and in a plane parallel to the electrodes of a planar magnetron. Calculate
the p.d. between the electrodes. If the distance between cathode and
anode is 0-5 cm, calculate the magnetic flux density. Indicate clearly
any assumptions that you make.

(1,100 V, 1-1 X 10 Wb/m?®.)

21. Explain how an electron beam can be focused by: () a magnetic
field; (b) an electric field. Describe briefly one application of each
method, indicating the way in which the field is provided and its approxi-
mate magnitude.

The anode and cathode of a vacuum diode are parallel plates 1 cm apart.
The cathode is at zero potential and the potential of the anode is given by
V = sin 2x ft volt, where f = 50 Mc/s. At time £ =0 an electron is at
rest near the cathode. Describe its subsequent motion and find: (i) its
velocity at time ¢ = 2. 1078 sec; (ii) its maximum velocity.

(0, 1-1 X 10°m/s.) {I. of P., 1957.]

Exawmpres III

1. Compare the mechanism of electrical conduction in gases and semi-
conductors.

2. What is the evidence for the existence of electron energy levels in
matter?

3. Explain the difference between n-type and p-type semi-conductors
and discuss the conditions at the junction between - and n-type german-
ium.

4. Discuss the important differences and similarities between diamond
and silicon.

5. Discuss the equilibrium potential, charge and energy conditions at
the junction of: (4) two different metals; (b) two different semi-con-
ductors.
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6. Give an account of the electron theory of electrical conduction in
solids. Explain the differences in the variation of conductivity with
temperature in conductors, insulators and semi-conductors.

(ILE.E., II, April 1955.]

7. Write an account of the conduction of electricity in solids, referring
particularly to the factors determining the electrical resistivity of metals,
semi-conductors and insulators.

Explain what is meant by the work function of a surface, and describe
briefly its importance in (a) thermionic emission, (b) metal rectifiers.

[I. of P., 1957.]

8. Write an account of the mechanism of the conduction of electricity
in solids. (1. of P., 1954.]

9. If the conductivity of a semi-conductor is given by

g = g,e4IT

where T is the absolute temperature, show that the change in conductivity
caused by a small change in temperature is A¢/T? times the change in
temperature.

(Note. 1f we write A = ev/k, then ev is related to the value of the
energy gap between the top of the valency band and the bottom of the
conduction band, i.e., Eg.)

ExampLEs IV

1. Define the work function of a metal and show how it is related to the
Fermi level.

2. Discuss the relative advantages and disadvantages of the more
commonly used thermionic emitters.

3. How could you demonstrate experimentally that electrons are
emitted from a hot cathode with a distribution of velocities?

4. Describe briefly the phenomenon of photo-emission.

The work function of the cathode of a photo-cell is 3:5 electron-volts.
What is the maximum velocity of the emitted electrons when the cell is
irradiated with light of frequency 4 X 1015 ¢c/s? How could the maximum
velocity of emission be determined experimentally?

(2-1 X 10® m/s) [I.LE.E., II, October 1955.]

5. Explain the meaning of the various symbols in Richardson’s emis-
sion equation I = A T2 #/47,

Describe and compare the main features of the various types of thermi-
onic cathode which are in general use. [I.LE.E., II, April 1956.]

6. In what way does the current from a vacuum photocell vary with
the intensity of the incident radiation? How is the variation affected by
the presence of gas in the cell?

The work function of barium is 2:5 eV. Would barium be suitable as a
cathode in a photocell for violet light of wavelength 4,300 A? (Give
reasons.) (LLE.E,, II, April 1957.]
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7. How does the thermionic emission from a valve cathode depend
upon: (a) the nature of the cathode surface; (b) the heater power?

Describe how the cathodes of modern valves are designed so as to
minimize the heater power required for a given emission.

By what percentage will the emission from a tungsten filament at 2,400°C
be changed by a change in temperature of 10° C? (8-1.) [I. of P., 1953.]

8. Explain what is meant by thermionic emission and describe how you
would investigate its variation with temperature for a particular surface.

Explain briefly why, although the three common types of thermionic
cathode have widely different emission efficiencies, all three are never-
theless in general commercial use.

By how many electron-volts must the work function of a surface change
in order to reduce the emission from that surface at 2,400° C by 10 per
cent? (4 0-025.) (I. of P., 1955.]

9. Explain what is meant by ‘‘ secondary emission’’ and describe how
you would measure the secondary emission properties of a surface.

Discuss the importance of secondary emission in: (a) triodes and pen-
todes; (b) cathode-ray tubes; (c) photomultiplier tubes.

(L. of P., 1955.]

10. Describea suitable model by means of which the emission of electrons
from a metal surface may be described. State the condition under which
thermionic emission, field emission and photo-electric emission will take
place, and draw attention to common features and to differences in the
three processes. {I. of P., 1956.]

11. Explain what is meant by: (a) secondary emission; (b) photo-
electric emission.

Describe briefly the principles of operation of an electron multiplier
photocell. Indicate suitable materials for the various component parts
of the device and discuss its advantages and disadvantages compared
with a vacuum photocell followed by a high-gain amplifier.

(I. of P., 1956.]

12. When monochromatic radiation of wavelength 2,000 A falls upon
a nickel plate the latter acquires a positive charge. The wavelength is
increased, and at a wavelength of 3,400 A the effect ceases, however
intense the beam may be. Explain this, calculate the maximum velocity
of the electrons emitted in the first case and describe, with a diagram and
a circuit diagram, the construction and use of a practical photocell based
on this effect. (9-5 X 105m/s.) (L. of P., 1952.]

ExampLES V

1. A parallel-plane diode is operated at an anode voltage of 10 V.
Calculate the velocity of an electron half-way between the cathode and
anode when: (a) the current is space-charge-limited, and (b) temperature-
limited. (Ignore initial velocities of the electrons.)

(1-2 X 10% m/sec, 1-3 X 10% m/sec.)
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2. A p-n junction and a junction between two dissimilar metals both
give a contact potential difference, but only the p-# junction can act as a
rectifier. Explain this.

3. With the aid of potential distribution diagrams distinguish between
temperature-limited and space-charge-limited current in a planar diode.
State the Child-Langmuir formula for the space-charge-limited current
density and explain how the formula is modified when the initial velocities
of the electrons are taken into account.

4. The distance between the cathode and anode of a planar diode is @
and the anode potential is v, relative to the cathode. At what distance
from the cathode is the potential equal to v,/2 when a space-charge-
limited current flows?

(0-64d.)

6. The anode current of a particular thermionic diode is given by

14 = 1,¢%°4 when v, is negative.

A resistance R is connected directly between the anode and the cathode.
Calculate the voltage across the diode when R = 1,000 MQ, £ =11 V-!
and 7, = 60pA.

(a=—10V)

(The load-line relation gives ¢, = — v4/R.)

6. The relation between current and voltage for a junction diode is
given approximately by

i = d,(cdv — 1),

Draw the characteristic when?, = 1pAand A = ¢/kT betweeny = — 1V
and v =05 V. (e and % are the electronic charge and Boltzmann'’s
constant, and T is the absolute temperature.)

7. When the value of v is sufficiently positive the characteristic of the
junction diode is approximately

t = 1,e49,

Show that under these conditions the a.c. conductance of the diode is
proportional to the current.

8. The voltage—current characteristic of a diode valve is given for
positive values of 74 by

=2 Xv%x10%A

and for negative values of v, by 74 = 0.

A voltage, v, = 4 cos wf is applied to the diode. Plot the variation
of current through the diode for values of ¢ from 0 to 2=.

A d.c. voltage of 3 V is applied to the diode in series with a small alter-
nating voltage. Show that the ratio of the amplitude of the alternating
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current through the diode to the amplitude of the alternating voltage is
about 52 X 103 A/V.

9. A parallel-plane diode has an anode—cathode clearance of 1 cm and a
cathode area of 16 cm2.  Assuming space-charge-limitation and an anode
voltage of 100 V, find:

(a) the current density;

(b) the total current;

(¢) the number of electrons in the anode-cathode space;
(d) the average density of electrons.

((a) 2-3mA/cm?; (b) 3TmA; (c) 1-2 X 10°?; (d) 7-4 X 107 cm™3.)
(Note. The density of free electrons in metals is of the order of
10%2 cm™3.)

10. Describe the formation of a space charge in a thermionic valve and
explain: (a) why this modifies the distribution of electric field between the
electrodes, and (b) its effect on the anode current.

11. Explain how electric current can be carried between cold electrodes
in a gas at low pressure and describe how and why the nature of the dis-
charge varies with the pressure in the gas. Why is such a discharge often
accompanied by the emission of light and what factors determine the
intensity and colour of the light emitted?

Mention two applications of gas discharge devices and indicate briefly,
with circuit diagrams, how they are used. (L. of P., 1953.]

12. Discuss briefly any two of the following: (a) grid current; (d)
space charge; (c) electron temperature. (I. of P., 1953.]

13. Explain, with reference to a typical diode valve: (a) cathode
emission; (b) space charge; (c) saturation.

Calculate the space charge density at (i) the anode, and (ii) the cathode,
of a plane parallel diode the plates of which are 5 mm apart, when the
potential difference between them is 300 volts. Assume the current
through the diode to be limited by space charge. What is the significance
of the calculated value of the space charge density at the cathode?

(47 X 1078 ¢/m?, infinite.) (I. of P., 1954.]

14. Give a simple explanation in terms of energy-levels of the difference
between conductors, intrinsic semi-conductors and impurity semi-con-
ductors of the p-type and n-type. Using either p-type or n#-type as your
example, account for the rectifying action exhibited by an impurity semi-
conductor in contact with a metal. What are the respective fields of
application of point-contact and junction rectifiers?

(I.LE.E., III, April 1956.]

15. A plane diode has an anode—cathode spacing of s metres. A sinu-
soidal voltage of maximum value V,, at a frequency «/2r is applied
between anode and cathode. Show that the distance travelled by an
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electron released with zero initial velocity from the cathode at time 4, is, in
the absence of space-charge:

Z—f’—"';—s [(wt — wt,) cos wf, 4 sin wf, — sin wf].

X =
If the anode—cathode spacing of such a diode is 0-5 mm, and the applied
voltage has maximum value of 100 V at a frequency of 1,000 Mc/s, how
long will it take an electron to reach the anode, assuming it to be released
from the cathode with zero initial velocity at the commencement of a
cycle? (2-5 X 10710 sec.) [I.E.E., III, April 1956.]
16. Sketch a graph showing how the current between two cold electrodes
in an inert gas at low pressure varies as the voltage between the electrodes
is increased.
Explain (giving skeleton circuit diagrams) how certain parts of the
curve may be applied in the following ways:
(i) Detection of charged particles.
(ii) Voltage stabilization.
(iii) High-power rectification.
(I.E.E. III, October 1956.]

ExaMprLEs VI

1. The anode current of a triode is given by the equation 4 = f(vg, 4)
When v, and v, change to vs + dv¢ and v, + du4 then i, becomes
iy + 8i4. Taylor’s Theorem for functions of two variables shows that

. o1, o, 0%, 20%
iy = 5;—‘; dvg + 5!)4: duq + i{wg‘; (3v6)* + a—;ﬁ' 804300

0%y

+ R (st)z} +.

Use this to show that
81.4 = g,,.b‘vg + S‘UA/I’,,

100

C-3 3’ Y
el
? o I/’!v? | og
s f"/f/,,;z; "
< v [ <7 <,
vl /// Vays /
Z '/ XN/ X
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provided that either 3vg and 8v, are small or the characteristics are free
from curvature.
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2. Use the previous example to prove that p = — (3—34 )i = gnla.
G/%4

3. Using the 44, v, characteristics of Fig VI. i, draw 74, vs and vy, v
characteristics for values of v, from 0 to 500 V and v, from 0 to — 50 V.
From the three sets of characteristics determine p, gm and 7, for
(i) voe=—10V, 7, =60mA; (i) vo=—30V, {4, =20mA; and
(ili) vg = — 50V, i, =10 mA. Verify in each case that p =~ g,7,.

4. Draw typical static characteristics for a screen-grid tetrode and a
pentode and explain in detail the reasons for their shapes.

5. Explain why the control grid current of a thyratron varies from
negative to positive values as the grid voltage is made less negative.

6. Draw common-base hybrid characteristics for a transistor from the
following data:

ig(mA) 1-00 1-00 1-00 0-76 0-75 0-75
vos(V) —50 —20 0-0 —50 —20 0-0
vgp(mV) 135 139 142 127 129 131
ig(mA) —1-00 —0-99 —0-97 —0-76 — 074 — 074
ig(mA) 0-50 0-50 0-50 0-25 0-25 0-25
ves(V) —50 —20 0-0 —50 —20 0-0
vgg(mV) 115 117 119 95 96 98
io(mA) —05 —048 —046 | —025 —02 — 024
Find the values of the hybrid parameters at iz = 1 mA, vc5 = — 4 V and

ig=0'5mA,‘Uc5 =—2V.

7. From the common-base transistor equation, changes in electrode
currents and voltages are related by 38vgp = h11,8%2 + hi8vcs and
Sic = hgleiE + thvcg. Using the conditions ‘ip; + 2'3 + 1.0 =0 and
v¢cB = VcE + VEg, show that

— dupp(l — Mw) = — hi(8tp 4 8i¢) + hnduce

and 8tc(l + how) = — howdip + hoos(Svce — dvpg).
Hence, by keeping 3v¢g constant, i.e., 3vcg = 0, show that
hase — hows + hovshiss — hoshyge

T 1 F haws — P — hahizs + hoain

_ —hap + hovlan — honhin hip
= > and Ay, =5

OXce

hw
y— and Ay, =~ i—a

since hig and hegphnys are both much less than 1 (see Table I, Chapter 6).
8. By setting 875 = 0 in the previous example show that

ie., Oy =

hla — b hlﬂ - h‘Zlgl% + hllbh22° and h22¢ = }%b
) h
ie., 1o~ — hyop + luahzza and hpp =7 ’2%““.
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9. Discuss the physical reasons why the parameters k,,, k,, and k,, for
the common-emitter connections are approximately equal to the corre-
sponding common-base values multiplied by the factor 1/(1 — a..).

10. Define h-parameters for the common-collector connection using
ip and vgc as the independent variables. Show that

h
hue =~ i _maa’ hie =1,
~_—1 ~ _hm
h‘Zlc— 1= e and h226— i— aa‘

11. To a first approximation the emitter current of a p—n-p transistor
is given by

ig = 1,64"28 when vgp is positive.

Show that the rate of change of vgp with ¢g is inversely proportional
to ig.

12. Explain how and why the grid voltage control action in a gas-
filled relay valve differs from that in a high-vacuum triode. What is
meant by the control ratio of a gas-filled relay and how does it depend
upon: (a) the nature and pressure of the gas filling; () the anode voltage?

Why is it usual to include a resistor in series with the grid of a gas-filled
relay? (I. of P., 1954.]

13. Describe the action of a triode valve and explain how the properties
of the materials with which it is made, and the size and spacing of the
electrodes, determine: (a) the maximum current and voltage which can
be handled; (b) the highest frequency signal which can usefully be
handled; (¢) the maximum voltage and power amplifications; (d) the
useful life of the valve.

Describe briefly how you would determine the anode characteristics of
a pentode valve. (1. of P., 1955.]

14. Explain how the potential applied to the suppressor grid of a
pentode valve determines the division of the cathode current between the
anode and the screen-grid.

What are the advantages of the pentode over: (a) a triode; (b) a
tetrode? Discuss the types of applications for which each of these three
types of valve is most suitable. (I. of P., 1956.]

15. Describe the construction of a low-power pentode valve. Sketch
the following static characteristic curves and explain their shapes with
the aid of potential distribution diagrams:

(i) anode current/anode voltage;
(i) anode current/suppressor-grid voltage;
(iii) screen-grid current/suppressor-grid voltage.

Sketch also characteristic (i) for a beam tetrode, and explain the
differences. (I.LE.E., III, April 1957.)
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ExampLEs VII

1. A single-stage amplifier has an anode load of 20 kQ. Calculate the
amplifier gain when the valve is: (a) a triode with gn =2 mA/V and
ra = 10 kQ, and (b) a pentode with g» =2 mA/V.

(13, 40.)

2. The amplifier of Example 1 is coupled to another stage through a
capacitor of 0-005 pF and a grid leak of 1 MQ. If the total effective cap-
acitance across the load is 50 yuF, calculate the frequencies at which the
gain has dropped by 3 db with the triode and the pentode.

(32 c/s, 480 kcfs; 32 c/s, 160 kc/s)

3. A pentode amplifier has a load consisting of an inductor of 250 pH, a
capacitor of 0-0001 pF and a resistor of 20 kQ all in parallel. If the pen-
tode has gn = 5 mA/V, calculate the frequencies at which the amplifier
has: (2) maximum gain, and (b) gain of 3 db below the maximum. What
is the maximum gain?

(1-01 Mc/s, 0-97 Mc/s, 105 Mc/s, 100.)

4. For freedom from phase distortion in an amplifier show that the

+
0-5MQ
% V2

= 1T s
Fig. VILi

phase angle delay produced by the amplifier should be proportional to the
frequency.

5. For the circuit shown in Fig. VILi calculate the ‘‘ middle frequency *’
gain (i.e., the value of v,,/v,, when the reactances are negligible) when the
first valve is a triode with g» = 6 mA/V and 7, = 10 kQ. Also calculate
the two frequencies at which the gain has dropped to half the middle
frequency value and the corresponding phase shifts.

(25, 18 c/s, 1-4 Mc/s, 240°, 120°.)

6. A pentode amplifier has an anode load consisting of a resistance R in
parallel with a capacitance C. Show that the complex gain A at an
angular frequency o is given by

Aa:___gﬁ_.
1+j4

where o, = 1/RC, i.e., , is the ** half-power angular frequency ”’.
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7. If an inductance L is put in series with the load resistance R of
Example 6, show that

1470 (;“’)
1-e(3) +i(2)
where Q = «,L(R.

8. Use Example 7 to draw curves showing how the magnitude of the
gain varies with frequency when Q =0, 0-25, 0-5 and 1-0.

(Note. Amplifiers for wide frequency bands often use inductance
compensation to extend the frequency range. A value of about 0-5 is
usually chosen for Q.)

9. Show that the voltage gain of a cathode follower is given by the
formula

A
gnR

A = guR/(1 + gnR + R/r)

where R is the cathode load resistance.

10. A pentode with g, = 5 mA/V has a signal of 0-1 V connected be-
tween its grid and earth. The output is taken across a resistance of 1,000 Q
connected between the cathode and earth. There is an h.t. supply
between earth and the anode to give the required operating conditions.
Calculate the output voltage.

(0-083 V.)

(Note. 'When a pentode is used in a cathode follower, then, in order to
keep 7, large, the total voltage between screen grid and cathode must remain
unchanged on application of the signal.)

11. An automatic bias circuit uses cathode resistance and capacitance
of 400 Q and 20 pF. If the valve current is (10 + 5 sin 2= ft) mA calculate
the magnitudes of the direct and alternating voltages across the bias
circuit when f = 10, 50 and 1,000 c/s.

(4V,1.8V; 4V,07V; 4V,0:04V.)

12. Show that the input impedance of a common grid amplifier is

A R

R R/

(0) (8)

Fic. VILii
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equal to (Z + 7,)/(n + 1) where Z is the load impedance between anode
and grid.

13. In circuit of Fig. VIL.ii.a show that Vg = V, Zs/(Z; + Z,).

Hence, if Z, is a resistance R and Z, a capacitance C, show that the
impedance between anode and cathode is equivalent to that shown in
Fig VILii.b, where R’ = 1/g, and L = CR/gn.

14. Two identical triode valves are connected in series, the anode of
one being connected to the cathode of the other. The two in series are
connected across a steady h.t. voltage supply. The valve which is on the
negative side of the h.t. supply is provided with an alternating voltage V1
connected between its grid and its cathode. The other valve has its grid
connected to h.t. negative through a very large capacitance and to its
own cathode through a very large resistance. Prove that the alternating
component of anode current is given by

&n(l +u)V1/(2 +u).
Also show that the alternating voltage across the second valve, is
wV1/(2 + u).

15. We may write the characteristics of a triode valve when used in a
common-cathode circuit as

to = f(vg, va) and ¥4 = F(ve,va),
so that for small changes
iy = gY, + g1zva and 1, = gouve + Lol
Show that for the conventional negative grid triode
=0, giu=0
g =gm and gou = 1/7,.

16. We may write the characteristics of a triode valve when used in a
common-grid circuit as

ig = f(vie,vae) and 14 = F(vge,vaq),
so that for small changes
% = g1k + L12%y aNd iy = gargViy + 220y
Show that for the negative grid triode
gng=—gu, and gmy = — g1y
whilst g1y =8m + 1/ra and gy = — 1/7,.
The input resistance of the system is given by 7; = v;,/i;. Show that
when the output is short-circuited so that v, = 0 then
=t o1
" guy (gm +1/n)
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17. We may write the characteristics of a triode valve when used in a
common-anode circuit as

19 = f(voa, vra) and ig = F(vo4, Vka)
so that for small changes
tg = E1a¥a + L12a¥%a and 1 = go1a¥pa + L22aVra-
Show that for the conventional negative grid triode
&us =0, g12 =0, gna = — gm, and gy, = gm + 1/7a.
The effective internal resistance of the system is given by 74 = vz,/%: When
the input terminals are shorted. Show that 7, = g‘% = 1/(gm + 1/r4).

22
18. A common-cathode pentode amplifier has an anode load consisting
of resistance R, in series with resistance R,. Across R, is a condenser C,.

R,

Show that the gain at low frequencies is &1}"
2

times greater than at

high frequencies.

(This can be used to give bass boost in a valve amplifier.)

19. Discuss in a qualitative manner the variation in stage gain of a
triode common cathode amplifier as the load resistance is altered, keeping
the high tension constant.

20. Explain why, over a large range of anode voltage, the anode current
in a pentode valve is almost independent of the anode voltage. Explain
also how it is possible to increase the anode slope resistance of a pentode
without affecting its mutual conductance, and how this enables a large
voltage amplification to be obtained with a pentode valve.

An amplifying valve has a grid leak of 1 MQ. Neglecting all other forms
of low-frequency attenuation calculate the minimum capacitance of the
coupling condenser in order that the amplification at a frequency of 30 c/s
shall be within 3 dB of that at mid-frequencies. Assume the load re-
sistance of the previous valve to be small compared with that of the grid
leak. (0-0053 vF.) (1. of P., 1954.]

21. Determine the expressions for the frequency response and phase
characteristics of a conventional RC-coupled amplifier stage. The effects
of anode and screen-grid decoupling and of the cathode by-pass capacitor
are to be neglected.

Explain how the high-frequency response of such a stage may be
extended. (I.LE.E., III, October 1956.]

(See Examples 7 and 8 above.)

ExampLEs VIII
1. A valve used as an audio-frequency power amplifier takes a quiescent
current of 30 mA from an anode supply of 200 V. When a sinusoidal
signal is applied to the grid the anode voltage varies from 40 to 360 V and
the anode current from 50 to 10 mA. Calculate: (a) the power output;
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(b) the amplifier efficiency; and (c) the turns ratio of the output trans-
former if the valve is to feed maximum power to a load of 20 Q.

(1-6 W, 27 per cent, 20.)

2. Explain the difference between the d.c. and a.c. load lines in a
transformer-coupled power amplifier.

A triode, whose characteristics are given in Fig VLi, is to be used to
supply power to a resistance load of 5 Q using a supply voltage of 440 V.
The anode dissipation must not exceed 20 W. Choose a suitable operating
point and load line and determine: (4) maximum power output; (b) grid
driving voltage; (c) transformer ratio; (d) percentage distortion.

3. Explain why a moving-coil meter is suitable but a moving-iron or a
thermal meter is unsuitable for indicating distortion in a triode amplifier.

4. By considering anode characteristics, or otherwise, explain why a
pentode gives higher gain and greater output than a triode of comparable
size.

5. For the ideal transformer-coupled amplifier represented by Fig. 8.9
show that the amplitude of the grid signal for maximum output power is

E,R +7,
wIRF27(

6. With the notation of Section 8.6 show that the fundamental and
second harmonic output powers are given respectively by the expressions
(P 4+ N)?R/8 and (P — N)2R/32, where R is the load resistance.

7. A push-pull amplifier has a sinusoidal signal of value é sin «f supplied

to each grid. The output transformer has », turns on each half of the
primary and #n, secondary turns. Show that the power output is

2n2R 1 (ué)?
(ra + 2n2Ry)?

where R is the load resistance, n = n,/n, and the operation is assumed
to be linear.

8. Describe, with circuit diagrams, the principles of operation of choke-
capacity-coupled, transformer-coupled and resistance-capacity-coupled
amplifiers. How do the characteristics of each type vary with frequency?

In a low-frequency amplifier the input voltage is applied across a 600 Q
resistor in parallel with the grid and cathode of a triode: the valve has an
amplification factor of 20 and an anode slope-resistance of 12,000 Q. In
the anode circuit there is a 15 : 1 transformer supplying a resistive load
of 60 Q. Calculate the overall gain in decibels. (7dB.) [I. of P., 1952.]

9. Describe briefly the push-pull method of amplification and list its
advantages over the single-valve method.

The anode current/anode voltage characteristics of a triode are given
in the table below. Two such valves are to be used in push-pull in the
output stage of an audio-frequency amplifier feeding a non-reactive load
of 500 Q via a transformer. Each half of the primary winding of the
transformer has 332 turns and the secondary winding has 100 turns. If

P, =
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the available h.t. supply is 400 V and the peak a.c. input signal is
18 V determine: (@) the grid bias required; (b) the maximum power
output; (c) the overall voltage gain.

Grid volts 0 —6 —-12 —18 —24
Anode volts
120 17-5
180 42 8
240 80 20
300 128 42 10
360 180 80 24
420 129 50 9
480 178 88 28 2
540 138 57 12
600 180 100 32
(-18 V, 47 W, 12:2) (I. of P., 1953.]

10. Explain carefully the purposes and properties of the second and
third grids in a pentode valve.

How would you use a pentode valve or valves: (a) in an amplifier
stage; (b) in a push-pull output stage?

In each case draw a typical circuit showing the use of the valve, and
indicate the characteristics required of the valve and the circuit.

(I. of P., 1955.]

11. The anode current/anode voltage characteristics of a triode valve
are given below. ‘The valve is transformer-coupled to a resistive load of
13-3 Q, the ratio of primary to secondary turns being 20, and is used with
an h.t. supply of 400 V. The grid bias voltage is — 36 V, and a sinusoi-
dal signal voltage of amplitude 30 V is applied to the grid. Calculate:
(a) the percentage of second harmonic in the output voltage; (b) the
fundamental output power; and (c) the efficiency. The resistance of the
windings of the transformer may be neglected.

Anode current, mA
Grid voltage -6 —18 — 36 — 54 — 66

Anode voltage
50

100 36

150 90 5

200 150 25

250 68

300 126 7

360 26

400 66

450 100 10

500 26

560 50 11
600 25
650 50

(7-5, 42 W, 19 per cent.) (I. of P., 1956.]
L
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12. Explain the principle and the advantages of push-pull operation
in a valve amplifier. Each of the triodes used in a push-pull Class A
power amplifier has a mutual conductance of 6 mA/V and an anode
slope resistance of 1,500 Q. The combined anode current of 120 mA is
fed from a 350 V d.c. supply to the centre tap of a primary winding of an
iron-cored transformer, the secondary winding of which is connected to a
non-reactive resistor of 2-5 Q resistance. The ratio of the number of
primary turns to secondary turns is 40. Estimate the anode power
efficiency of the stage when a sinusoidal signal of 20 V peak is applied to
each valve. (Assume ideal linear characteristics for the valves.)

(12-6 per cent.) (1. of P., 1957.]

13. Show that, if two frequencies f, and f, are applied simultaneously to
a non-linear impedance, component voltages having frequencies f; + f, are
present in the output.

Discuss the importance of this result in telecommunication practice.,

[I.LE.E., III, April 1956.]

14. A non-linear device has the current/voltage relation

t =a + bv 4 cv? + dvd.

Show that the third-order term leads to cross-modulation between two

amplitude-modulated sinusoidal signal voltages.

A carbon microphone, when subjected to a sinusoidal sound wave of
frequency o, has a resistance given by
100(1 4 0-2 sin wf) Q.

Find the percentage second-harmonic distortion current in its output.
(10.) (I.LE.E., III, October 1956.]
15. Explain what is meant by the term non-linear distortion when

applied to an amplifier.

The dynamic #4/ve characteristic of a triode valve with a resistive load
may be represented by

1ty = A + Bvg + Cvg?.

Deduce the ratio of the second-harmonic component in the output to the
fundamental. '

If the valve has a steady no-signal anode current of 60 mA and the
application of a sinusoidal grid voltage causes the anode current to vary
between 105 and 25 mA, calculate the percentage second harmonic in the
output current. (6-3.) (I.LE.E., III, April 1957.]

ExampLEs IX

1. Using the transistor of Example VI.6, find the operating point for a
common-base circuit with vz =110mV and a load resistance and a battery
of — 5V between the collector and the base, when the load resistance is:
(@) 2-5 kQ; (b) 5kQ; and (c) 10 kQ. Find the output voltage for signal
changes of 10 mV, 20 mV and 30 mV, when the load resistance is 5 kQ.
Explain how the output could be made to follow the input more linearly.
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2. Determine the approximate value of the power gain in Example 1.
3. The current gain of an amplifier 4; is defined as

di = Current change in load .
* 7 Corresponding current change in the input circuit
Show that for small signals the following formulae give the current gain

for common-base, common-emitter and common-collector amplifiers
respectively

L = & > —
Y1+ hewRy °
hzle
Ai= I +hpR, 2
h2lc —1

and A, =

(=~ 3 .
1 4 ARy 1 — a
4. The output impedance of a common-base amplifier is defined as
7, = v/i. when no signal is applied to the input. If the input circuit
consists of a resistance R between the emitter and base show that

y = R + My .
° 7 hushay — howhizs + Rhoy
5. Write down an expression for the output impedance of a common-
emitter amplifier.
6. Show that the voltage gain of the common-collector amplifier
shown in Fig. IX.i is given by

4= — hacRy
hie + Ri(huchose — Mocharc)

e~ 1.

Fic. IX.i

7. Draw an equivalent circuit for a transistor based on the equations
Upe = huets + Mraevee and i, = harety + haocVee

8. Common-base transistor characteristics may be expressed in the
form

VEB =f(ig, 10) and Ucp = F(‘ig, ‘ic).
Use these expressions to show that, for small changes, vs and v may be
put in the forms
U = nute + 71268 and vy = 7a8. + 72t
where 7115, 7125, 721 and 7,9 are resistances, whose values may be found
from the characteristics.
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9. Show that the resistance parameters 711, 7125, 721, and 729 are related
to the k-parameters by the following equations

o = huaheumhmhm i h2 b oy = — % and 7sp = h%” )
(Start with the transistor equations using k-parameters and use the de-
finitions of the r-parameters. See Examples VI, 1 and 2.)

10. Use Example 8 to show that Fig. IX.ii, iii and iv are suitable
equivalent circuits for a transistor,

(L + Aow)hry,

where Te =11 — N12s = hap —
hooy
— 1l =My 1
7" =11 = h2—. Te =Ty — 7126 = Tz bl @.
_tw — Ny kst hy
- = CG‘
T2 — 712 1 — hi

s LEYY)
ryslet
’123‘:

Fre. IX.iii
E e~li2s n2s~M2s, . C
. - +
le ;
(P2w=A2s) de
Ves f2s Ves
S P

_ 5 o -
B
FiG. IX.iv
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The circuits of Fig. IX.iii and iv are known respectively as the current
generator and voltage generator T-equivalent circuits.
11. Find the values of 7., 7, 7. and « for the transistor of Example VI. 6.
12. Using the T-equivalent circuit, show that for a common-base
transistor amplifier with load resistance R, and resistance R between E
and B

= 29 — RL(“'C + 7b)
Vo Ri(re +175) + 7ere + 775 + 757(1 — a)
_ aRy
T e+l —a)
. R (1 —
i =Vafle =1+ 17" %M ~ 7.+ n(l —a)

13. The output of a common-emitter amplifier is connected to a parallel
combination of resistance R, and condenser C, which is in series with the
input of a second amplifier of input resistance R,. The collector load of
the first amplifier is a resistance R;. Assuming that

Ve = huds and 7. = agly,

find the ratio of voltage across the input of the second amplifier to that at
the first amplifier,
(Such a circuit can be used to give treble boost in a low-frequency

amplifier.)
[_ Ged { R Ry(1 + jwC,R,) }]
hyse |JRa(R, + R3)wC,y + (R + R, + Ry)
14. A common-emitter amplifier of input resistance R, is fed from a
signal generator of resistance R,. Across the input of the amplifier is

connected a series circuit of resistance R, in series with a condenser C,.
Show that the gain of the amplifier varies with frequency according to

Ao Ry(R; + 1/jwCy) _ .
(RyR; + RyR3 + RyR;) + (R, + Ry)/jCy
(This circuit can be used to give a bass boost in a low-frequency amplifier.)

15. Let ¢¢o be the collector current for a given transistor when the
emitter current is zero. If « is assumed constant, then

ic = — aig + ico.
Hence show that the collector current is also given by
« 1

tc = i ico-
c 1_a5+1_aco

(This shows how much more serious can be the effects of temperature in
a common-emitter than in a common-base circuit, particularly where
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a =21 and the base current is determined mainly by the external circuit:
i¢o varies considerably with temperature.)

16. A p-n—p transistor is connected in a common-emitter circuit. A
by-passed resistance Ry is included in series with the emitter lead to the
positive terminal of the battery E,. The base bias is obtained from a
potentiometer chain R, to the negative and R, to the positive terminal
of the battery. The base is connected to the centre point. If we assume
that the resistance Rj is such that the d.c. voltage across it is large
compared with vgg, show that when there is zero resistance in the collector
lead

ic = tco(RyR, + R,R3 + R;R,) — “RzEa_
R;Ry(1 — a) + R,R; + R3R,

17. In the previous example with R, =22 kQ, R, =47 kQ and
R; =1 kQ, find the rate at which the collector current changes with
changes in 4¢o.

With R, unchanged but R, equal to zero and R, removed so that ¢p
is constant, find the rate at which the collector current now changes with
ico for « = 0-98.

(5, 50.)

18. Explain how a metal semi-conductor contact can act as a rectifier.

In a thermionic triode currents at a low power level in the grid circuit
can be used to control larger currents in the lower impedance anode
circuit. Describe briefly how the action of a transistor may be explained
in similar terms, and point out the principal points of similarity and
difference between the two devices. (1. of P., 1956.]

19. Assume that a transistor has ideal characteristics such that 7. is
independent of v¢z and is proportional to ¢5. If two such transistors
operate in a Class A push-pull amplifier using a 12 V supply and giving
10 W output in a load resistance of 15 Q, find the collector current, the
collector dissipation and the transformer turns ratio.

(0-83 A, 10 W, 0-7 4 0-7 : 1.)

20. If, in the previous example, the operation is in Class B find the
peak collector current.

(17 A))

ExaMPLEs X

1. Explain briefly in words why negative feedback makes the gain of an
amplifier independent of variations in supply voltage.

A single-stage amplifier without feedback has a voltage gain of 10. A
second amplifier, operated from the same power supply, has two stages each
with a gain of 10, but there is negative feedback reducing the overall gain
of the amplifier to 10. Calculate the percentage feedback. As a result
of supply voltage variations the gain of the first amplifier drops to 9.
What is now the gain of the second amplifier?

(9 per cent, 9-8.)

2. An amplifier, in the absence of feedback, has a gain which is liable
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to fall by 40 per cent of its rated value as a result of uncontrollable varia-
tions of supply voltages. If, by the application of negative feedback, an
amplifier is to be produced with a rated gain of 100 and with the require-
ment that the gain shall never fall below 99, determine the required
initial gain of the amplifier in the absence of feedback.

(6,600.)

3. Show that the output impedance of a common-grid amplifier is
7s + (1 + 1)Zg, where Zg is the impedance between grid and cathode.

4. Show that the output conductance of the circuit in Fig. 10.10 is
approximately equal to gn/2 (assuming R, is very large and R, = R,).

6. At sufficiently high frequencies the inductance of the electrode leads

{+,

Fic. X.i

may be appreci'able. In Fig. X.i L; represents the inductance of the
cathode lead and C is the grid-cathode capacitance of a pentode. Show
that the input admittance is given by the expression

l _ gm(')’LbC —jO)C(mszC — l).
Vi (gmoLi)® + (@®L,C —1)2

If the operating frequency is not too high, show that the effect of the
lead inductance is to introduce a conductance between grid and cathode
of amount gnw?L;C.

6. With the aid of circuit diagrams explain current negative feedback.
Discuss qualitatively its effect on the input and output impedance of an
amplifier. ¢

Calculate the voltage gain of a triode cathode follower stage in which
gn =25 mA/V, 7, = 10,000 Q and the cathode load resistor is 5,000 Q.
Derive any formula that you use.

(0-9.)

7. Discuss in detail the purpose, operation, and design of a cathode-
follower stage.

8. Discuss the effects of current and voltage negative feedback on:
(@) the gain, input impedance and output impedance of an amplifier, and
(b) the distortion produced by an amplifier.

If the gain of an amplifier without feedback is 90 dB, what must be
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the attenuation in the feedback loop if, with feedback, the gain is reduced
to 60 dB? (60 dB.) (L. of P., 1952.]

9. Explain, with reference to the equivalent circuit, the inherent
disadvantages of a triode valve having a large amplification factor, when
used as an amplifier at high frequencies. Why is a tetrode superior for
this purpose?

Calculate the mutual conductance of a pentode valve used in a single
stage I.F. amplifier operating at 465 kc/s given that the voltage gain
between grid and anode is 58-6 dB and that the anode tuned circuit
consists of a 200 uuF condenser in parallel with an inductor having a Q
of 100. (5mA/V.) (I. of P., 1953.]

10. Describe what is meant by feedback and explain its effect with
reference to: (a) a cathode-follower circuit; (b) the Miller effect.

A triode having an a.c. impedance of 10,000 Q and an amplification
factor of 30 is used in a cathode-follower circuit with a cathode load
resistance of 200 Q. Calculate the voltage gain of the circuit and the
effective internal impedance. (0-37, 320 Q.) (1. of P., 1953.]

11. Explain in physical terms the effects of current and voltage negative
feedback in any system for the amplification of electrical signals. Con-
sider the effects of both types of feedback on: (2) the amplification;
(b) the effective internal resistance; (c) distortion.

Two identical triode valves are connected in parallel. The resistor in
the anode circuit of the combination has a value of 25,000 Q, and the
value of the cathode bias resistor is 1,000 Q. The grid bias is arranged so
that the anode slope resistance of each valve is 10,000 Q and the amplifica-
tion factor is 30. Calculate how much of the cathode resistor must be
by-passed to alternating current in order to increase the output impedance
of the combination to 26,000 Q. (355 Q.) [I. of P., 1954.]

12. Explain in words the effects of current and voltage negative feed-
back in any system for the amplification of electrical signals. Refer
particularly to: (@) input and output impedance; (b) frequency response;
(c) distortion.

In a single-valve pentode amplifier the load resistance is 65,000 Q,
gn = 175 mA/V, the impedance of the valve is 0-95 MQ, and the anode
current is 3-15 mA. Draw the equivalent a.c. circuit and from it deduce
the gain of the amplifier. Calculate the values of: (4) the cathode
resistor necessary to reduce the gain to 25; () the bias resistor required
for a grid bias of —2-2 V. Sketch the complete circuit and indicate
suitable values for components in the grid and cathode portion of the
circuit. (2000 Q, 700 Q.) (I. of P., 1965.]

13. The anode resistor of a triode valve circuit has a resistance of
60,000 Q, and so also has the resistor connecting the cathode to the nega-
tive terminal of the h.t. supply and earth. The grid is so biased that the
anode slope resistance of the valve is 10,000 Q and the amplification factor
is 25. Calculate the approximate value of the internal resistance of
(a) the anode circuit, (b) the cathode circuit, when each is used to drive a
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subsequent stage of amplification. The input voltage of the triode is
applied between grid and earth. (1-3 MQ, 2-3 KQ.) [I. of P., 1956.]

14. Draw the equivalent circuit, including inter-electrode capacitances,
for a simple triode amplifier feeding a resistive load, and derive an expres-
sion for the equivalent input impedance. Hence explain why such a
circuit is unsuitable for the amplification of high-frequency signals. Why
is a pentode more suitable than a triode for this purpose?

What is the effect, on the properties of the amplifier, of increasing the
effective grid-anode capacitance by connecting a condenser between grid
and anode? Indicate two applications of this type of circuit.

(I. of P., 1957.]

15. In a single-valve amplifier a fraction 8 of the output voltage is
fed back to the input as negative feedback, and negative current feed-
back is also applied through a resistance R;. The anode slope resistance
of the valve is R, and its amplification factor is p. Calculate from first
principles the output impedance of the amplifier.

INPUT

(o
R, =2m0, R,=400q, Ry=154q.
Fic. X.iii

Explain briefly why the non-linear distortion of the amplifier is reduced
by the use of negative feedback.

Calculate the input impedance, output impedance and voltage gain of
the cathode-follower stage shown in Fig. X.ii.

(Note. Neglect the effect of condenser.) (I. of P., 1957.]

16. Derive an expression for the shunt resistive component of the input
impedance of an earthed-cathode amplifier valve due to the inductance
of its cathode connection. Calculate the input resistance for a pentode
valve having the following properties:

Capacitance between control grid and cathode = 5 puF
Inductance of cathode connection = 0-03 uH
Mutual conductance = 8 mA/V

The frequency is 100 Mc/s.
(See Example 5 above.) (2000 Q.) (I.LE.E., III, April 1957.]
M
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17. A triode amplifier has a resistance Rg between the cathode and earth.
The anode load is a resistance R. The input is applied between the grid
and earth, whilst the output is taken between the anode and earth. A
by-pass condenser C is in parallel with the resistance Rg. Show that the
ratio of the voltage amplification at high frequencies to that for d.c.
signals is given by 1 4+ Rggn, if 1/7, is assumed negligible.

If R=20%kQ, Rg =100 Q, g» = 10 mA/V, and 7, = oo, find the value
of C such that the stage gain at 5 kc/s is 1-5 times the d.c. stage gain.

(0-54 pF.)

(Note. This type of circuit can be used to give a treble boost in an
audio amplifier.)

18. A pentode amplifier has an anode load resistance R;, and the signal
is applied in series with a resistance R, between the grid and cathode.
The output voltage is taken between anode and cathode. A feedback
path Zs, consisting of resistance Rj in series with a condenser C, is con-
nected between anode and grid. Show that at any frequency

1
~ (6= g) ®
1+ z(R, + Ry + RiRuge)

if 1/r, is assumed negligible.

Find the ratio of high-frequency gain to d.c. gain, when R, = 20 kQ,
R, =1,000 Q, R, =100 kQ and g, = 10 mA/V.

(0-3.)

(This type of circuit can be used to give a bass boost in an audio am-
plifier.)

19. A transistor amplifier has a resistance R, between collector and
earth, and a parallel combination of resistance R, and capacitance C,
between emitter and earth. The input is applied between base and
earth, and the output taken between collector and earth. Show that the
voltage gain is given by

R
— Ocp Rl/{hlle + aa (W)}

if we assume that vs, = Ap1ets and 2. = aaty.
(This feedback circuit can be used to give treble boost.)

A=

ExaMmpLEs XI

1. Use static characteristics and load lines to show the transient
variation of v, and ¢4 in the first valve of the amplifier in Fig. 11.6.a.

(Through the Q-point draw a load line corresponding to the load
resistance and the grid leak in parallel.)

2. Show that the initial value and the time constant of v,, in Fig. 11.5.5
are respectively v,Ry7,/(R17a + Ry7a + RLRy) and RC, where R, = load
resistance, R, = grid leak and R = R, + 7,R/(ra + Ry).
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3. For the circuit of Fig. 11.9.a show that the output voltage due to a
sudden change e in grid voltage is A(1 — €/7), where A = — peR/(R + 7,)
and T = R7,C,/(R + 1,).

4. The anode load of a triode amplifier consists of resistance R and
inductance L in parallel. If the grid voltage is changed suddenly by a
small amount e, show that the anode current is 7 + gme(l — A7),
where A =R/(R+17) and T = L(R + 7,)/R7,. Show on anode
characteristics how the anode current changes.

5. In the previous example show that the variation in anode voltage is
given by v, = gneR' e #YL, where R’ = Rr,/(R + 1,).

6. A diode is switched in series with a battery E and an uncharged
condenser C. The condenser has a parallel leakage resistance R. Using
the characteristic of the diode, indicate qualitatively the pulse of current
through the diode, and the pulse of voltage across the condenser.

(The steady-state condition is given by the cross-over of the diode
characteristic and the load line £ = v, + Ri,; the initial diode current
is given by y4 = E.)

Show that the steady-state condenser voltage is equal to E if the diode
current for v, = 0is E/R.

7. A diode is switched in series with a battery E and an inductance L of
negligible resistance. Using the characteristic of the diode, indicate
qualitatively the pulse of current through the diode.

8. A thermionic diode has a resistance R between anode and cathode.
This parallel combination is suddenly switched in series with an uncharged
condenser and a battery. Indicate qualitatively the change with time
of the voltage across the diode, and show that the voltage across the
condenser can finally exceed the battery voltage.

9. A common-cathode triode amplifier has an anode load of resistance
R in series with inductance L. The d.c. grid voltage is suddenly changed
by a small amount v,. Show that

vy = — EmUs {l +;_s E-I/T},

1 1
(z‘e + ?,.)
where T = L/(r, + R).

10. A pentode amplifier (r, = =) has a resistance R in series with an
h.t. battery E, to earth. From the cathode to earth is a parallel com-
bination of resistance Rg and condenser C. The voltage between the
grid and earth is changed suddenly by a small amount v,. Show that

&t Rue-tIT
ta —(l +ngK){ + 8mRie h
CRg

where T = (1+—ngx) .

11. A common-cathode triode amplifier has a resistance load of R,.
It is coupled to a second amplifier through a condenser C in series with a
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resistance R. Show that when the voltage on the grid is suddenly
changed by a small amount v, that the voltage across the resistance R is

- TR
(7, +7+%)

= Ryta
where T = C{R + m}'

12. A common-cathode triode amplifier has the primary of a trans-
former as the anode load (inductance L,, negligible resistance). If M is
the mutual inductance between primary and secondary, show that, when
the grid voltage changes by a small amount v,, the secondary voltage is

wMo, T
L, ’
where T = L,/r,.

(Note. In Examples 9 to 12 find qualitatively, using the valve charac-
teristics, the changes in currents and voltages in the cases where these
changes are not small.)

13. A common-cathode pentode amplifier (r, = <) has an anode load
composed of C, R and L in parallel. Show that if the grid voltage
changes by a small amount v,and T =2CR >V LC,

L .1
then Vg = — Emls J ¢ T sin VIc 2
14. A common-cathode triode amplifier has an anode load resistance R,
and a capacitance C between anode and grid. Show that, if the grid
voltage changes by a small amount v,,

Vs = -—g,,.Rlv,{l - (1 +gml—R;)c-‘IT}’

where T = CR,.

15. A common-cathode pentode amplifier (r, = ) has an anode load
composed of resistance R in parallel with a capacitance C and with the
primary L of a transformer. The secondary of the transformer (mutual
inductance M) is in series with the d.c. grid supply between the grid and
cathode. If the grid voltage changes by a small amount v,, show that

Vg = — gmv,JZc"/’ sin —1=
¢ vLC~
1 11 gaM +=
where T—TC{F__L'}<1/‘/LC'
16. The table on next page gives some data on the static character-
istics of a photo-electric cell:
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Anode-cathode Amount of
potential 0 10 25 250 light falling on
difference, V cathode, lumens
0 0-78 08 0-9 0-02
Anode
current, 0 1-6 1-6 1-8 0-04
uA
0 30 32 36 0-08

(a) What type of cell is this, and for what applications is it particularly
suited?

(b) The cell is used in the circuit shown in Fig. XI.i. The light falling
on the cathode is mechanically chopped into ‘‘ square *’ pulses such that

—0+250V
R;Sima
0-O1uF
CELL R, SiMa
—_—0 o
Fic. XLi

it is constant at 0-08 lumen for 0-02 sec and is zero for 0-02 sec. Assuming
that steady conditions have been reached, what are the maximum and
minimum values of pulse-height developed across R,?
(1-31V, —1-31V) [I.LE.E., III, April 1956.}
17. For applications involving transient phenomena it is often necessary
to use an amplifier whose gain is constant over a wide frequency range,
and whose phase-shift changes in proportion to the frequency. Explain
simply why these characteristics are necessary, and show why it is difficult
in practice to obtain them simultaneously with high gain.
[L.LE.E., III, 1954.]
18. A single-stage amplifier is to use a pentode having an anode slope
resistance of 1 MQ and a mutual conductance of 2 mA/V. The amplifier
is to feed a circuit of resistance 0-5 MQ and shunt capacitance 12 puF
through a coupling capacitor. The gain is to be uniform, within 3 dB,
from 20 c/s to 100 kc/s. If the anode-earth capacitance plus stray
capacitance is 8 ppF, what load resistance is required, what middle-
frequency gain can be achieved and what is the minimum value of coupling
capacitor required?
If the input to this amplifier consists of rectangular pulses, estimate:
(i) The rise-time (to 90 per cent) of the output pulses.
(ii) The greatest pulse length that can be handled if the decay of
the output pulse is not to exceed 10 per cent.
(104,000 Q, 160, 0-016 uF, 3-7 us, 22 ms.) (L.LE.E., III, 1956.]
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19. A valve having an amplification factor of 5 and a mutual conduct-
ance of 5 mA/V feeds a load circuit of inductance 25 henry and resistance
1,000 Q. Negative feedback is applied by a non-bypassed resistor of
1,000 Q in the cathode circuit. By what value will the anode current
increase if a positive step signal of 35 V is applied to the grid circuit, and
how long will it take to reach 90 per cent of its final value?

(21°9 mA, 7-2 ms.) (I.LE.E., III, 1954.]

ExampLEs XII
1. In the direct-coupled amplifier of Fig. 12.1 show that a small change
of amount ¢, in the battery voltage E, would give a change in output
voltage of

1 gm
R 1+ R/r,

1 1
RT7

2

when both valves are identical and have the same load resistance R.
2. For the amplifier in Fig. 12.4 show that the change in output arising
from a change ¢, in the supply E,, is approximately equal to

RRe,, .
Rx(R, + R,)

For a change ¢, in E, show that the output changes by
RR,e,

Rg(R, + Ry

3. Explain why the performance of the circuit in Fig. 12.7 may be
improved by replacing Rg by a suitably biased pentode.

4. Draw the circuit diagram of a cathode-coupled amplifier stage and
explain its operation. Show how such a circuit can be used as a difference-
amplifier and derive an expression for the gain in this case.

5. What is meant by ‘‘ drift *’ in connection with direct-coupled ampli-
fiers, and why is it so serious in high-gain d.c. amplifiers, whereas it is not
usually troublesome in equally high-gain systems using capacitive or
transformer inter-stage coupling? Mention the main causes of drift, and
explain how their effects can be minimized.

[I.E.E., III, October 1956.]

6. The diagram of Fig. XII.i shows the circuit of a d.c. valve voltmeter.
Describe the manner of operation of the circuit and explain the function
of each component. What are the disadvantages of this type of circuit
for this purpose?

E —100V, R, — 6,500 Q, R, — 3,500 Q, R; — 500 Q, R, — 9,500 Q.
Meter resistance 300 Q. Valve u — 19, gn — 2-1 mA/V.
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Find: (a) the anode current when the meter reads zero; () the d.c.
input required to produce a current of 1 mA through the meter.

(3-5mA, 085 V.) (I. of P., 1955.]

7. Two identical triodes, with identical anode resistors but with a
common-cathode resistor, are connected across an h.t. supply. Analyse

T R3 Rz
4 AASK—
R4
Fic. XILi

the action of this circuit and explain how the anode voltages vary when a
sinusoidal voltage is applied to one grid, the potential of the other grid
remaining constant. Why is it desirable that the resistance in the cathode
circuit should be as great as possible?

Indicate possible uses for this type of circuit. (I. of P., 1956.]

8. Discuss the, difficulties which are encountered in the construction and
operation of a direct current amplifier, and explain how these may be
minimized.

Give an example of a situation in which it is possible to modify appar-
atus which would normally yield a direct current response so that an
alternating current output can be obtained. (L. of P., 1957.]

ExampLEs XIII

1. Sketch a typical anode current/anode voltage curve for a tetrode
when the grid and screen voltages are fixed. Explain fully the nature of
the curve. Show how a tetrode may be used as an oscillator.

2. In the vector diagram of Fig. 13.7 add vectors representing I, and
uVg, and explain the conditions to be satisfied for oscillation.

3. In the phase shift oscillator of Fig. 13.3 show that the frequency of
oscillation is given by the formula

1
= 2=RCV6

4. In the phase shift oscillator of Fig. 13.3 show that, for oscillation,
the amplifier voltage gain must be at least 29.

5. Draw a phase shift transistor oscillator corresponding to the triode
oscillator in Fig. 13.3.

6. It is shown in Section 13.6 that both circuits of a tuned-anode-

(Assume R, € R.)
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tuned-grid oscillator must be tuned to resonant frequencies above the
frequency of oscillation. Use this result to explain why this type of
oscillator is not suitable for operation at very high frequencies.

7. When resistive components are taken into account the generalized
triode circuit of Fig. 13.10 takes the form shown in Fig. XIILi, where the

Fi1c. XIII. F16. XIILii

Y'’s are admittances which may be expressed in the form Y =G + 5B,
where G is a conductance and B is a susceptance. Using the equivalent
circuit of Fig. XIILii and assuming that an oscillator is an amplifier
which provides its own input, show that the condition for oscillation is

Y]_Yg + Yng + Yng + Yggm =0.

(Note. The anode slope conductance of the valve g, is included in ¥3.)

8. By separating the Y'’s into their real and imaginary parts show that
the condition for oscillation of the last example reduces to two separate
and necessary conditions

(G1Gs + GyGs + G3G,) — (BB + B,By + B3B,) + gnGy =0
and Gy(Bg + By) + Go(Bs + By) + Go(B, + By) + gnB,y =0.

Use these two equations and the knowledge that all the conductances
are positive to show that B, and B; must have the same sign and B, the
opposite sign.

9. If the circuit resistances in Example 8 are negligible (i.e., all the
conductances are zero except g, and gn) show that the condition for
oscillation becomes Bg/B; > 1/u.

10. Derive the condition for sustained oscillation, and the exact value
of the oscillation frequency, in a circuit consisting of a coil (L, R), a
capacitance (C), and a negative resistance (— 7), all connected in parallel.

11. Compare briefly, with reference to the electric field in the valves, the
action of: (a) a tetrode; (b) a pentode; (c) a beam tetrode.

Show that sustained oscillations may be obtained with any device for
which the voltage—current characteristic has a negative slope and describe
briefly an oscillator based on this principle. (I. of P., 1952.]

12. Describe two possible circuit arrangements for the maintenance of
continuous oscillations in an oscillatory circuit by a triode valve, and
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derive the necessary initial conditions for the continuous increase of
oscillatory amplitude in one of them.
How is the amplitude of oscillation limited by the characteristics of the
valve? (1. of P., 1954.]
13. It can be shown that all single-valve feedback oscillators can be
represented by the basic circuit of Fig. XIIL.iii (a.c. conditions only).

Fi1c. XIILiii

For oscillation to be possible either of the following sets of conditions
must be fulfilled:

Z, and Z; inductive; Zg capacitive.
Z, and Z, capacitive; Zg inductive.

Illustrate each of these criteria with a circuit diagram (showing supply
connections) of a practical oscillator arrangement. What properties of
the valve limit the highest frequency at which such circuits will operate,
and which of the two basic arrangements is preferable when the highest
possible frequency is required? [I.E.E., III, April 1956.]

14. State the conditions for self-oscillation of a valve-amplifier circuit,
and explain the operation of the oscillator shown in Fig. XIIL.iv.

HT.+
SAQ c SkQ
OO1uF |04Q
— —
—— y4
1

' gn ' oxng S ==l

Fi1G. XIILiv

Assuming valves of identical characteristics and high slope resistance,
determine the frequency of oscillation and the least value of mutual
conductance for the valves. The effects of C and R are to be neglected.

(1-30 kc/s, 0-32 mA/V.) [I.E.E., III, October 1956.]

15. A direct-coupled amplifier consists of three identical resistance-
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loaded stages in cascade, and has an overall gain-frequency characteristic
(relative to zero frequency) as follows:

Frequency, kc/s 0 1 10 50 \ 100 | 200 | 400 | 800 ll,600
Changeingain,dB | 0 | 0 | 36| 9 | 21 | 37| 54 | 72 , 90

Voltage gain at zero frequency = 8,000. A fraction of the output
voltage is tapped off the load resistance of the last stage and returned
without modification to the input circuit of the first stage, so that the
feedback at low frequencies is negative. It is found that oscillation
occurs if the voltage feedback fraction exceeds a certain value. Deter-
mine this value, and the frequency of oscillation.

(103, 88 k/cs.) [I.E.E., III, April 1956.]

16. In terms of the quantities shown in the skeleton circuit diagram
(Fig. XIII.v), deduce expressions for: (a) the minimum mutual inductance

Fi1G. XIIIL.v

required for oscillation to commence, and (b) the frequency of oscillation.
What method might be used, in a practical oscillator, to ensure reasonable
amplitude stability of the output? [I.E.E., III, October 1956.]
17. Describe with the aid of a circuit diagram a valve oscillator suitable
for generating frequencies in the audio-frequency range. Give a physical
explanation of the generating process and derive an expression for the
conditions determining the inception of oscillations.
(I.E.E., III, October 1956.]
18. Draw a circuit diagram for a tuned-anode valve oscillator and
explain its action. Sketch a vector diagram for the equivalent circuit
and derive an expression in terms of the circuit constants for the least
value of the mutual inductance necessary for oscillations to commence.
(LLE.E,, III, April 1957.}
19. The a.c. circuit of a transistor is equivalent to a resistance Rg
between emitter and earth, and a resistance R; between collector and
earth. If we assume that for small signals

VUep = hubig and 1:,, = — auie,
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show that the a.c. resistance between the base and earth is

b + Re

1 —«a,

(If the transistor has a value of «. greater than unity, then the a.c.
resistance is negative.)

20. The same transistor is in an a.c. circuit which can be represented by
a resistance Rp between base and earth, whilst there is a resistance R¢
between collector and earth. Show that if

> (144)

the a.c. resistance between emitter and earth is negative.

21. Two identical triodes have their cathodes connected together, and
at the frequency under consideration the anode of each triode is effectively
connected to the grid of the other triode. Show that the value of the
a.c. resistance between the two anodes is

2

(1/ra — &m)
if grid current is negligible.
(Note that 1:¢1 = — 1:.,2.)

ExampLEs XIV

1. Show that the movement of a charge between two planar electrodes
under the influence of a uniform field produces a saw-tooth pulse of current
in the external circuit.

2. Indicate approximately the effect of space charge on the shape of
the current pulse in the external circuit in Example 1.

3. The constant current leaving the cathode of a temperature-limited
planar diode is ¢, and the anode voltage is v, + 7 sin wf. If d is the anode-
cathode distance show that at time ¢ the electron velocity and displacement
are given by

‘;—’: =fnld° (¢ —1¢) — m%d (cos wt — cos wty)

a

::d (¢ — o) cos wty — %d (sin ¢ — sin wty),

and x ='2%:i (t — ) +

where it is assumed that the electron leaves the cathode at time ¢, with
zero velocity, and space-charge effects are neglected.
2
Using the expression Qm( fi—:) for the kinetic energy and e—? for the
potential energy, find, in terms of ¢, and T, the difference between the
K.E. and P.E. at the anode of an electron which reaches the anode at

time? = ¢, { T, where T is the transit time.
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Since z—i'g—t—“ is the number of electrons leaving the cathode in time dt,,

the integral

2w

NN CR —
P = 21‘/0 - (K.E. — P.E) d¢,
gives the additional power consumed by the electrons at the expense of
the h.f. field. If vy> 9, so that T is the same for all electrons, show that

p_"tﬁ 2 —2cos oT — oT sin 0T
T v, (oT)2
4. If the additional source of power consumed by the electrons in the

previous example is represented by a conductance g in parallel with the
diode show that

5 =22 — 2 cos oT — oT sin oT)/(«T)?,
0
where g = 1/v,.

Draw a graph of g/g, against T and hence explain why a diode can
be used as a negative resistance oscillator at very high frequencies.

ExampLES XV

1. Discuss the interchange of energy between electric fields and moving
charges.

Explain qualitatively the growth of the amplitude of the wave along
the helix of a travelling-wave tube.

2. The mean voltage of a klystron resonator is v, and the bunching
voltage is 9, sin of. If 3, < v,, show that the velocities of the electrons
leaving the buncher are given approximately by the equation

u = uy(l 4+ 26710 sin wf),

where #, is the velocity corresponding to v,.

3. Show that the distance-time diagram for an electron in the resonator-
reflector space of a planar reflex klystron is parabolic, and hence show
how bunching occurs.

4. Explain why the collector in a double resonator klystron is some-
times operated at a voltage below the resonator voltage.

6. On a diagram of a planar magnetron similar to Fig. 15.8 show the
electron distribution.

6. Explain briefly how oscillations are maintained in: (a) a Hartley
oscillator; (b) a magnetron; (¢) a multivibrator; (d) a dynatron oscillator;
and (e) a resistance—capacity oscillator.

A triode with a mutual conductance of 1:5 mA/V is to be used as an
oscillator. The parallel-tuned grid circuit has an equivalent series
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resistance of 25 Q and a total capacitance of 200 upF. Calculate the
minimum value of the mutual inductance between the untuned anode
coil and the grid coil in order that oscillations may just be maintained.

(3-3 uH.) (I. of P., 1957.]

7. A diode has a cylindrical anode of radius a metres and a cathode of
radius b metres (¢ > b). A constant potential difference of V' volts is
maintained between them, and the axis of the diode lies along a uniform
magnetic field of flux density B webers per square centimetre.

Calculate the value of B which just allows electrons leaving the cathode
radially with zero initial velocity to reach the anode.

Explain briefly the basic principles of the operation of the cavity
magnetron oscillator. [I.E.E., III, October 1956.]

8. Show how velocity modulation of an electron beam can produce
bunching in a drift space. Show the application of this effect to: (i) an
amplifier, and (ii) an oscillator suitable for very high frequencies.

Upon what factors does the operating frequency of these devices depend?

(I.LE.E,, III, April 1957.]

ExampLEs XVI
1. A diode has the following values of v, and #4:

Vs, V 0 3 10 15 20 25 30 35 40 60
iy, MA 0 4 10 20 32 60 72 96 120 | 240

Find graphically the anode current when a sinusoidal alternating
voltage of peak value 50 V is applied to the diode.

2. In the rectifier circuit of Fig. 16.3 show that the d.c. power output
in the load is #2R/n?(R, + R)?, the power dissipated in the diode is
72Ro/4(R, + R)? and the efficiency (i.e., d.c. power in load/power taken
from source) is

4
(1 + Ry/R)

3. Show that in a condenser-input half-wave rectifier the voltage across
the load is given approximately by the expression §¢ = 7 — #/2fC, where
the symbols have the same meanings as in Section 16.6.

4. Compare the relative merits of condenser-input and choke-input
rectifiers.

5. Draw a diagram similar to Fig. 16.11 to show how the voltage v¢,
builds up across the condenser C, in the voltage-doubling circuit of Fig.
16.14.

6. Explain how the thyratron circuit shown in Fig. XVL.i may be used
to control a unidirectional current through the load R. Draw waveforms
of the anode voltage and anode current.

7. A certain gas diode has a striking voltage of 105 V and over the
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voltage range 72 to 78 V the diode current varies from 5 to 45 mA. Show
that this diode may be used to supply a load current from 0 to 40 mA
whilst the voltage remains constant at 75 V 4 4 per cent.

+
q~) V= pz sin ¢

F16. XVLi

A diode with similar characteristics is used to maintain a stable voltage
of 75 V across a resistance of 5,000 Q using a nominal 200 V d.c. supply,
with the circuit shown in Fig. 16.20.5. Calculate the value of R and show
that the d.c. supply voltage may vary by 30 per cent for a 4 per cent
voltage variation across the load. What is the minimum value of the
supply voltage for switching on?

(3,120,170 V.)

8. A half-wave diode rectifier feeds a load of resistance 10,000 Q,
across which is connected a 1 uF capacitor. The supply is sinusoidal, of
frequency 50 c/s, and the diode has zero resistance when conducting and
infinite resistance when non-conducting. Determine the instants in the
cycle at which diode conduction commences and ceases.

(280° and 380° from peak) [I.E.E., III, October 1956.]

9. Explain the action of the two diode voltmeter circuits in

—i— ! ¥
, @ ,

¥ " ("") Y2

Fi1c. XVLii

Fig. XVLii and indicate the type of application for which each is suitable.
If the output voltage from these circuits is to be amplified before measure-
ment, sketch suitable direct current amplifiers for use with each type of
circuit. (I. of P., 1952.]

10. Compare the actions of a thyratron and a discharge-tube voltage
stabilizer.

Sketch: (a) a circuit using a thyratron to control the opening and
closing of a relay in response to an external signal, and (b) a circuit using
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a discharge-tube voltage stabilizer. Comment on the performance of the
voltage stabilizer and indicate briefly how any residual voltage fluctua-
tions might be eliminated. (I. of P., 1952.]

11. Explain, with circuit diagrams, the action of two types of full-
wave rectifier circuit suitable for supplying an X-ray tube at 200 kV
from a 50 c/s supply. Describe the essential features of the components
used and explain briefly how the voltage across the X-ray tube could be
measured.

If the X-ray tube current is 10 mA, what must be the capacity of the
smoothing condensers if the ripple is not to exceed 0-5 per cent?

(0-1 uF.) (I. of P., 1953.)

12. The circuit diagram of a series—parallel voltage-stabilizer circuit
is given in Fig. XVLiii. V1 and V2 are identical triodes for which

INPUT
VOLTAGE

F16. XVLiii

R, = 40,000 Q and ¢ =20. V3 is a gas-discharge tube. R, = R, and
Ry =1MQ. Calculate, approximately, the change in the output voltage
if the input voltage changesby 10 V. (0-04 V.) (I. of P., 1956.]

ExamMpLEs XVII

1. Explain what is meant by an amplitude-modulated wave and show
that it may be represented by a carrier and side-bands. What is the
significance of this for communication purposes?

A transmitter radiates a power of 1,000 W when fed with a carrier
amplitude modulated to a depth of 50 per cent. Calculate the power
in each side-band.

(56 W.)

2. Describe and explain the main features of a superheterodyne receiver
for the reception of amplitude-modulated broadcast signals. Describe
in more detail the action of the second detector.

3. A superheterodyne receiver has a calibrated r.f. dial which indicates
the frequency of the received signal. A certain station is received strongly
at 100 Mc/s on the dial and weakly at 76 Mc/s. Explain this and determine
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the actual frequency of the station and the intermediate frequency of the
receiver.

(100 Mc/s, 12 Mc/s.)

4. The receiver in Example 3 receives the same station very weakly
when the dial indicates 82, 84, 92 and 94 Mc/s. Show how these results
arise from the harmonics of the station and the local oscillator.

5. A second station is received on the same receiver when the dial is
set to 106 or 94 Mc/s. Explain this and find the actual frequency of the
station.

(224 Mc/s.)

6. Explain how a pentode valve may be used as a variable reactance.

7. Draw the circuit of a variable-reactance valve in which the grid
bias may be varied at audio frequency. The phase-shift potential divider
consists of a capacitor of 30 pF connected between grid and negative h.t.
and a 50 kQ resistor.

Show that the impedance between anode and cathode of the valve is
equivalent to an inductance shunted by a resistance, and find the values
of these components for mean values of g, = 2 mA/V and f = 1,000 c/s.

Explain how the circuit may be used for frequency-modulation of an
oscillator.

What steps could be taken to avoid amplitude modulation?

(85 H, 500 Q.) (I.E.E., III, April 1956.]

8. Show that the processes of modulation, demodulation and frequency-
changing are essentially the same.

The dynamic characteristic of a triode with a 10,000-ohm resistive load
is represented by

I, =25 (Va + 6) + 0:2(Vu + 6)% milliamperes,

where V,; is the potential difference between grid and cathode in volts.
The valve is operated with a fixed bias of — 3 V, and sinusoidal signals of
amplitudes 1 V and 0-5 V at frequencies of 2 kc/s and 5 kc/s, respectively,
are applied simultaneously to the grid circuit. Determine the amplitudes
and frequencies of the various components of voltage across the load.

(59-3,33,16-5,1,0-25,1,1V;0,2,5,4, 10,7,3 k/cs.) [I.E.E., III, 1954.]

9. Explain the operation of a diode rectifier used for the demodulation
of a modulated radio signal.

Show that for an unmodulated signal the load presented to the preceding
valve by the diode circuit is a resistance of half the value of the series load
resistor in the diode circuit. Assume the diode to act as a perfect rectifier
and to have a large condenser in parallel with the load resistor.

(I. of P., 1957.]

ExamprLeEs XVIII
1. Describe in detail the operation of a free-running multivibrator.
What general considerations govern whether a trigger circuit will be free-
running, mono-stable or bi-stable? Give examples of each type of circuit.
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2. Use Sections 6.9, 18.1 and 18.4 to show how a transitron relaxation
oscillator may be used as a switch across a charging condenser for the
production of a saw-tooth waveform with the circuit shown in Fig.
XVIILi.

[ - \

i~

=

F1e. XVIILi

3. Valves 1 to 6 in the circuit shown in Fig. X VIILii form three bistable
binaries which count up to seven in the normal manner. The output of
the first binary is also arranged to switch one stage of the output bistable
circuit. Show that the whole circuit gives one negative output pulse for
every ten input pulses.

4. Analyse the transistor multivibrator circuit of Fig. 18.6, assuming
that the collector current is a linear function of the base current but is
almost independent of the collector-emitter voltage.

ExampLEs XIX

1. Show that a pentode valve used with a high-resistance load acts as
a clamping device at approximately zero voltage. Hence show that the

% ouTPUT
O
o l A 4 N é | O —-—
INPUT ¢ -+ INPUT 2
o -O-
Fic. XIX.i

circuit of Fig. XIX.i acts as a coincidence counter, i.e., a device which
operates only when two negative signal pulses occur simultaneously.
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2. Explain how the circuit of Fig. XIX.ii can also act as a coincidence
counter for negative pulses.

3. Explain how the circuits of Examples 1 or 2 may be adapted to act

as ‘‘ gates ", i.e., circuits which will count only for specified time intervals.

4. The Operational Amplifier. The circuit in Fig. XIX.iii shows an

-
INPUT { INPUT 2
% ouTPUT
o—o 2 o
Fic. XIX.ii
JZ ]
i Suid |
+ Z; +
.‘ A ‘o
Fic. XIX.iii
R
AV
+
A €
Fic. XIX.iv

amplifier with a network z; in series with the input signal and a feedback
impedance network z;.. Show that for a sinusoidal signal

z
EOQ—E{EI

when the inherent gain of the amplifier is very large.
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When z; is a resistance R;and z is due to a capacitance C; show that for
any signal

1
€g X — ITC!' [0 ngt.
Also, when z; is due to a capacitance C; and z; = R show that

de.-
1 E *

(Note. These amplifiers are able to carry out respectively the mathe-
matical operations of integration and differentiation. They are used in
differential analysers and analogue computers.)

5. Show that the operational amplifier in Fig. XIX.iv can be used to
carry out the mathematical operation of addition.

eq ~ — R/C

ExamprLEs XX

1. Write an account of the causes and effects of amplifier noise with
particular reference to resistance noise, shot noise, equivalent noise
resistance and noise factor.

2. A signal generator has an open-circuit output e.m.f. ¢, and its output
impedance is resistive and of value R. Show that the ratio of signal to
noise across the generator terminals on open-circuit is ¢3/4*TBR. When
a resistance R, is connected across the output terminals show that the
signal-to-noise ratio is ¢2R,/4*TBR(R + R,) and the noise factor is
R\/(R + Ry).

Hence show that in a receiver with a first stage of zero noise resistance
and high gain the noise factor is 3 dB when the receiver input resistance,
assumed not to be due to feedback, is matched to the generator.

3. Give a full account of how noise may be generated in thermionic
amplifiers, and indicate why noise considerations are important in:
(@) carrier-telephony repeaters; (b) television amplifiers.

(I.LE.E., III, April 1957.]

4. Available power is defined as the maximum power which may be
obtained in a load from a source, and it is achieved by matching the load
to the source. Show that the maximum available noise power from any
resistance is 2T B.

5. Show that in a receiver with power gain G and an available noise
power output of Py per unit band width, the noise factor is Py/kTG
when the receiver is matched to a generator at temperature 7.

6. A receiver has its input matched by a resistance R, across which is
connected a temperature-limited diode. The available output noise
power of the receiver is doubled when the diode current is increased from
zero to 44. Show that the noise factor of the receiver is ei R/2kT.

(Note. This method is used for the experimental determination of
receiver noise factor.)
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7. A wide-band amplifier is to consist of a number of identical stages,
each giving a voltage gain of 10 times, and is to respond uniformly from
direct current to 10 Mc/s. The signal-source resistance is 3,000 Q, the
input resistance is 2,000 Q and the equivalent noise resistance of the valves
used is 1,500 Q, referred to the grid. The final stage can develop 30 V
(r.m.s.) output. How many stages are required if, at full gain in the
absence of signal, full output is to be provided by noise? The temperature
of the equipment is 27° C.

The mean-square noise voltage developed by a resistance R Q is:

¢t = 4 kTBR,

where %2 =1:37 X 107% joule per degree; T = absolute temperature;
B = effective band width, c/s.

7)) (I.LE.E., III, April 1957.]

8. A 75 Q resistive signal source is coupled to the first stage of an
amplifier by a network giving an impedance step-up of 100 times and an
effective band width of 5 Mc/s. Valve and circuit damping amount to
5,000 Q, and the noise resistance of the valve, referred to its grid, is 2,000 Q.
Assuming a uniform temperature of 17° C, what is the r.m.s. noise voltage
referred to the grid of the valve?

You may assume that the ‘‘ available power’’ from a source of
noise is AT B watts, where & = 1-37 X 102 joule per degree absolute;
T = temperature in degrees absolute; B = effective band width in cycles
per second. (20.uV.) (I.LE.E., III, 1954.]

9. A common-cathode amplifier is the first stage of a receiver. If a
resistance R is across the input terminals the noise output of the receiver
is found to be twice the noise output when the input terminals are short-
circuited. Show that the noise resistance of the amplifier is equal to R.
(Assume that there is no change in band-width.)



APPENDIX 1
LIST OF SYMBOLS

THE list below contains certain symbols which are used frequently in
the book. Some symbols are used with more than one meaning, but
where this occurs the context makes it clear which meaning is intended.
Symbols in heavy type denote complex or vector quantities. The
rationalized M.K.S. unit in which each quantity is measured is also
given.

A or A = voltage amplification.
A; or A; = voltage amplification with feedback.
A, = power amplification.
|A| = stage gain.

0: . .
gy = a_ii at constant v¢g in a transistor = A,

or . .
A, = — a—f at constant vcp in a transistor = — hgys.
E

B = magnetic flux density, Wb/m2.
B = frequency bandwidth, c/s.
B or B = fraction of output voltage fed back in series with
the input.
C = capacitance, F.
Cop, Cot, Cox . . = inter-electrode capacitances, F.
d = distance between parallel planes, m.
diy, dgs = interelectrode clearances, m.
8 = secondary emission coefficient.
E = energy, W.
E,, E,, etc. = e.m.f. of battery supplies, V.
E = electric field strength, V/m.
n = efficiency = Py/P 4.

F = force, N.
f = frequency, c/s.
&m = a%, at constant v, = mutual conductance or trans-
conductance of a triode, A/V.
&m = a% at constant vy, vg2, g3 = mutual conductance

or transconductance of a pentode, A/V.
Gl  refers to control grid in multi-electrode valves.
G2  refers to screen grid in multi-electrode valves.
G3  refers to suppressor grid in multi-electrode valves.
338
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ov . .
hyy OF by = =22 at constant vgp in common base transistor, Q.
11 Jix

v .. .
hyg O hygy = av—" at constant iz in common base transistor.
cB
01 . .
hgy OT hayp = aTc at constant vgp in common base transistor
E
_ — aa,
) . . .
hgq OT hogy = av_c at constant 7z in common base transistor, mho.
cB
Ovpg

e = b at constant vcg, in common emitter tran-
sistor, €.

v .. . .
hi2. = avl"at constant 75, In common emitter transistor.
CE

dic . .
2le = R+ , -
ho1e = at constant veg, In common emitter tran
813

sistor = a.
oi .. . .
hooe = av—c at constant 75, in common emitter transistor,
CE
mbo.

1+ = current, A.
i, = total anode current, A.
i, = varying component of anode current, A.
I, = vector value of sinusoidal component of anode
current, A.
iq = steady value of anode current in absence of a
signal, A.
14 = mean value of total anode current, A.
1, = peakvalueofvarying component ofanodecurrent, A
1g = total grid current, A.
1, = varying component of grid current, A.
I; = vector value of sinusoidal component of grid
current, A.
i = mean value of total grid current, A.
i, = peak value of varying component of grid current, A.
1z = total cathode current, A.
ig, t8, t¢ = totalemitter, base, collector current, respectively, A.
%, %, t. = varying component of emitter, base, collector
current respectively, A.
I, Iy, I, = vector value of sinusoidal component of emitter,
base, collector current respectively, A.
J = current density, A/m2.
Js = total emission current density, A/m?2.
| = effective length of deflecting system of a cathode-
ray tube, m.
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L = inductance, H.
L = length from deflecting system to screen of a
cathode-ray tube, m.
A = wavelength, m.
m = mass, kg.
m or m, = mass of electron, kg.
m; = mass of ion, kg.
p = charge mobility = ratio of drift speed to applied
electric field, m2s-1 V-1,

= g% at constant i, = triode amplification factor.
(4
pg = — g—zz at constant 4, and v, = tetrode amplifica-

tion factor.
P, = power output, W.
P, = anode power dissipation, W.
¢ = charge, C.
R = resistance, Q.
7 = radius, m.
7, = anode slope resistance where 1/r, = %‘-
¢ = charge density, C/m3. “
¢ = conductivity, Q' m1.
= time, sec.
T = alternating period, sec.
T = absolute temperature, ° K.
T+ = electron transit time, sec.
¢ = phase angle, rad.
¢ = work function, eV.
u = velocity, m/s.
v = potential, V.
v4 = total anode voltage measured from cathode, V.
v, = varying component of anode voltage, V.
V. = vector value of sinusoidal component of anode
voltage.
v4q (sometimes vg) = steady or quiescent value of anode voltage in
absence of signal, V.
74 = mean value of total anode voltage, V.
9, = peak valueof varying component ofanode voltage, V.
vg = total grid voltage, V.
v, = varying component of grid voltage, V.
Vg = vector value of sinusoidal component of grid
voltage, V.
vgq = steady or quiescent value of grid voltage in
absence of signal, V.
1 = mean value of total grid voltage, V.
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#, = peak valueof varying component of grid voltage, V.

Va1, Vg2, Vg3, . . = total voltages of G1,G2,G3. . ., V.
¥g1, Vo2 (sometimes) = total voltages of the control grids of two different
valves, V.
Vg1, Ug2, Vg3, . . = varying componentsof voltagesof G1,G2,G3..., V.

9,1, Vp2 (sometimes) = varying components of two different voltages
applied to control grid, or, varying components
of voltages of the control grids of two different
valves, V.

v, = signal voltage, V.
vo = total output voltage, V.
v, = varying component of output voltage, V.
vy = value of potential minimum in space charge, V.
vy = maintenance or operating or burning voltage in
gas discharge.
vg = breakdown or striking voltage in gas discharge.

All the above voltages are measured from the cathode.

vEs, Upc, Vor = total transistor voltages between electrodes indi-
cated, V.
Ves, Vs, Ve = Varying components of transistor voltages between
electrodes indicated, V.
Veb: Vo, Voo = vector value of sinusoidal component of transistor
voltages between electrodes indicated, V.
W4 = maximum permissible anode dissipation, W.
Wp = Fermi energy level, eV.
» = angular frequency = 2=f, rad/s.
X =reactance, Q.
Z = impedance, Q.
Z = vector impedance, Q.



APPENDIX II
USEFUL CONSTANTS

¢ = velocity of light in free space = 3-00 x 108 m/s.
e = electronic charge = 1-60 x 10-1® C,

¢, = primary electric constant = 8:86 x 10~!2 F/m.

e = 272.

h = Planck’s constant = 6-62 x 10-¥ J-s.

k = Boltzmann’s constant = 1-38 x 10723 J/° K.

m = electronic rest mass = 9-11 x 10731 kg.

APPENDIX III
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Abnormal glow, 63

Accelerator, linear, 218

Acceptor atom, 34

Aerial, 240, 291

Amplification factor, 72, 76, 81, 92, 93,
302

gas, 61
power, 115, 1856
voltage, 96, 99, 138, 181
Amplifier, audio, 96, 115, 138, 260
balanced, 186
bandwidth, 109, 306
cathode-coupled 187, 268
cathodefollower, 113, 164, 162, 238, 287
Class A, 131, 208
Class B, 131, 140, 208
Class C, 78, 136, 178, 195, 208
common-anode, 112, 164
common-base, 138, 311
common-cathode, 112
common-collector, 144, 311
common-emitter, 142, 164, 311
common-grid, 112, 163, 205, 306
differential, 185
direct-coupled, 181, 200
distortion in, 107, 117, 124, 141, 158,
159, 1756
double-stream, 218
efficiency of power, 120, 132, 140
feedback in, 151, 179, 184
grounded-grid, 205
high-frequency, 107, 132,
205, 212, 215, 218, 250
intermediate-frequency, 261
klystron, 212
magnetic, 189
noise, 169, 288, 336
operational, 163, 336
power, 115
push-pull, 128, 186
r