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PREFACE TO SECOND EDITION

INCE the first edition of this book was written a number of

significant developments have occurred in the science of semi-
conduction. The chief of these have been the disappearance of
the point-contact transistor and the adoption of the drift transistor
for r.f. applications. To keep the book up-to-date, appropriate
changes have been made to the text of this second edition: all
references to point-contact transistors have been omitted and the
space saved has been devoted to drift transistors and their applica-
tions in pulse amplifiers and v.h.f. receivers. Other new topics
included in the second edition are voltage-reference diodes and
controlled rectifiers. The sections on transistor multivibrators and
on miscellaneous applications of semiconductor devices have been
considerably expanded and are now included in separate chapters.

The opportunity has been taken of rewriting parts of Chapters
1 and 2 which describe the physics of the junction diode and the
transistor. The author would like to express his gratitude to
Dr. J. R. Tillman for many valuable suggestions incorporated in
the revised text of these two chapters.

Thanks are also due to Dr. T. B. Tomlinson for information
which proved helpful in the preparation of the new chapter on
transistor multivibrators.

Finally, mention must also be made of a number of useful com-
ments (embodied in this new edition) which have been received
from Dr. Charles M:on Gewertz, Mr. B. C. Jones, of
Murphy Radio Limited, and the author’s colleagues in the B.B.C.
Engineering Training Department.

Stanmore
December, 1960



PREFACE TO FIRST EDITION

TI—IE introduction of junction transistors has made possible the
construction of electronic equipment of small size and extreme
economy in running costs. In particular, transistors are well suited
for use in miniature radio receivers and amplifiers and are thus
likely to stimulate interest among amateur constructors. To help
designers of transistorised equipment there is a need for a book
giving the basic principles of transistor circuits: this small volume
was written in an effort to provide the elementary principles
required.

The book begins with introductory chapters on the physical
processes occurring in transistors but the emphasis is on applica-
tions rather than physics and the bulk of the book is devoted to
determinations of such quantities as input resistance, stage gain,
optimum load, power output, values of coupling capacitors and
transformer winding inductances. The mathematics is confined
to algebraic manipulation and is illustrated by a large number of
numerical examples which show the order of practical magnitudes
of these quantities.

Some details of transistor relaxation oscillators and photo-sensi-
tive devices are given in the final chapter and the book ends with a
short account of a number of new types of transistor which may
become important in the future by extending the frequency range
over which semiconducting devices can operate satisfactorily.

Stanmore
January, 1959



SEMICONDUCTORS AND JUNCTION DIODES

Introduction

NE of the most outstanding developments in electronics since
the Second World War has been the introduction of the
transistor, a minute semiconducting device which can perform most
functions of a thermionic valve but with far greater efficiency. A
transistor may be smaller than a } in. cube, has no heater, may
consume less than 1 mA from a 3-volt source, yet can be as effective
as an amplifier or oscillator as a thermionic valve consuming, say,
50 mA of filament current at 1-4 volts and 2 mA of anode current
at 60 volts. In addition to its greater efficiency, the transistor is
non-microphonic and has a life many times that of a valve. Early
junction transistors operated satisfactorily up to a few Mc/s only,
but modern (drift) types can be used above 100 Mc/s. The output
power of transistors has also steadily increased and a modern power
transistor can deliver several watts in class-A operation.

One disadvantage of transistors compared with thermionic
valves is that the current they draw from the h.t. supply increases
with temperature. The dissipation produced by this current in
the transistor itself generates heat and a regenerative action is
possible, ending in a rapid rise of current which can damage or
even destroy the transistor. This phenomenon is termed thermal
runaway and, where danger of it exists, the circuits associated with
the transistor must be designed to prevent runaway by making the
current drawn from the supply less dependent of ambient and of
transistor temperature. Stabilisation circuits of this type are
discussed fully in Chapter 6. The danger of thermal runaway is a
very real one in germanium transistors, and most of the transistors
in use at present employ this element. For silicon transistors the
usable range of temperature is much greater—and the danger of
thermal runaway at normal operating temperatures is much less.

Although a transistor can perform nearly all the functions of a
valve, such as detection, amplification, oscillation, pulse-generation
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PRINCIPLES OF TRANSISTOR CIRCUITS

and frequency changing, its properties are different from those of a
valve and it therefore requires specialised circuitry. The principal
difference is in the input and output resistances and in the internal
feedback of the transistor, For a transistor the input is small
compared with the output resistance, and to obtain efficient
operation the associated circuit must be designed to allow for this.
The internal feedback must in many circuits be neutralised or
otherwise allowed for.

Possibly the most obvious application for transistors is in deaf-aid
equipment where their small size makes possible the construction
of unobtrusive amplifiers which can, in fact, be built into the
framework of spectacles. Such amplifiers can operate for long
periods on a single 1-5-volt cell and have very low running costs.
Transistors have already supplanted valves in portable radio
receivers and here too they have made possible a substantial reduc-
tion in running costs. A receiver may need five or six transistors
to give a performance comparable with that of a four-valve battery-
driven superhet but the average current consumption is not likely
to exceed 25 mA at 6 volts, which represents less power than is
consumed by the filaments alone of the valve receiver. Transistors
are well suited for use in car radio receivers because they operate
well on a 6-volt or 12-volt supply such as a car battery. Thus a
completely-transistorised car radio requires only a 6-volt or 12-volt
supply and there is no need for the bulky and noisy vibrator or
rotary unit required in an all-valve car radio to supply the
h.t. Thermionic valves can give a useful performance as voltage
amplifiers and frequency changers even when operated from an
h.t. supply as low as 12 volts but they cannot deliver the power
output expected from a car radio from such a low-voltage supply.
A transistor can, however, deliver the required a.f. output from
such a supply and it is therefore possible to construct a 12-volt car
radio with valves in all stages except the last which is transistorised.
Such a radio is termed a Aybrid type and it has the advantage of the
fully-transistorised type that it eliminates the need for an h.t. unit.
Some care is needed in the design of a car radio including transistors
to protect them from thermal runaway because it is possible to
obtain high temperatures inside a closed car on a hot surmmer day.

Transistors are well suited for use in portable public-address
amplifiers, and it is possible to construct equipment to deliver, say,
20 watts of power, which operates from a 6-volt or 12-volt supply.

Transistors have been used in telephone equipmentsuch asrepeaters
and also in walkie-talkie equipment. Transistor transmitters
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SEMICONDUCTORS AND JUNCTION DIODES

and receivers have even been successfully operated from solar
cells (i.e. cells which derive their power from the sun): the
running cost of such equipment is literally nothing.

DEFINITION OF A SEMICONDUCTOR

The heart of a transistor consists of semiconducting material, e.g.,
germanium or silicon and the behaviour of the transistor largely
depends on the properties of this material. As the name suggests
a semiconducting material is one with a conductivity lying between
that of an insulator and that of a conductor: that is to say one for
which the resistivity lies between, say, 10*2 chm-cm (a value typical
of glass) and 10-% ochm-cm (approximately the value for copper).
Typical values for the resistivity of a semiconducting material lie
between 1 and 100 ohm-cm.

Such a value of resistivity could, of course, be obtained by mixing
a conductor and an insulator in suitable proportions but the
resulting material would not be a semiconductor. Another
essential feature of a semiconducting material is that its electrical

SEMI-CONDUCTOR

CONDUCTOR Fig. 1.1. Resistance-temperature
relationship for a conductor and a

semiconductor

RESISTANCE —>

TEMPERATURE ——>

resistance decreases with increase in temperature over a particular
temperature rangc which is characteristic of the semiconductor.
This behaviour contrasts with that of elemental metallic conductors
for which the resistance increases with rise in temperature. This is
illustrated in Fig. 1.1, which gives curves for a conductor and a
semiconductor. The curve for the conductor shows the resistance
increasing linearly with increase in temperature, whereas that for
the semiconductor shows the resistance decreasing exponentially
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PRINCIPLES OF TRANSISTOR CIRCUITS

with increase in temperature. Over the significant temperature
range the relationship between resistance and temperature for a
semiconductor could be written

Ry = aeV/T

where R; is the resistance at an absolute temperature T, a and b
being constants characteristic of the semiconducting material. The
two curves in Fig. 1.1 are not to the sume vertical scale of resistance.

All semiconducting materials exhibit the temperature dependence
discussed in the paragraphs above in the pure state: the addition
of impurities raises the temperature at which the material exhibits
this behaviour, i.e. the region of negative temperature coefficient.

Germanium in its pure state is a poor conductor, the resistivity
being 46 ohm-cm at 27° C, and is of little direct use in transistor
manufacture. However, by the addition of a very small but
definite amount of a particular type of impurity, the resistivity
can be reduced and the material made suitable for transistors.
Germanium and silicon so treated are extensively employed in the
manufacture of transistors.

The behaviour of semiconductors can be explained in terms of
atomic theory. The atom is assumed to have a central nucleus
which carries most of the mass of the atom and has a positive charge.
A number of electrons carrying a negative charge revolve around
the nucleus. The total number of electrons revolving around a
particular nucleus is sufficient to offset the positive nuclear charge,
leaving the atom electrically neutral. The number of electrons
associated with a given nucleus is equal to the atomic number of
the element. The electrons revolve in a number of orbits and,
for the purpose of this discussion, the orbits may be regarded as
concentric, the nucleus being at the centre, as shown in Fig. 1.2,
This diagram is greatly simplified; the orbits are in practice
neither concentric nor co-planar.

The first orbit (sometimes called a ring or a shell) is complete
when it contains 2 electrons, and an atom with a single complete
shell is that of the inert gas, helium. The second ring is
complete when it has 8 electrons, and the atom with the first 2
rings complete is that of the inert gas, neon. The third ring is stable
when it has 8 or 18 electrons, and the atom having 2, 8 and 8
electrons in the Ist, 2nd and 3rd rings is that of the inert gas, argon.
All the inert gases have their outermost shells stable. It is
difficult to remove any electrons from a stable ring or to insert
others into it. Atoms combine by virtue of the electrons in the
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SEMICONDUCTORS AND JUNCTION DIODES

outermost rings: for example, an atom with one electron in the
outermost ring will willingly combine with another whose outermost
ring requires one electron for completion.

The inert gases, having their outer shells stable, cannot combine
with other atoms or with each other. The number of electrons in
the outermost ring or the number of electrons required to make
the outermost ring complete has a bearing on the chemical
valency of the element and the outermost ring is often called the
valence ring.

Now consider the copper atom: it has 4 rings of electrons, the
first 3 being complete and the 4th containing 1 electron, compared
with the 32 needed for completion. Similarly the silver atom has

NUCLEUS LOTTTTT TO.,
(POSITIVELY CHARGED) 7 .-=O~~_ ;// ORBITS OF ELECTRONS
, \

"7“\\ ELECTRONS
(NEGATIVELY CHARGED)

Fig. 1.2, Simplified diagram of structure of atom: for simplicity,
eleciron orbits are shown as circular and co-planar

5 rings, 4 stable and the 5th also containing 1 out of 50 needed
for completion. The atoms of both elements thus contain a single
electron and this is loosely bound to the nucleus. It can be removed
with little effort and is termed a free electron. A small em.f.
applied to a collection of these atoms can set up a stream of free
clectrons, i.e., an electric current through the metal. Elements in
which such free electrons are available are good electrical con-
ductors.

It might be thought that an atom with 17 electrons in the outer-
most orbit would be an even better conductor, but this is not so.
If one electron is added to such an orbit it becomes complete and
a great effort is needed to remove it again.

The arrangement of orbital electrons in a germanium atom is
pictured in Fig. 1.3. There arc 4 rings, the first containing 2
electrons, the second 8, the third 18, and the 4th (final) 4. The total
number of electrons is 32, the atomic nurmber of germanium. The
corresponding diagram for the silicon atom is given in Fig. 1.4,
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PRINCIPLES OF TRANSISTOR CIRCUITS

the three rings containing 2, 8 and 4 electrons respectively. The
total number of electrons per atom is 14, the atomic number for
silicon. A significant feature of these two atomic structures is that

0
\\\ \\"‘0"' //
\\~0”/
1%t RING 2 ELECTRONS 15 RING 2 ELECTRONS
2M 8 " nd 8 "
3‘:.d " 18 " 3"9 " 4 "
4th u 4 "
Fig. 1.3.  Structure of germanium atom Fig. 1.4.  Structure of silicon atom

the outermost ring contains 4 electrons: both elements belong to
Group IV of the Periodic Table.

COVALENT BONDS

It might be thought that some of the 4 electrons in the valence ring
of the germanium or silicon atom could easily be displaced and that
these elements would therefore be good conductors. In fact,
crystals of pure germanium and pure silicon are very poor con-
ductors. To understand this we must consider the relationships
between the valence electrons of neighbouring atoms when these
are arranged in a regular geometric pattern as in a crystal. The
valence electrons of each atom form bonds, termed covalent bonds,
with those of neighbouring atoms as suggested in Fig. 1.5. It is
difficult to portray a 3-dimensional phenomenon in a 2-dimensional
diagram, but the diagram does show the wvalence electrons
oscillating between two neighbouring atoms. The atoms behave
in some respects as though each outer ring had 8 electrons and was
stable. There are no frce electrons and such a crystal is therefore
an insulator: this is true of pure germanium and pure silicon at a
very low temperature.

6



SEMICONDUCTORS AND JUNCTION DIODES

At room temperatures, however, germanium and silicon crystals
do have a small conductivity even when they are as purc as modern
chemical methods can make them. This is partly due to the
presence of minute traces of impuritics (the way in which these
increase conductivity is explained below) and partly because
thermal agitation enables some valence electrons to cscape from their
covalent bonds and thus becomes available as current carriers.
They are able to do this by virtue of their kinetic encrgy which, at
normal temperatures, is sufficient to allow a very small number to
break these bonds. If their kinctic energy is increased by the
addition of light or by increase in temperature, more valence
electrons escape and the conductivity increases. When the
temperature of germanium is raised to 100° C, the conductivity
is so great that it swamps normal transistor action. Moreover, if a
reasonable life is required, it is recommended that germanium
transistors should not be operated above say 80° C. The life of a

(17’ » % ity
. i
NSO W&

-l T
FTTCN \
o [ o o,
/ \J’:{‘é/ \

Fig. L5. Illuxtratmg covalent bonds in a crystal of pure germanium :
Jor simplicity, only electrons in the valence rings are shown

germanium transistor is shortened if it is operated above this
temperature but a silicon transistor will give a satisfactory life even
when operated at 150° C.

DONOR IMPURITIES

Suppose an atom of a Group V element such as arsenic is introduced
into a crystal of pure germanium. The atom enters into the
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PRINCIPLES OF TRANSISTOR CIRCUITS

\o‘o\ o/ \‘o\
RN ,.G,?\//// N
e i
@) FREE 11
ELECTRON 37

Fig. 1.6. Illustrating covalent bonds in the neighbourhood of an
atom of a Group Velement introduced into a crystal of pure germanium.
For simplicity, only electrons in the valence rings are shoun

lattice structure, taking the place of a germanium atom. Now
the arsenic atom has 5 electrons in its outermost orbit and 4 of
these form covalent bonds with the clectrons of neighbouring
atoms as shown in Fig. 1.6. The remaining (5th) electron is left
unattached; it is a frcc electron which can be made to move
through the crystal by an e.m.f., lcaving a positively-charged ion.
These added electrons give the crystal much better conductivity
than pure germanium and the added element is termed a donor
because it gives frec electrons to the crystal. Germanium so
treated with a Group V element is termed n-type because nega-
tively-charged particles are available to carry current through the
crystal. It is significant that the addition of the arsenic or some
other Group V element was necessary to give this improvement
in conductivity. The added element is often called an impurity
and in the language of the chemist it undoubtedly is. However, the
word is unfortunate in this context because it suggests that the
pentavalent element is unwanted; in fact, it is essential,

When a battery is connected across a crystal of n-type germanium
the free electrons are attracted towards the battery positive terminal
and repelled from the negative terminal. These forces cause a
drift of electrons through the crystal from the negative to the
positive terminal: for every electron leaving the crystal to enter
the positive terminal another must be liberated from the negative
terminal to enter the crystal. The stream of electrons through the
crystal constitutes an electric current. It the battery connections

8



SEMICONDUCTORS AND JUNCTION DIODES

are rcversed the direction of the current through the crystal also
reverses but it does not change in amplitude; that is to say the
crystal is a [incar conductor. Some part of a transistor is always
of n-type material.

ACCEPTOR IMPURITIES

Now suppose an atom of a Group III element such as indium is
introduced into a crystal of pure germanium. It enters the lattice
structure, taking the place of a germanium atom, and the 3 electrons
in the valence ring of the indium atom form covalent bonds with
the valence electrons of the neighbouring germanium atoms. To
make up the number of covalent bonds to four, each indium atom
competes with a neighbouring germanium atom and may leave
this deficient of one clectron as shown in Fig. 1.7. A group of
covalent bonds, which is deficient of one electron, behaves in much
the same way as a positively-charged particle with a charge equal
in magnitude to that of an electron. Such a particle is called a
hole in semiconductor theory, and we may say that the introduction

Fig. 1.7, Ilustrating cocalent bonds in the neighbourhood of an
atom of a Group I1I element, introduced into a crystal of pure germanium.
For simplicity, only electrons in the valence rings are shoun

of the Group IIT impurity gives rise to holes in a crystal of pure
germanium. These can carry current through the crystal and,
because these current-carriers have a positive charge, germanium
treated with a Group III impurity is termed p-type. Such an
impurity is termed an accepfor inpurity because it takes electrons

9



PRINCIPLES OF TRANSISTOR CIRCUITS

from the germanium atoms. Thus the introduction of the Group II1
element into a crystal lattice of pure germanium also increases the
conductivity considerably and, when a battery is connected across
a crystal of p-type germanium, a current can flow through it in the
following manner.

The holes have an effective positive charge, and are therefore
attracted towards the negative terminal of the battery and repulsed
by the positive terminal. They therefore drift through the crystal
from the positive to the negative terminal. FEach time a hole
reaches the negative terminal, an electron is emitted from this
terminal into the hole in the crystal to neutralise it. At the same
time an electron from a covalent bond enters the positive terminal to
leave another hole in the crystal. This immediately moves towards
the negative terminal, and thus a stream of holes flows through the
crystal from the positive to the negative terminal. The battery
thus loses a steady stream of electrons from the negative terminal
and receives a similar stream at its positive terminal. It may be
said that a stream of electrons has passed through the crystal from
the negative to the positive terminal. A flow of holes is thus
equivalent to a flow of electrons in the opposite direction.

If the battery connections are reversed, the current in the crystal
also reverses in direction but has the same amplitude: thus p-type
germanium is also a linear conductor.

It is astonishing how small the impurity concentration must be
to make germanium suitable for use in transistors. A concentration
of 1 part in 10® may be too large, and concentrations commonly used
are of a few partsin 108, A concentration of 1 part in 108 increases
the conductivity by 16 times. Before such a concentration can be
introduced, the germanium must first be purified to such an extent
that any impurities still remaining represent concentrations very
much less than this. Purification was one of the most difficult
processes in the manufacture of transistors.

INTRINSIC AND EXTRINSIC GERMANIUM

If a germanium crystal contains no impurities, the only current
carriers present are those produced by thermal breakdown of the
covalent bonds. The conducting properties are thus characteristic
of pure germanium. Such a crystal is termed an intrinsic semi-
conductor.

In general, however, germanium crystals contain some trivalent
and some pentavalent impurities, i.e. some donors and some

10



SEMICONDUCTORS AND JUNCTION DIODES

acceptors are present. Some free electrons fit into some holes and
neutralise them but there are some residual current carriers left.
If thesc are mainly electrons they are termed majorily carriers (the
holes being minority carriers), and the material is n-type. If the
residual current carriers are mainly holes, these are majority
carriers (the electrons being minority carriers) and the germanium
is termed p-type. In an n-type or p-type crystal the impurities are
chiefly responsible for the conduction, and the material is termed
an extrinsic semiconductor.

PN JUNCTIONS

As already mentioned, n-type or p-type germanium is a linear
conductor, but if a crystal of germanium has n-type conductivity
at onc end and p-type at the other end, as indicated in Fig. 1.8,

+ ;.- INTERNAL
=== 482z--~y____POTENTIAL BARRIER
H : !
]
- - - ) + +
]
® ® ®.0 o
- - - = s+ @ FIXED DONOR ATOMS
® ® ®,0 © — FREE ELECTRONS
- - - a— 4+ 4 © FIXED ACCEPTOR ATOMS
]
® ® ®:. 60 6 + HOLES
+ 4+ — o+ o+
T
{ i
i
/ PN-JUNCTION
N-TYPE SEMICONDUCTING P-TYPE SEMICONDUCTING
MATERIAL MATERIAL

Fig. 1.8, Pattern of fixed and mobile charges in the region of a pn junction

the crystal so produced has asymmetrical conducting properties.
That is to say, the current which flows in the crystal when an e.m.f.
is applied between the ends depends on the polarity of the e.m.f.,
being small when the e.m.f. is in one direction and large when it is
reversed. Crystals with such conductive properties have obvious
applications as detectors or rectifiers.

It is not possible, however, to produce a structure of this type by
placing a crystal of n-type germanium in contact with a crystal of
p-type germanium. No matter how well the surfaces to be placed
together are planed, or how perfect the contact between the two

11



PRINCIPLES OF TRANSISTOR CIRCUITS

appears, the asymmetrical conductive properties are not properly
obtained. The usual way of achieving a structure of this type is by
treating onc end of a single crystal of n-type germanium with a
Group III impurity so as to offset the n-type conductivity at this end
and to produce p-type conductivity instead at this point. Alter-
natively, of course, one end of a p-type crystal could be treated with
a Group V impurity to give n-type conductivity at this end. The
semiconducting device so obtained is termed a junction diode, and
the non-linear conducting properties can be explained in the
following way.

Behaviour of a pn or np Junction

Fig. 1.8 represents the pattern of charges in a crystal containing
an np junction. The ringed signs represent charges due to the
impurity atoms and are fixed in position in the crystal lattice: the
unringed signs represent the charges of the free electrons and holes
(majority carriers) which are liberated by the impurities. The
n-region contains a few holes and the p-region a few free electrons:
these are minority carriers liberated by thermal dissociation of the
covalent bonds of the semiconducting element itself.

Even when no external connections are made to the crystal, there
is a tendency, due to diffusion, for the free clectrons of the n-region
to cross the junction into the p-region: similarly the holes in the
p-region tend to diffuse into the n-region. However the moment
any of these majority carriers cross the junction, the electrical
neutrality of the two regions is upset: the n-region loses electrons
and gains holes, causing it to become positively charged with
respect to the p-region. Thus a potential difference is established
across the junction and this discourages further majority carriers
from crossing the junction: indeed only the few majority carriers
with sufficient energy succeed in crossing. The potential differ-
ence is, however, in the right direction to encourage minority
carriers to cross the junction and these cross readily in just sufficient
numbers to balance the subsequent small flow of majority carriers.
Thus the balance of charge is preserved even though the crystal
has a potential barrier across the junction. In Fig. 1.8 the internal
potential barrier is represented as an external battery and is shown
in dotted lines.

Reverse-bias Conditions

Suppose now an external battery is connected across the junction,
the negative terminal being connected to the p-region and the

12



SEMICONDUCTORS AND JUNCTION DIODES

positive terminal to the n-region as shown in Fig. 1.9. This
connection gives a reverse-biased junction. The external battery is
in parallel with and aiding the fictitious battery, increasing the
potential barrier across the junction., Even the majority carriers
with the greatest energy now find it almost impossible to cross the

il Pl

|
EXTERNAL BATTERY/

1
r—— - — -— i + + —
® ® ®, © ©
-—— - = : + +—
!
® ® ® 0 ©
- — - -— — i -+ o+ ——p
® @ ®' 0 ©
+ 4+ — e+ FYMINORITY-
i CARRIER
- - = = —J) CURRENT
£ ' \
‘
/ JUNCTON \
N-TYPE SEMICONDUCTING P-TYPE SEMICONDUCTING
MATERIAL MATERIAL
Fig. 1.9. Reverse-bias conditions in a pn junction
- ~e—— VOLTAGE 0

Left: Fig. 1.10. Current-voltage rela-
tionship for a reverse-biased pn junction

~&—— CURRENT

junction. On the other hand the minority carriers can cross the
Jjunction as easily as before and a steady stream of these flows across.
When the minority carriers cross the junction they are attracted
by the battery terminals and can then flow as a normal electric
current in a conductor. Thus a current, carried by the minority
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PRINCIPLES OF TRANSISTOR CIRCUITS

carriers and known as the reverse current, flows across the junction.
It is a small current because the number of minority carriers is
small: it increases as the battery voltage is increased as shown in
Fig. 1.10 but at a reverse voltage of less than 1 volt becomes
constant: this is the voltage at which the rate of flow of minority
carriers becomes equal to the rate of production of carriers by
thermal breakdown of covalent bonds. Increase in the temperature
of the crystal produces more minority carriers and an increase in
reverse current.

Forward-bias conditions

If the external battery is connected as shown in Fig. 1.11, with
the positive terminal connected to the p-region and the negative
terminal to the n-region, the junction is said to be forward-biased.
The external battery now opposes and reduces the potential barrier
duc to the fictitious battery and the majority carriers are now able
to cross the junction more readily., A steady flow of majority

~J Lt
bt |
EXTERNAL BATTERY—""
o Fe = INTERNA
{ 4952071 POTENTIAL BARRIER
I , 1
[l
- - - —;-—-;’ + +
®@ ® ®:0 0O
= MAJORITY-
® @ ®‘; o + o * 1 CARRIER
! CURRENT
— - -— ———
<|—‘ 4+ +
® @ @ | G 6
+ + — + +}MINORITY—
. CARRIER
I
1
)
JUNCTION
N-TYPE SEMICONDUCTING P-TYPE SEMICONDUCTING
MATERIAL MATERIAL

Fig. 1.11. Forward-bias conditions in a pn junction

electrons and majority holes can now flow across the junction and
these together constitute a considerable current from the external
battery. The flow of minority carriers across the junction also
continues as in reverse-bias conditions but at a reduced scale and
these give rise to a second current also taken from the battery
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SEMICONDUCTORS AND JUNCTION DIODES

but in the opposite direction to that carried by the majority
carriers. Except for very small external battery voltages, however,
the minority-carrier current is very small compared with the
majority-carrier current and can normally be neglected in com-
parison with it.

The relationship between current and forward bias voltage is
illustrated in Fig. 1.12. The curve has a small slope for small

+
Fig. 1.12.  Current-voltage T
relationship for a forward- =
biased pn junction w
s
(4
0 VOLTAGE —> +

voltages because the internal potential barrier discourages move-
ments of majority carriers across the junction. Increase in applied
voltage tends to offset the internal barrier and current increases at
a greater rate. Further increase in voltage almost completely
offsets the barrier and gives a steeply-rising current. The curve is,
in fact, closely exponential in form.

Junction Diodes

Junction diodes are very efficient and thercfore little heat is
generated in them in operation. Such diodes can therefore rectify
surprisingly large currents: for example a silicon diode with a
junction area less than } inch in diameter can supply 50 A at 100
volts. The capacitance between the terminals of a small-area
junction is low enough for it to make an efficient detector.

Avalanche Effect

When a pn junction is reverse-biased the current is carried solely
by the minority carriers, and at a given temperature the number of
minority carriers is fixed. Ideally, therefore, we would expect the
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reverse current for a pn junction to rise to a saturation value as the
voltage is increased from zero and then to remain constant and
independent of voltage, as shownin Fig. 1.10. In practice, when the
reverse voltage reaches a particular value which can be 100 volts or
more the reverse current increases very sharply as shown in Fig.
1.13, an effect known as breakdown. The effect is reproducible,

—~e—-~ VOLTAGE

[=]

1
BREAKDOWN /'

VOLTAGE ;

Fig. 1.13. Breakdown in a
reverse-biased pn function

CURRENT

-

breakdown in a particular junction always occurring at the same
value of reverse voltage. This is known as the Avalanche effect
and reversed-biased diodes known as Avalanche diodes (sometimes
called — perhaps incorrectly — Zener diodes) can be used as the
basis of a voltage stabiliser circuit. The junction diodes used for
this purpose are usually silicon types and examples of voltage
stabilising circuits employing such diodes are given in Chapter 13.
The explanation of the Avalanche effect is thought to be as
follows. The reverse voltage applied to a junction diode establishes
an electric field across the junction and minority electrons entering
if from the p-region are accelerated to the n-region as illustrated
in Fig. 1.9. When this ficld exceeds a certain value some of these
electrons collide with valence electrons of the atoms fixed in the
crystal lattice and liberate them, thus creating further hole-electron
pairs. Some new carriers are themselves accelerated by the electric
field due to the reverse bias and in turn collide with other atoms,
liberating still further holes and electrons.  In this way the number
of current carriers increased very rapidly: the process is, in fact,
regenerative. This multiplication in the number of current
carriers produces the sharp increase in reverse current shown in
Fig. 1.13. Once the breakdown voltage is exceeded, a very large
reverse current can flow and unless precautions are taken to limit
this current the junction can be damaged by the heat generated in it.
Voltage stabilising circuits using Avalanche diodes must therefore
include protective measures to avoid damage due to this cause.
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Zener Effect

Some reverse-biased junction diodes exhibit breakdown at a very
low voltage, say below 5 volts. In such examples breakdown is
thought to be due, not to Avalanche effect, but to Zener effect
which does not involve ionization by collision. Zener breakdown
is attributed to spontaneous generation of hole-clectron pairs
within the junction region from the inner electron shells.
Normally this region is carrier-free but the intense field established
across the region by the reverse bias can produce carriers which
are then accelerated away from the junction by the field, so
producing a reverse current.

Capacitance of a Junction Diode

As pointed out above, the application of reverse bias to a pn
junction discourages majority carriers from crossing the junction,
and tends to produce a structure in which the carriers are separated
by a relatively carrier-free region as suggested in Fig. 1.9. Such a
structure is similar to that of a charged capacitor and, in fact, a
reverse-biased junction diode has the nature of a capacitance
shunted by a high resistance. The value of the capacitance is
dependent on the reverse bias voltage and can be varied over wide
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limits by alteration in the bias voltage. This is illustrated in the
curve of Fig. 1.14: the capacitance varies with the voltage according
to a law of the type

C=xkV-1n

where k is a constant and 7 is between 2 and 3. When »z is 2 the
capacitance is inversely proportional to the square root of the
voltage. A voltage-sensitive capacitance such as this has a number
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of useful applications: it can be used as a frequency modulator, as
a means of remote tuning in receivers or for a.f.c. purposes in
receivers. An example of one of these applications of the reverse-
biased junction diode is given in Chapter 13.

Use of junction diode for voltage reference

The breakdown voltage of a reverse-biased junction diode can
be placed within the range of a few volts to several hundred volts
but for stabiliser and voltage reference applications it is unusual to
employ a diode with a breakdown voltage exceeding a few tens of
volts. Some of the reasons for this are given below.

Firstly the breakdown voltage varies with temperature, the
coefficient of variation being negative for diodes with breakdown
voltages less than approximately 5-3 volts and positive for diodes
with breakdown wvoltages exceeding approximately 6-0 volts.
Diodes with breakdown voltages between these two limits have
very small coefficients of variation and arc thus well suited for use
in voltage stabilisers. However for voltage reference purposes the
slope resistance of the breakdown characteristic must be very small
(see p. 187) and the slope is less for diodes with breakdown voltages
exceeding 6 volts than for those with lower breakdown voltages.
Where variations in temperature are likely to occur it is probably
best to use a diode with a breakdown voltage between 5-3 and 6-0
volts for voltage reference purposes but if means are available for
stabilising the temperature it is probably better to use a diode
with a higher breakdown voltage to obtain a lower slope resistance.
Diodes with breakdown voltages around 6-8 volts have a temperature
coefficient (2-5 mV/° C) which matches that of transistors; this
can be useful in designing stabilised power supplies,

Voltage reference diodes are usually marketed with preferred
values of breakdown voltage (4-7V, 5-6V, 6-8V ctc.) with tolerances
of 5 per cent or 10 per cent.
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BASIC PRINCIPLES OF JUNCTION
TRANSISTORS

Introduction

N Chapter 1 we discussed semiconductors and showed that a
junction between n-type and p-type materials has asymmetrical
conducting properties enabling it to be used for rectification. A
triode junction transistor includes two such junctions and they are
arranged as shown in the theoretical diagram of Fig. 2.1.
Fig. 2.1 (a) illustrates one basic type consisting of a layer of

N-TYPE MATERIAL\ P-TYPE MATERIAL
pA 4
P-TYPE MATERIAL/ T -TYPE MATERIAL
@ (b)

Fig. 2.1. Theoretical diagrams illustrating the structure of (a) a pnp and
(b) an npn transistor

n-type material sandwiched between two layers of p-type material:
such a transistor is referred to as a pnp type.

A second type, illustrated in Fig. 2.1 (b) has a layer of p-type
material sandwiched between two layers of n-type semiconducting
material: such a transistor is referred to as an npn type.

In both types, for successful operation, it is essential that the
central layer should be thin. However, it is not possible to construct
junction transistors by placing suitably-treated layers of semi-
conducting material in contact. One method which is employed
is to start with a single crystal of, say, n-type germanium and to
treat it so as to produce regions of p-type conductivity on either
side of the remaining region of n-type conductivity.
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Electrical connections are made to each of the three different
regions of a triode transistor as suggested in Fig. 2.2. The thin
central layer is known as the base of the transistor and corresponds
with the control grid of a triode valve. One of the remaining two
layers is known as the emitter and corresponds with the cathode of a
triode valve. For efficient operation the emitter must have much
greater conductivity than the base and must of course be of the
opposite conductivity, i.e. must be p-type if the base is n-type. The

EMITTER = COLLECTOR

BASE

Fig. 2.2. Electrical connections to a junction transistor

remaining (third) layer is known as the collestor: it corresponds with
the anode of the triode. The transistor may be symmetrical and
either of the outer layers may then be used as emitter: the operating
conditions determine which of the outer layers behaves as emitter,
because in normal operation the emitter-base junction is forward-
biased whilst the base-collector junction is reverse-biased. In

COLLECTOR COLLECTOR
BASE BASE
EMITTER EMITTER
(2) (b)

Fig, 2.3. Circuit diagram symbols for (a) a pnp and
(&) an npn junction transistor

practice most junction transistors are unsymmetrical with the
collector junction larger than the emitter junction and it is essential
to adhere to the emitter and collector connections prescribed by
the manufacturer.,

The symbols used for junction transistors in circuit diagrams are
given in Fig. 2.3. The symbol shown at (a), in which the emitter
arrow is directed towards the base, is used for a pnp transistor and
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BASIC PRINCIPLES OF JUNCTION TRANSISTORS

the symbol shown at (b), in which the emitter arrow is directed
away from the base, is used for an npn transistor.

Construction of an alloy junction transistor

A practical form of construction for a pnp junction transistor is
illustrated in Fig. 2.4, The basic element is a crystal or wafer of
n-type germanium about 0-1 in. square and 0-005 in. thick. A
small pellet of a trivalent element such as indium is placed near the
centre of each of the two opposite faces of the wafer and the com-
bination is heated in an oven to a temperature between the melting
point of indium and that of germanium. This causes the indium
pellets to alloy with the germanium to form regions of p-type
conductivity separated from each other by a thin layer having the
n-type conductivity of the original crystal. Connecting leads are
soldered to each of the indium pellets and to the germanium crystal
and the assembly is hermetically sealed in a light-proof container.
For best performance from the transistor the indium pellet used as
the collector electrode must usually be larger than the other. Ina
symmetrical transistor the indium pellets are of the same size;

METAL RING TO WHICH
GERMANIUM CRYSTAL IS SOLDERED CRYSTAL OF M-TYPE GERMANIUM

LARGE INDIUM PELLET
Vel

EMITTER CONNECTION COLLECTOR CONNECTION

P-TYPE GERMANIUM

(DUE 7O ALLOYING OF INDIUM) P-TYPE GERMANIUM

(DUE TO ALLOYING OF INDIUM)
BASE CONNECTION

Fig. 2.4. Construction of alloy junction pnp germanium transistor

this produces a transistor more suitable for switching applications
than for amplification.

A similar technique can be used to prepare npn transistors: a
crystal of p-type germanium is used and pellets of a pentavalent
element such as arsenic or antimony, carried perhaps in a neutral
(Group IV) element such as lead, are alloyed to it. This alloying
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process is only one of a number of methods which can be used in
the manufacture of transistors.

Operation of a pnp Transistor

Fig. 2.5 illustrates the polarity of the potentials which are neces
sary in a pnp-transistor amplifying circuit. The emitter is biased
slightly positively with respect to the base: this is an example of
forward bias and the external battery opposes the internal potential
barrier associated with the emitter-base junction. A considerable

P-TYPE N-TYPE P-TYPE —++ HOLE PATH
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Fig. 2.5. Hole and electron paths in a pnp junction transistor connected for amplification

current therefore flows across this junction and this is carried by
holes from the p-type emitter (which move to the right into the
base) and by electrons from the n-type base (which move to the
left into the emitter). However because the impurity concentra-
tion in the emitter is normally considerably greater than that of the
base (this is adjusted during manufacture), the holes carrying the
emitter-base current greatly outnumber the electrons and we can
say with little error that the current flowing across the emitter-base
junction is carried by holes moving from emitter to base.

The collector is biased negatively with respect to the base: this
is an example of reverse bias and the external battery aids the
internal potential barrier associated with the base-collector junction.
If the emitter-base junction were also reverse-biased, no holes would
be injected into the base region from the emitter and only a very
small current would flow across the base-collector junction. This
is the reverse current (described in Chapter 1): it is a saturation
current independent of the collector-base voltage. However,
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when the emitter-base junction is forward-biased, the injected holes
have a marked effect on the collector current: this is, in fact, the
essence of transistor action. The holes are injected into the base,
which is a particularly thin layer; most of them cross the base by
diffusion and on reaching the collector-base junction are swept into
the collector region. The reverse bias of the base-collector junction
ensures the collection of all the holes crossing this junction, whether
these are present in the base region as a result of breakdown of
covalent bonds by virtue of thermal agitation or are injected into
it by the action of the emitter. A few of the holes which leave the
emitter combine with electrons in the base and so cease to exist but
the majority of the holes (commonly more than 95 per cent) succeed
in reaching the collector. Thus the increase in collector current
due to hole-injection by the emitter is nearly equal to the current
flowing across the emitter-base junction. The balance of the
emitter carriers (equal to, say, 5 per cent) are neutralised by
electrons in the base region and to maintain charge neutrality
more electrons flow into the base, constituting a base current. The
collector current, even though it may be considerably increased
by forward bias of the emitter-base junction, is still independent
of the collector voltage. This is another way of saying that the
output resistance of the transistor is extremely high: it can in
fact be several megohms. The input resistance is approximately
that of a forward-biased junction diode and is commonly of
the order of 25 ohms. A small change in the input (emitter)
current of the transistor is faithfully reproduced in the output
(collector) current even though the output resistance may be 40,000

SOURCE OF COLLLEACTOR OUTPU{

INPUT SIGNAL OAD SIGNA
EMITTER BIAS m iy
- COLLECTOR BIAS
BATTERY - = BATTERY

+]

Fig. 2.6. Bastc circuit for using a pnp junction transistor as an
amplifier

times the input resistance: this marked disparity between input
and output resistance enables the transistor to act as a very effective
power amplifier. This point is illustrated by numerical examples
later in this chapter.
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Bias Supplies for a pnp Transistor

Fig. 2.6 shows a pnp transistor connected to supplies as required
in one form of amplifying circuit. For forward bias of the emitter-
base junction, the emitter is made positive with respect to the base;
for reverse bias of the base-collector junction, the collector is made
negative with respect to the base. Fig. 2.6 shows separate batteries
used to provide these two bias supplies and it is significant that the

INPUT ,9 COLLECTOR
SIGNAL LOAD Fig. 27. The cireuit of Fi
> ig. 2.7. circuit of Fig.
%‘:E;H 2.6 using a single battery and a
t—i—t——1 potential  divider providing
base bias
—" W\ M
1

Tpf— - - -

=

batteries are connected in series, the positive terminal of one being
connected to the negative terminal of the other. Thus a single
battery can be used to provide the two bias supplies by connecting
it between emitter and collector, the base being returned to a
tapping point on the battery or to a potential divider connected
across the battery. The potential divider technique (illustrated
in Fig. 2.7) is frequently used in transistor circuits and a pnp tran-
sistor operating with the emitter circuit earthed requires a negative
collector voltage.

Operation of an npn Transistor

The action of an npn junction transistor is similar to that of a
pnp type and is illustrated in Fig. 2.8 but the current carriers are
largely electrons instead of holes. The emitter-base junction must
be forward biased and in an npn transistor this requires the emitter
to be biased negatively with respect to the base. This bias causes
a considerable current to flow across the emitter-base junction, a
current carried by the free electrons of the emitter and the holes
of the base. The electrons are required to outnumber the holes
and thus, as in a pnp transistor, the emitter region must have greater
conductivity than the base region: this is ensured during manu-
facture. The base-collector junction is reverse-biased: in an npn
transistor this requires the collector to be biased positively with
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respect to the base. Electrons entering the very thin base region
from the emitter cross the base region by diffusion and on reaching
the base-collector junction are swept into the collector region to
give a collector current which is commonly about 95 per cent of the
emitter current.

Thus the behaviour of an npn transistor is very similar to that of a
pnp type with the bias polarities and directions of current flow
reversed: in particular the collector supply for an npn transistor
with the emitter circuit earthed must be positive.

High-frequency Performance of a Transistor

In the alloy transistor described above there is a uniform impurity
concentration throughout the base region and the only changes in
impurity which occur in the device do so very abruptly in the
junctions separating the base from the emitter and from the collector.
As a result of the uniform impurity concentration, the base region
is field-free and the current carriers (holes in a pnp transistor and
electrons in an npn type) cross this region to enter the collector
region only by diffusion. Diffusion is a slow process and there is a
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Fig. 2.8. Electron and hole paths in an npn junction transistor ted for amplificati

significant time delay between the application of an input signal
to the emitter and the receipt of the corresponding output signal
from the collector. The effect of this on the transistor performance
is discussed more fully later in this chapter but it is similar to the
effect of electron transit time on the performance of a thermionic
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valve: that is to say it degrades the performance of the transistor
as signal frequency is increased and in fact sets an upper limit to the
frequency at which the transistor can be used satisfactorily. To
obtain a good performance at high frequencies the time taken by the
current carriers to cross the base must be reduced to a minimum.
One method commonly employed to reduce transit time in a
transistor is to reduce the thickness of the base region but this may
limit the maximum permitted collector voltage to a few volts.
However, it is scarcely practicable to raise the uppermost working
frequency of a uniform-base transistor much above 20 Mc/s by this
method alone.

Drift Transistor

Another method of reducing transit time in a transistor is to vary
the impurity concentration through the base region so as to produce
an electric field which aids the passage of current carriers across
the base region. To give this effect, the impurity concentration
must be a maximum near the emitter junction and a minimum
near the collector junction and an exponential distribution is a
suitable one to use.

Transistors with such a base region are known as drift transistors
(because the motion of the current carriers from emitter to collector
is mainly a drift imposed by the field in the base region) and have a
much reduced transit time, giving a high-frequency performance
much superior to that of a uniform-base type.

The technique of solid-state diffusion may be employed to
produce the graded base region for drift transistors. One method
is to expose the semiconductor material to a vapour of the desired
impurity in a furnace. This causes impurity atoms to diffuse into
the crystal structure to give an impurity concentration which falls
off as the depth of penetration increases. By this means it is
possible to produce a base region of accurately-controlled thickness
and of graded impurity content. Drift transistors can be made
using wafers of such material by alloying pellets to the two faces of
the wafer as described at the beginning of this chapter. Theoretically
the uppermost working frequency of a transistor can be improved
by up to 8 times by grading the impurity concentration in the base
region, and in practice, drift transistors of this type operate satis-
factorily up to 50 Mc/s. With special care and attention in
manufacture such transistors can be used at frequencies up to
150 Mc/s, making possible the construction of fully-transistorised
v.h.f. equipment such as f.m. receivers.
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Mesa Transistor
A form of construction often adopted for drift transistors is the
so-called Mesa form illustrated in Fig. 2.9. This has the advantage
of giving low collector-base capacitance and good collector dissipa-
tion. The collector region is a block of, say, p-type semiconductor
material large enough to permit collector dissipation up to 0-5W,

BASE CONNECTION EMITTER CONNECTION

n-TYPE P-TYPE

n-TYPE
COLLECTOR
CONNECTION

Fig. 2.9. Construction of a Mesa transistor

even at frequencies of hundreds of Mc/s. An n-type base region is
formed on the upper surface of this block by diffusion and two pellets
of semiconductor material are alloyed to the n-region; one pellet
is of n-type material to form the base connection and the other is of
p-type material to form the emitter connection. Mesa transistors

of this type have operated satisfactorily at frequencies up to 1,000
Mc/s.

CURRENT AMPLIFICATION FACTOR

The ratio of a small change in collector current i, to the small
change in emitter current i, which gives rise to it is known as the
current amplification factor and is represented by «. It is measured
with a short-circuited output. Thus we have

for a junction transistor « cannot exceed unity and is usually between
0-95 and 0-99 corresponding to the 959, or greater capture of
emitter current by the collector mentioned on p. 23.

The current amplification factor for a transistor can be compared
with the voltage amplification factor p for a thermionic valve,
which can be defined as the ratio of the voltage acting in the anode
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circuit to the voltage applied to the grid which gives rise to it.
It is characteristic of a valve that the voltage in the output circuit
is directly related to the input voltage: for this reason valves are
referred to as voltage-operated devices. Similarly it is character-
istic of transistors that the current flowing in the output circuit is
directly related to the input current: for this reason transistors are
referred to as current-operated devices. This does not mean, of
course, that transistors cannot be used as voltage amplifiers: they
are, in fact, often so used and in the next section we shall calculate
the voltage gain obtainable from transistor voltage amplifiers.

VOLTAGE GAIN OF A TRANSISTOR AMPLIFIER

The voltage gain obtainable from a number of commonly-employed
transistor circuits is calculated in detail in Chapters 3 to 5. How-
ever, some simple introductory calculations are given at this point.

These apply to the simple circuit of Fig. 2.7: this is an example
of the common-base type of amplifier described in Chapter 3. We
know from the fundamental nature of transistors that the alternating
component of the collector current is o times the alternating com-
ponent of the emitter current. As a current amplifier, therefore,
the gain has an upper limiting value of 1 for a junction transistor.

An approximate estimate of the voltage gain can be obtained by
assuming the current gain to be unity, that is, by assuming that the
alternating components of the emitter and collector currents are
equal. In effect, therefore, the signal current passes straight
through the transistor without significant change in value. Thus
a signal voltage applied to the low-value input resistance gives an
input current (readily calculated from Ohm’s law) which appears
at the output terminals as though it had originated from a high-
resistance source. The high-resistance source is important for it
means that high-value load resistors may be used without signifi-
cantly affecting the output current: in this way high voltage gains
may be achieved.

For example suppose the input resistance is 50 ochms and the load
resistance 4-7 kQ. An input voltage of 1 mV gives rise to an
input current i, where

_ 1 x 103
T T80

=20 uA

A

8
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If the current amplification factor is taken as unity this is also the
collector current f,. The output voltage V,yu: is given by the
product of output current and load resistance.

Vout = icly
=20 x 10~¢ x 4,700 volts
=94 mV

The voltage gain is thus 94, equal to the ratio of the load resistance
to the input resistance.

A more accurate though still simple calculation of the voltage
gain of a transistor amplifier can be performed as follows. The
relationship between input voltage Vj, and emitter current 2, is
given by

Vin = ieri
where r; = input resistance of the transistor.

The relationship between output voltage Vous and collector
current is a little more complicated because the effective resistance

of this circuit is composed of the output resistance and the collector
load resistance in parallel. Thus we have

Ryr,

Vout = ———— .
out R+ 71,

e

The voltage gain of the amplifier is thus given by

Vou ___Rro i
Vin (R +10) 1.
lea

=, —m——

r¢(Ri + o)
Usually transistor amplifiers are operated from low-voltage supplies
such as 6 or 12 volts and the collector current (steady component)
is often of the order of 1 mA. Thus the collector load resistance
cannot exceed a few thousands of ohms and is commonly 4-7 kQ,

This is small compared with 7, for junction transistors and thus
the above expression for the voltage gain can be simplified to

Vour _ R
Vin T

showing the gain to be directly proportional to the current ampli-
fication factor and the collector load resistance but inversely
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proportional to the input resistance. As a numerical example,
suppose a junction transistor has « = 0+98, r; =50 ohms and R; =4-7
kQ. The voltage gain is given by

Vout —— E_l
Vin £
4,700
=098 x 22—
* 750
= 92-12

These calculations were made on the assumption that the effective
collector Joad resistance is 47 kQ. If a number of transistors
are connected in cascade as in a multi-stage amplifier, even though
the collector circuits may include a 47 kQ resistor, the effective
load resistance for any one transistor must be less than the input
resistance of the following transistor. The stage gain for such a
load value is limited to «, as shown by putting R; equal to 74 in the
above expression for the voltage gain.

It is, however, possible to obtain voltage gains much higher
than this in cascaded amplifiers and some of the circuits which can
be used for this purpose are described in Chapters 3 to 5.

Provided the load resistance for a transistor is small compared
with the output resistance, the voltage gain is proportional to the
load resistance. Thus very high voltage gains can be obtained by
using high-value collector load resistances: such loads, however,
necessitate high values of h.t. supply and moreover should not be
shunted by any circuit which reduces the effective load resistance
unduly.

Such conditions exist in a valve amplifier which uses a transistor
as a pre-amplifying stage. If the amplifier has a 250 volt supply
the transistor can have a collector load of 250 kQ which allows a
collector current of nearly 1 mA. If o = 0-98 and ry = 50 ohms
the voltage gain available is given by

Vour _ R
Vin £
250,000
= 0-98 4
X =50
= 4,900
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This is a surprisingly large gain, which prompts enquiry into the
theoretical maximum. This can easily be calculated from the
general expression
Vour _ R0
Vin ri(Ry + 10)

This expression approaches a maximum value as R; approaches
infinity and the maximum is given by

Vout -« To
Vin L

If « =098, 7, == 1 megohm and r; = 50 ohms, the maximum
voltage gain is given by

Vout 1,000,000
= 0-98 2
Ven X 50
= 19,600

Thus the theoretical maximum voltage gain from a junction
transistor is very high indeed but it is largely of theoretical interest
because it is possible to realise only a small fraction of it with
low values of collector supply voltage.

POWER GAIN OF A TRANSISTOR

The signal input power applied to a transistor amplifier is given by

The power delivered by the transistor to the external collector load
resistance is given by
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Substituting for Vyy:/Vis from the general expression for the voltage
gain given above we have, for the common-base amplifier

Pout =2, 1ot Ry

Py T ("o -+ Rl)2

If, as is usually true in practice, R; is small compared with r,, this
simplifies to

Pout N R;
Py e
— Vout
Vin

a result which could have been deduced more simply from first
principles. For if the voltage gain of an amplifier is given by
Vout/Vin and if the current gain is given by «, the power gain
must be the product of these two, namely a¥V,us/Vin. This more
rigorous deduction was, however, deliberately introduced because
it reminds us of an essential qualification of this result, namely
that it applies only when the collector load resistance is small
compared with the amplifier output resistance. For such small
loads, the power gain is « times the voltage gain. For a
Jjunction transistor the power gain is slightly less than the voltage
gain and, to a first degree of approximation, may be taken as
equal to it.

VARIATION OF CURRENT AMPLIFICATION FACTOR WITH
FREQUENCY
It was pointed out in the earlier part of this chapter that electrons
and holes subjected to electric fields move with a finite velocity in
semiconductors. They therefore take an appreciable time to
travel between the emitter and collector of a junction transistor
and there is a significant time delay between the application of an
input signal to the emitter and the receipt of the corresponding
output signal from the collector. If this time were constant for all
electrons or all holes travelling through the transistor, the output
signal would be delayed but not distorted and the effect of the finite
velocity of the current carriers would be unimportant in many
applications. Unfortunately all the current carriers do not have
the same velocity: there is an average velocity and most of the
current carriers have a velocity which does not greatly differ from
this average value. A small number of current carriers, however,
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have velocities markedly lower or higher than the average value.
The distribution of velocities, in fact, follows the curve illustrated in
Fig. 2.10 which is well known to statisticians as indicating so-called
Gaussian distribution. The horizontal axis gives electron (or
hole) velocities, and the ordinate at any particular value of

[}

|

| (AVERAGE Fig. 2.10.  Distribution
i of electron velocities about
! the average value
|
i
|
!
]

NUMBER OF ELECTRONS —»

ELECTRON VELOCITY—»

velocity indicates the likelihood of an electron (or hole) having that
velocity. The curve naturally shows a maximum at the average
value of velocity.

The variation in velocity about the mean value is analogous to
dispersion and it causes distortion of the output signal. The precise
form of the distortion is best illustrated by considering the ampli-
fication of a steep-sided signal such as the leading edge of a rect-
angular pulse illustrated in Fig. 2.11. Such a signal is usually

Fig. 211. A step signal

VOLTAGE OR CURRENT —

TIME —»

referred to as a step signal and its most important property is the
very small time it takes to rise to its maximum value. This is
measured by the rise time of the step signal, defined as the time
taken for the voltage to rise from 10 per cent to 90 per cent of the
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final steady value. When a step signal is applied to the emitter
circuit of a junction transistor it starts a flow of electrons (or holes)
to the collector. The most rapid of the current carriers arrive at
the collector very quickly, the majority arrive a little later, and
the slowest arrive later still. Thus the output signal has the form
shown in Fig. 2.12. The most significant feature of this waveform,
apart from the fact that it is delayed with respect to the input

OUTPUT SIGNAL
FROM IDEAL
AMPLIFIER.

OUTPUT SIGNAL

INPUT SIGNAL FROM TRANSISTOR

VOLTAGE OR CURRENT ——»

AL

DELAY >
TIME —

Fig. 2.12.  Form of distortion due to variation in curreni-carrier velocity
in a junction transistor

signal, is that it is not so steep as the input signal: in other words,
the rise time has been increased by amplification in the transistor.

Fourier analysis of a single step signal shows that it has a con-
tinuous spectrum extending from zero frequency to an upper limit
which depends on the steepness of the step. The steeper the step
the more extended is the high-frequency response. In fact there
is a simple but approximate relationship between the rise time of
a step signal and the upper frequency limit of its spectrum. The
relationship is

. 1
Jmas = G e e

Thus an increase in rise time, such as occurs as a result of variation
in current-carrier velocity, means that the output signal does not
have such an extensive high-frequency response content as the
input signal. A high-frequency loss has occurred in the transistor:
the current amplification factor falls as frequency increases.

Although variation in current-carrier velocity is one of the chief
causes of high-frequency loss in a junction transistor, it is certainly
not the only one. Losses also occur as a result of the internal
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capacitance in the transistor which inevitably shunts the collector
and emitter circuits. Further information on losses due to this
source is given in Chapter 8.

ALPHA CUT-OFF FREQUENCY
For an alloy junction transistor with a uniform base region the
rate of fall of current amplification factor (and the associated
phase shift) are approximately expressed by the equation

o = %o
1 +iflfs
where o = current amplification factor at a frequency f
ay = current amplification factor at low frequencies
and f, = a frequency characteristic of the transistor.

From this expression the numerical value of the current
amplification factor is given by

€=
V(1 +S20D
and at the frequency f, the numerical value is given by

&g

a 2
i.e. f, is the frequency at which the current amplification factor
has fallen to 1/4/2 i.c. 0-707 of the low-frequency value: this
corresponds to a loss of 3 dB. The alpha cut-off frequency is
thus defined as the frequency at which the current amplification
factor of the common-base amplifier (with short-circuited output)
has fallen by 3 dB.

The value of the alpha cut-off frequency depends on the area of
the emitter and collector junctions and on the thickness of the
base region: in practice values for uniform-base alloy junction
transistors lie between 10 kc/s for transistors intended for outputs
of several watts to 20 Mc/s for transistors intended for r.f. appli-
cations.

FREQUENCY f;

The expressions given in the above section represent the gain and
phase shift in uniform-base alloy junction transistors with reasonable
accuracy, but considerable errors can occur if the expressions are
used for transistors containing a drift field in the base region. For
such transistors it is better to express the high-frequency performance
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in terms of another frequency parameter f; which is defined as the
frequency at which the real part of the current amplication factor
has fallen to one half the low-frequency value.

For a non-drift transistor the current amplification factor has
a value of «yf/4/2 at f, and the phase angle is 45°: the real part
of « is thus equal to (e« cos 45)/4/2, i.e. ay/2. For such a transistor,
therefore, f, and f; are equal but for drift transistors, f, can be as
much as twice f; depending on the magnitude of the drift field.

The frequency f; gives a more useful indication of high-frequency
performance than f,. For example, f; is approximately equal to
the frequency at which the current gain of a common-emitter
amplifier (with short-circuited output) has fallen to unity. It
thus measures the highest frequency at which the transistor can
be used as an amplifier. It also measures the gain-bandwidth
product of the transistor when used as a common-emitter amplifier.



3

COMMON-BASE AMPLIFIERS

Introduction

N the two previous chapters we have discussed the mechanism

of operation of junction transistors. We have shown that they
can be used to amplify signals and have calculated the voltage gain
and power gain of which they are capable. These quantities were
calculated in terms of the emitter-base input resistance, the collector-
base output resistance and the current amplification factor. How-
ever, in designing practical transistor amplifiers and in calculating
the gain likely to be achieved, we must know the electrical character-
istics of the transistor in greater detail.

In this chapter we shall discuss the parameters of a transistor
and will derive an equivalent circuit which can be used to calculate
the input and output resistances and the gain of the various types
of transistor amplifier.

COMMON-BASE, COMMON-EMITTER AND
COMMON-COLLECTOR AMPLIFIERS

A transistor has three terminals, one connected to the emitter,
another to the base and the third to the collector. When the
transistor is used as an amplifier, the input signal is applied between
one pair of terminals and the output signal is taken from another
pair.

It follows that one terminal must be common to the input and
output circuits.

For example in the transistor amplifiers discussed in the previous
chapter it was assumed that the input signal is applied between
emitter and base and that the output signal is generated between
collector and base. A simplified circuit illustrating a pnp junction
transistor used in such an amplifier is given in Fig. 3.1 (a). The
base terminal is common to input and output circuits and such
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amplifiers are referred to as common-base or less correctly earthed-base
amplifiers.

The common-base amplifier is, however, not the only possible
arrangement. Alternatively, with the input signal still applied
between the emitter and the base, the output signal can be taken
between collector and emitter as shown in Fig. 3.1 (b). This
illustrates the common-emitter oc earthed-emitter circuit, probably the
most widely used of all transistor amplifier circuits.

A third possible arrangement is that illustrated in Fig. 3.1 (c)
which shows the input signal applied between base and collector

< <
2 INPUT § UTPUT g ouTPUT
INPUT
( SIGNAL S SIGNAL 6,%““_ > SIGNAL
+ - |+ - - -
—] iff—--1 L—c sj—s---=
(a) (b)

QUTPUT
SIGNAL

()

Fig. 3.1. The three basic forms of transistor amplifier: (a) common-base,
(b) common-emutter, and (¢) common-collector

and the output signal generated between collector and emitter.
This is the common-collector or earthed-collector circuit.

EQUIVALENT CIRCUIT OF A TRANSISTOR
The calculations on the common-base amplifier in the previous
chapter were carried out in terms of the emitter-base input
resistance 7;, the collector-base output resistance 74, and the current
amplification factor a. The input and output resistance values
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and the current amplification factor assumed for these calculations
do not apply to the common-emitter or the common-collector
amplifiers and to perform calculations on these amplifier types we
need to know their values of input resistance, output resistance and
current amplification factor.

Alternatively, the performance of any kind of transistor circuit,
not only the three basic amplifier circuits but other circuits such
as those of oscillators and trigger circuits, can be carried out by
first deriving the constants of a network which has a behaviour
similar to that of the transistor. By applying Kirchhoff’s laws or
other network theorems to this equivalent circuit we can calculate
the performance of the circuit.

A number of equivalent networks for a transistor have been
suggested and several different parameters for expressing transistor
properties have been developed including the so-called % or hybrid
parameters and the r parameters (which include the input and
output resistances used earlier) but in this book we shall represent
the transistor as a T-network of resistances as shown in Fig. 3.2.

The transistor cannot, however, be perfectly represented by
three resistances only because such a network cannot generate
power (as a transistor can) but can only dissipate power. In other
words the network illustrated in Fig. 3.2 is a passive network and
to be accurate the equivalent network must include a source of
power, i.e. must be active.

The source of power could be shown as a constant-current source
connected in parallel with the collector resistance 7, as in Fig. 3.3 (a)

E C
EMITTER COLLECTOR ~
e Te

T

B O BASE

Fig. 3.2. A three-terminal passive network which can be
used to build an equivalent circuit for a transistor

and the current so supplied is, as we have already seen, equal
to afe, where a is the current amplification factor of the transistor
and ¢, is the current in the emitter circuit, i.e. in the emitter
resistance r,. Alternatively—and this is more convenient for
calculation purposes—the source of power can be represented as
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a constant-voltage generator connected in series with r. as shown
in Fig. 3.3 (b).

Such a voltage has precisely the same effect as the constant-
current generator, provided the voltage is given the correct value,
and the value required is equal to aire as can be shown by applying
Thevenin’s theorem to Fig. 3.3 (a).

In some books on transistors the voltage generator is given as
rmle, Where 7, is known as the mutual or transfer resistance*

al
e .

lg -~

il rn

T

B (2) 8 (b

Fig. 3.3. A three-terminal active network which can be used as an equivalent
circutt for a transistor (a) including a constant-current generator, and (b) a
constant-voltage generator

and is equal to ar,. The mutual resistance may be defined as the
ratio of the e.m.f. in the collector circuit to the signal current in
the emitter circuit which gives rise to it. This may be regarded
as the dual of the mutual conductance g of a thermionic valve
which is defined as the ratio of the current in the anode circuit to
the signal voltage in the grid circuit which causes it.

This comparison is useful because it again reminds us that the
transistor is a device operated by an input current rather than an
input voltage.

This network is quite satisfactory for calculating the performance
of transistor amplifiers at low frequencies such as audio amplifiers
because the reactances of the internal capacitances have in general
negligible effects on performance.

At higher frequencies, however, and in particular at radio
frequencies, it is necessary to include such capacitances in the
T-network to obtain accurate answers.

Values of re, rp, and rc for Junction Transistors

The values of 7., 7, and r,, the three resistances constituting the
equivalent network of a transistor, cannot be measured directly
because it is impossible to obtain a connection to the centre point O

* The word ¢ transistor’
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(Fig. 3.3), but their values can be deduced from measurements
made at the terminals. Typical values for these resistances and
also for the current amplification factor for junction transistors are
as follows:

emitter resistance 7, 25 ohms
base resistance rp 300 ohms
collector resistance 7, 1 megohm
current amplification factor « 0-98

These resistance values are those which apply when the transistor
is handling a small alternating signal. They are differential or a.c.
quantities and depend on the d.c. conditions in the transistor.
If the steady emitter bias current or the collector bias current are
changed, the values of r, rp and 7, will, in general, also change.

COMMON-BASE AMPLIFIER
A simplified circuit of a transistor common-base amplifier is given

in Fig. 3.4 (a) in which R, represents the internal resistance of
the signal source and R; represents the collector load for the

Clele .

QUTPUT OUTPUT
Ré g’"b 'ng VOLTAGE

N

(2) (b)

Fig. 3.4. Simplified circuit of a common-base amplifier (a), and its
electrical equivalent (b)

amplifier. For the sake of simplicity, methods of applying bias
are not indicated.

Fig. 3.4 (b) represents the same circuit in which the transistor is
represented by its equivalent T-section network. The directions
of the currents in the two meshes of this network can be determined
by considering the physical processes occurring in a transistor.
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From Chapter 2 we know that the emitter current 7, is equal to
the sum of the collector current i, and the base current 7. If,
therefore, i, and i, are given clockwise directions as shown in Fig.
3.4 (b), then the current in 7 is (i, — i) which is equal to #: all
conventions are therefore satisfied in this diagram. By applying
Kirchhoff’s laws to this circuit we can calculate the performance
of the amplifier. The features of the amplifier in which we are
principally interested are the following:

(a) input resistance
(b) output resistance
{c) voltage gain.

Input Resistance
Applying Kirchhoff’s laws to the circuit of Fig. 3.4 (b) we have

V[n=ig(R3+re+fb) —'icfb ....(1)
0 = ic(rb + Te + Rl) —_ iefb el C!ierc PR (2)

To obtain an expression for the input resistance we can eliminate

ic between these two equations to obtain a relationship between 7,
and Vin.

From (2)

i — ™ + are 1
A+ R
Substituting for 7 in (1)

mn=ic(&+fe+fb)—;’l'ﬁbr—%ia
¢

. Vin
. le — ....(3)

If we represent the input resistance of the transistor by r¢ the
circuit of Fig. 3.4 (b) takes the form shown in Fig. 3.5, For this
circuit we have

. Vin
=__" ... (4
“ Ry +1¢ )
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Comparing expressions (3) and (4)

ro(ry + are)

n=re+rb—fb+fc+Rz )
Rl+7c(l“‘°‘)

= L= .(6

ot 1o 1o+ R (©)

Expressions (5) and (6) give the value of the input resistance in
terms of the emitter resistance, base resistance, collector resistance,
load resistance and current amplification factor. One respect in
which the transistor differs from the valve is that the input resistance
depends on the load resistance, this bearing out the internal

4

I

|

R |
Fig. 3.5. Gircuit illustrating the ! g,-.
meaning of input resistance ! t
W |
I
|

m"n

feedback of the transistor mentioned earlier. For a given transistor
operating under constant d.c. conditions, 7, 7, 7. and « are constant,
and ry therefore depends solely on R;, increasing as R, increases.
The range of input resistance can be calculated from expression
(5). First consider expression (5) when R; is made vanishingly
small
7o(rp + are)
Ty + 7e

Now for junction transistors 7, and ar, are both large compared
with rp and the input resistance is approximately given by

=1 +n—

ofe
T =70t +1p—1p . —
[

= 1o + (1 — ) e (7)

and this gives the value of the input resistance of the common-base
amplifier when the output terminals are short-circuited.

Now consider the input resistance when R; is made very large.
The final term in expression (5) vanishes leaving

=17+ 7p . (8)
43



PRINCIPLES OF TRANSISTOR CIRCUITS

which gives the value of the input resistance when the output
terminals are open-circuited.

Input Resistance for a Junction Transistor as Common-base Amplifier

To obtain an estimate of practical values of input resistance
for a junction transistor we can substitute r, = 25 ohms, r, = 300
ohms and « =098 and from (7) we find that the input
resistance for short-circuited output terminals is given by

ry =25 + 300 (1 — 0-98)
=25 4+6
= 31 ohms

From (8) the input resistance for open-circuited output terminals
is given by
rg = 25 + 300

= 325 ochms

Thus the input resistance of a junction transistor used as a
common-base amplifier varies between a minimum value for

350

i
= 300
S
-~
- 250 /
(=
< 200 7
- . ~ . 3 . -
) / Fig. 3.6. Variation of input resistance
ﬁ; 150 / with load resistance for a common-base
& 100 / amplifier
o
= 5 ]

0

tk 10k 100k IM 10M

LOAD RESISTANCE (OHMS)

short-circuited output terminals to a maximum value for open-
circuited terminals. The dependence of input resistance on
output load is illustrated in Fig. 3.6.

Output Resistance

To obtain an expression for the output resistance of the common-
base amplifier we can eliminate 7, between equations (1) and (2)
to obtain a relationship between i, and V;,.
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From (2)
. ry +re + Ry .
le = ———m———— . ¢
ry -+ are

Substituting for 7, in (1)

v _ (o 4re+ Ri) (Rs + 76 + 1) .

in = ic —
o + are

<3 — Vin

" (fb+fc+Rl)(Rs+Te+7b)__rb

s + ore

17

_ (rs + are) Vin
(re+1c + Ri) (Rs + 7 + 1p) — ro(rp + are)

ry + are
Ry +r.+1p

= R 1y (1 + are)
1+ + e Yo E—

in

..(9)

. ic

If we represent the output resistance of the transistor amplifier
by r, the circuit of Fig. 3.4 (b) has the form shown in Fig. 3.7.
For this circuit we have

vV

=5 ....(10)

i
Comparing expressions (9) and (10) we have that V, the e.m.f,

effectively acting in the output circuit, is given by

o + are

=Rs+fe+fb "

and the output resistance is given by

rp (16 -+ are)

ro___—rb._}_rc._R___;__,_b ,(Il)
R8+fe—fca
_ -  — T e
re + 1y R, re + 12 (2)
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This expression shows that the output resistance depends on the
source resistance R; as well as on the base resistance, emitter re-
sistance, collector resistance and current amplification factor. For a
given transistor operating with fixed d.c. conditions, rp, 7e, 7 and
a are fixed and r, then depends on Ry, increasing as Ry is increased.
The range over which 7, varies can be estimated as follows.
First let R = 0. Expression (12) then becomes

Te — Teo
ro=1;.+1r. ———
T N T
which, if the relatively small term rprefre is neglected, gives
ro =1, . et 0 (1= o (1)
re + 18

Now let R; approach infinity. The final term in expression (11)
then vanishes, leaving the output resistance as

To="1c + 1 o (14)

Output Resistance of a Function Transistor as Common-base Amplifier

To obtain a numerical estimate of the range of output resistance
for a junction transistorlet r,= 25 ohms, 7, = 300 ohms, .= 1 megohm
and o = 0-98. Substituting these values in expression (13) we

| 2

To P Fig. 3.7. Circuit illustrating the
I

meaning of output resistance

v
|

find the output resistance for short-circuited input terminals is
given by

yo — Te + 2] (l - OL)
’ ° re + 1
25 4+ 300 (1 — 0-98)
— 1,000,000
% [ 25 1 300 ]"h
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25 +6
= 1,000,000
,000,0 X[ 395

] ohms

= 100 kQ approximately

The output resistance for open-circuited input terminals is,
from (14), given by

ro=1c+ 1
= 1,000,000 -+ 300 ohms
== 1,000,000 ohms approximately

900k el
/
v
700k /
600k /
500k
400k /
300k /
200k //

@
b=4
o
x

OUTPUT RESISTANCE (OHMS)

100k

0

10 100 Ik 10k
SOURCE RESISTANCE (OHMS)

Fig. 3.8. Variation of output resistance with source resistance
Jfor a common-base amplifier

The variation of output resistance with source resistance for a
common-base amplifier is illustrated in Fig. 3.8.

Voltage Gain

From Fig. 3.4 (b) we can see that the output voltage is given by
icR;. The voltage gain Vyu:/Vin is hence equal to iR/ Vin. From (9)
ic is given by
— (Tb -+ 0‘70) Vin

(Ri + 1o +1¢) (Re + 1 +10) — 15 (15 + 0)

e
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Hence
Vowr _ isR1 _ (0 + ar) Ry
Vin Vin (Rl + 1+ fc) (Rc +re + 7b) — 7 (Tb + 0"'0)

v (15)

which shows how the gain is related to R;, R, 7., 1p, 7c and a.
The dependence of the voltage gain on the value of R; is illustrated
in Fig. 3.9, which shows gain increasing with Rj, linearly for small

1,000
100 ,/
= /
=
<
g , Fig. 3.9. Variation of volt-
5 age gain with load resistance
E3 Jor a common-base amplifier
|
0
100 the 10k 100k M 10M

LOAD RESISTANCE (OHMS)

values of R; but becoming asymptotic to a limiting value of gain
as R; becomes large. The shape of the curve is, in fact, the same
as that relating gain to load resistance for a thermionic valve.

For a junction transistor r, is normally large compared with all
other resistances in the expression, and it is possible to simplify
expression (15) as follows:

Vour _ oreRy
Vin Te (Ra +re + fb) — arpTe

akRy
= ....(16
Ri+1,4+1m(l —a) (16)

As a numerical example suppose o = 0-98, R; =10 kQ,
R, = 1 kQ, r, = 25 ohms and r, = 300 ohms

Vour _ 0-98 x 10
Ven 1,000 + 25 + 300 (1 — 0-98)
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_ 9,800

1,000 + 25 + 6
9,800
1,031
=9.77

Substituting 7; for 7, + rp(1 —a) in expression (16) (see Equation 7)
we have for small values of R;

Vour _ _of4
Vin Ry + 1
and if R; = 0 we have
Vour _ B
Vin T

which confirms the result used in Chapter 2.

To obtain an impression of the limiting value of voltage gain
available from a junction transistor, suppose R; is made large
compared with 7,. With a few other simplifications expression
(15) now reduces to the form

Vout - a7l
Vin RI(Rs + 1o+ 7b)
xTe
=—c (17
Ry t+re+mn ( )

Substituting « = 098, r, =1 MQ, R; = 1 kQ, r; = 25 ohms and
5 = 300 ohms we have that the maximum stage gain is given by

Vour _ 0-98 x 108
Vin 1,000 + 25 + 300

== 740

Expression (17) shows the importance of the source resistance R, in
such determinations. If this could be reduced to negligible pro-
portions relative to the values of 7, and rp, the stage gain rises to

Vour _ 0-98 x 108

th 325
= 3,000
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PRACTICAL CIRCUIT FOR A COMMON-BASE AMPLIFIER

Fig. 3.10 gives the circuit of a small-signal amplifier using a pnp
junction transistor as a common-base amplifier. The base is
earthed and two batteries are employed, one of 6 volts to bias the
collector negatively and the other of 1-5 volts to bias the emitter
positively.

Approximate values for the components used may be calculated
in the following way. A suitable value for the collector voltage

C G,
o—i} e i—0
R
ol 3kl I
INPUT I3k OUTPUT
SIGNAL - SIGNAL
-+ o—
l I'SVOLTS —6VOLTS
il T
o ©°

Fig. 3.10. Circuit for small-signal common-base transistor amplifier

in the absence of an input signal is —3 volts, for this permits
excursions of collector voltage during amplification up to 3 volts
in peak value. Under quiescent conditions there is a 3 volt drop
in voltage across the collector load resistor. A suitable value of
steady collector current is 1 mA and from Ohm’s law the value
of the load resistance is given by 3/(1 x 107-3), i.e. 3 kQ.

The steady emitter current in the absence of an input sxgnal
will be just over 1 mA but can be taken as 1 mA to give an approxi-
mate value for the emitter bias resistor. The emitter bias voltage
is 1-5 and from Ohm’s law the resistance of the emitter circuit to
give a current of 1 mA is 1-5/(1 x 10-%), i.e,, 1:5 kQ. The d.c.
emitter-base input resistance will contribute a few hundred ohms
towards this and an emitter bias resistance of 1-3 kQ will be suitable.

The capacitance C; depends on the lowest frequency it is required
to amplify. For an audio-frequency amplifier this may be 50 c/s.
The a.c. emitter-base input resistance shunts R, giving an effective
input resistance of say 40 ohms (see Fig. 3.6). If the reactance of
the capacitor is made equal to 40 ohms at 50 c/s, there is a loss of
3 dB at this frequency. The capacitance C, necessary is given by

1
G = 22fX
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where X is the reactance. Substituting f= 50 and X =40

we have
1

= F
2 x 3:142 x 50 x 40
= 80 uF

G

In practice the source of input signal will have some resistance and
this will permit the use of a lower capacitance for C,.

The capacitance C, depends on the resistance which is to be
connected across the output terminals.

COLLECTOR CURRENT - COLLECTOR VOLTAGE
CHARACTERISTICS FOR COMMON-BASE CONNECTION

The operation of a circuit such as that of Fig. 3.10 can be illustrated
by means of collector current — collector voltage characteristics.
These are usually obtained by plotting the collector current against
the collector voltage for a fixed value of emitter current and the
resulting curves have the form shown in Fig. 3.11. The curves
are plotted in terms of input current because the transistor is a

1omA - o = t1omA

8mA | = 8mA
-
]
o
S smA-f = §mA
(=)
o
2
S amA—f = 4mA
o
o
(&)

2mA e =2mA

~~_~_?Q~§~
0 T T : T —== |ie“°
0 ! 2 3 4 H)

COLLECTOR VOLTAGE U

Fig. 3.11. Typical collector current—collector voltage characteristics for
a junction transistor

current-operated device, and the curves show that the collector
current is always slightly less than the emitter current.

The characteristics have a shape similar to that of the anode
current — anode voltage curves for a pentode, the horizontal
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portions indicating the high collector a.c. resistance of the junction
transistor. However, they represent a better approximation to
the ideal characteristic than those of a pentode because the transistor
characteristics have no knee to limit the swing of collector potential
during amplification. The collector voltage can swing the whole
extent of the collector supply voltage, giving the transistor an
efficiency equal to the theoretical maximum. The load line shown
superimposed on the curves illustrates operation of the amplifier of
Fig. 3.10. The quiescent point O corresponds to half the collector
supply voltage. The position of O relative to the characteristics
gives the emitter current: the bias voltage together with the
external emitter resistance (R, in Fig. 3.10) must be chosen to
give this value of current.

Power Gain

The current gain « for a common-base amplifier is nearly equal
to unity and the power gain is thus nearly equal to the voltage
gain as shown on p. 31. A typical value for the voltage gain
is 100 and this is also a typical value for the power gain (20 dB).

COMPARISON BETWEEN COMMON-BASE TRANSISTOR
AMPLIFIER AND COMMON-GRID THERMIONIC-VALVE
AMPLIFIER

An increase in the positive bias applied to the emitter (Fig. 3.10)
gives a larger emitter current and hence a larger collector current.
This increases the voltage drop across the collector load resistor.
The collector bias is negative and this increased voltage drop
makes the collector voltage less negative, i.e. more positive. Thus
a positive voltage applied to the emitter results in a magnified
positive pulse appearing at the collector: there is hence no phase
inversion in a common-base transistor amplifier.

The behaviour of the transistor amplifier is in fact similar to
that of a common-grid thermionic-valve amplifier. The input
signal is applied to the cathode circuit, which presents a low input
resistance, and the output signal is taken from the anode circuit
which has a much higher output resistance. The relative resistances
are hence of the same order as those of the common-base transistor
amplifier. A positive pulse at the cathode of the valve reduces the
anode current causing the anode voltage to rise: thus there is no
phase inversion in a common-grid amplifier.
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Introduction
N the previous chapter we examined the common-base amplifier,
a circuit arrangement characterised by very low input resistance,
very high output resistance and less than unity current gain. Input
resistances vary from 30 ohms to 300 ohms; output resistances
range from 100 kQ to 1 megohm. A noteworthy feature of the
common-base amplifier is that the output signal is ik phase with the

input signal.
The majority of transistor amplifiers are, however, of the common-
emitter type and we shall now analyse the performance of this

ari,

(a) ()
Fig. 4.1, Basic form of itter amplifier (a), and its equivalent circuit (b)

Y ]

circuit to account for its popularity. As before we shall do this by
deriving expressions for the input resistance, output resistance and
voltage gain.

The basic circuit for a common-emitter amplifier is given in
Fig. 4.1 (a), in which R, is the resistance of the signal source and
R; is the collector load resistance. Fig. 4.1 (b) gives the equivalent
circuit in which the transistor is represented by the T-network of
resistances 7,, ry and r. introduced in the previous chapter. If
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the base current 7p is shown acting in a clockwise direction and the
collector current i, in an anticlockwise direction as indicated in
Fig. 4.1 (b), then the current in the common emitter resistance r,
is the sum (4 + i;). From Chapter 2 we know that the sum of
these two currents is the emitter current 7,: all conventions are
therefore satisfied in this diagram.

Input Resistance

Applying KirchhofI’s laws to the circuit of Fig. 4.1 (b) we have
V{”=ib (R8+fb +T6) +icre ....(l)
0 =is (R +1c + 1e) + tore — arcte e (2)
Now ¢, =t + i, and equation (2) may therefore be written in
the form
0 =i, (Ry 4 1¢ + 1e) + ipre — argiy — argle
=ic[Rl+rg+rc(l'—‘(x)]+ib(re_(xfc) .-.-(3)
As in the analysis of the common-base amplifier, we can obtain
an expression for the input resistance of the amplifier by eliminating

ic between equations (1) and (3) to obtain a relationship between
i and Vi, From (8)

Te — Qre .
= zb

—Rl+fe+(1 —O‘)Tc‘
Substituting for 7 in (1)

2

re (re — are) i
Ri4re+(1—a)r
Vin
re (re —_ arc)
Rl+’e+(1 —'04)7'0
Now are is large compared with 7, and the fourth term in the
denominator is best reversed in sign thus
Vin
re (are — 7¢)
Ri+re+ (1 —a)re

If the input resistance of the amplifier is represented by 7; the
input current 7, can be expressed

I/in:ib(Rs+7b+Te)—'

. ibz

Rs +1p + 10 —

(4

iy =

Rs +rp + 10 +
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. Vi
zl_m 'll'(5)

Comparing this with expression (4) we have

e (are — re)

Rl+’e+(l—‘a)7’c

a useful expression because it shows that r; increases as R; decreases.
Expression (6) can be simplified thus

fe[R[ +T¢ + (]. - a) fc] +7’e (afc—fg)
Rl+re+(1 —'a)rc

R+ 1.
Ri4re+(l—a)re

rn=r1p +re+

..(6)

rn=ry +

=rb+fe.

The denominator can be simplified by neglecting r, in comparison
with the other terms which are much larger in practice. 'We then
have the final result

Ry 41,
R[ + (l —_ a) Te

When R; is small compared with r, and (1 — «) 7, the input
resistance has a value given by

=1y F1¢.

v (7)

Te

f‘=rb+fe-r—cﬁ—_—a)

Te

=rp +

- veee(8)

[+ 3

When R; is large compared with ro and (1 — a) r¢ the input
resistance has a value given by

r;=rb+r¢.l?:
=fb+re .‘.-(9)

Input Resistance of a Junction Transistor as Common-emitier Amplifier

To illustrate the range of values of input resistance likely to be
encountered in practice in a common-emitter junction transistor
amplifier, let us assume that 7, = 25 ohms, r, = 300 ohms and
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« = 0-98. Substituting in expression (8) to find the input resistance

for short-circuited output terminals we have

= 1,550 oh

=1y 4

= 300 +

= 300 + 1,250 ohms

ms

Te

]l —a
25
1—098

ohms

Substituting in expression (9) to obtain the input resistance for
open-circuited output terminals we have

1 =1p + Te
= 300 + 25 ohms
= 325 ohms

These numerical examples show that the common-emitter amplifier
has a higher input resistance than the common-base amplifier and
varies with change in load resistance in the opposite way.

1,600
1,400
1,200
1,000
800
600

INPUT RESISTANCE (OHMS)

400
200

13

\

~

~N

AN

™~

~

— ]

10k
LOAD RESISTANCE (OHMS)

M

Fig. 4.2. Variation of input resistance with load resistance

Jora

itor ablif

Y 3t

The variation of input resistance with output collector load for

junction transistors is illustrated in Fig. 4.2.

Output Resistance

We can obtain an expression for the output resistance of the
common-emitter amplifier by eliminating # between equations (1)
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and (3) to obtain a relationship between Vi, and i. From (3)
we have

_Rl+76+fc(1—a)ic

Te — of¢

=

Substituting in (1)

_Rl+'6+fC(l—a) (R‘+

Vin = o -+ 1¢) e + tete
Te — Ofe
< g — th
- —[Rl+fe+7c(l_a)](Rs+7b+Te)+r
Te — Qe ¢

V{n (rg -_ arc)

T TRt re + 1 (U — )] (Rs + 75 + 7o) + 72 (e — ara)

Ye — Ofe
_ Ra+7'b+'e.Vm
T _ re (re — are)
[Rl+7e+7'c(l “)]‘i‘m

This can be more conveniently written in the form

Qfe — Te

w————— Vin
. — Ra+fb+fa (10)
e = Te(afc—fe) ceve
Rl+fe+’c(l—°‘)+R——+rb+r
8 e

In a simple circuit containing a signal source of voltage V and an
internal resistance 7, feeding a load resistance R; the current i, is
given by

|4

= ceee (11
R+, ( )

ig

If we compare expressions (10) and (11) we obtain the following
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expression for the output resistance of the common-emitter
amplifier:

m=n+na—@+§%%i% ...(12)
8 e

This expression shows that the output resistance depends on the
source resistance (for a given transistor), decreasing as the source
resistance is increased.

This expression can be simplified by combining the first term
with the third; this gives the result

Ry 415 4 ore
Ry 4-rp 4 1e
To find an expression for the output resistance for short-circuited

input terminals, let R, approach zero in expression (13). We
then have

ro=re(l —a) +r. .. (13)

ro=rc(1—a)+r¢.%?
e Ak o (14)

Te + 7

if we neglect the term rrp/re which is small compared with the
others.

To find an expression for the output resistance for open-circuited
input terminals let R, approach infinity in expression (12). We
then have

to="1¢ +1c (1 — )
and as 7, is small compared with r, (1 — &) we can say

ro=r1: (1 — a) ....(15)

Output Resistance of a Function Transistor as Common-emitter Amplifier

We can determine the range of values of output resistance for a
common-emitter junction transistor amplifier by substituting the
typical practical values 7, = 25 ohms, r, = 300 ohms, 7, = 1 meg-
ohm and « = 0-98 in expression (14) and (15).

From (14) the output resistance for short-circuited input terminals
is given by
re + 15 (1 — a)

e + 1o

To =T1¢ .
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— 1,000,000 . 22 +300(1 —0-98) ,

25 4+ 300
_ 25 46
= 1,000,000 . 395 ohms
31
= 1,000,000 . 395 ohms
=95 kQ

From expression (15) the output resistance for open-circuited input
terminals is given by

o =rc (1 — a)
= 1,000,000 (1 — 0-98) ohms
= 1,000,000 x 0-02 ohms
= 20 kQ

The variation in output resistance with source resistance for
junction transistors is illustrated in Fig. 4.3.

Voltage Gain

From Fig. 4.1 (b) we can see that the output voltage is given by
tcR;. The voltage gain Viyus/Vin is thus given by ieRi/Vis.
From (10) i, is given by

Afe — Te
iy = Ra+7b+7e. i
_ Te (afc —_ rg)
Ry +re+ 7. (1 a)+R___s+7b+fe
Hence
ofe — Te
— R
Vout _ Rt¥rtre
Vin . 7e (are — 1)
Rl+fe+7'c(1 a)+R—-—3+rb+re
_ (are — 12) Ry
[Ri +re+1.(1 — 0‘)] (Ry + 1 + ’e) + 7o (are — 7'e)(16)
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Normally ar; greatly exceeds r, and this expression therefore gives
a positive value for the voltage gain. But, to agree with the
physics of the transistor, the collector current in Fig. 4.1(b) was
assumed to be flowing in an anticlockwise direction whereas the
base current was shown flowing in a clockwise direction. A positive
value for the voltage gain thus implies that the output voltage is
inverted with respect to the input voltage. In this respect the
common-emitter amplifier is similar to a common-cathode ther-
mionic valve amplifier. Expression (16) can be simplified by
neglecting 7, in comparison with ar; in numerator and denominator.

100k
[ ———

\\
AN
60k \
AN
AN

-3
=3
=

g

10 100 1k 10k
SOURCE RESISTANCE (OHMS)

Fig. 4.3. Variation of output resistance with source resistance
Jor a common-emitter amplifier

OUTPUT RESISTANCE (OHMS)

20k

We then have

Vour _ oreRy
Vin  [Ri+re(l — )] (Re + 715+ 1) + arere

For values of R; and r, small compared with r¢ (1 — &) expression
(16) may be written

-@ _ afch
Vin Te (l — 0‘) (Ra + 7+ ’e) + arere
ol

(17

TR(0—a) +r( —a) +7

As a numerical example suppose a = 098, R; = 10kQ, Ry, = 1 kQ,
re = 25 ohms and r, = 300 ohms. We have
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Voug _ 0'98 X 104
Ven 1,000 (1 — 0-98) 1 300 (1 — 0-98) + 25

_0-98 x 104
T 204+6+25

0-98 x 104
51

= 192

more than 19 times that available from the same transistor, the
same source resistance and the same load resistance in a common-
base amplifying circuit (see p. 49). However, expression (17) is
similar to that for the common-base amplifier (expression 16 of
Chapter 3) but contains R,; (1 —a) compared with R, in the earlier
formula. Moreover, if R, is very small or—and this amounts to
the same thing—if Vi, is taken as the voltage between the input
terminals of the amplifier, the two expressions for the voltage gain
become equal.

Consider now the voltage gain of the common-emitter amplifier
for load resistor values which are very large compared with
re (1 — o). Ifreis neglected in comparison with 7., expression (16)
becomes

_Vﬂt . afch
Vin Ry (Re + 10+ 1e) + arere

The second term in the denominator can be neglected in comparison
with the others, giving

Vout ore
o e ....(18
Vin Ry+rp+ 71 ( )

which is identical with expression (17) for the common-base
amplifier. Thus for small source resistances or large values of
load resistance the voltage gain of a given transistor with a given
value of collector load resistance is approximately the same, no
matter whether the transistor is connected up as a common base
or a common-emitter amplifier. The curve relating voltage gain
with load resistance is similar to that for the common-base amplifier
and is given in Fig. 4.4.
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Vout —
th

Expression (16) may also be written

ofe — 7e Rl

Rl+"c+’c(l—°‘) .

Ry +1p +7¢

re (are — 1¢)

Rl+re+’c(1‘"a)

Simplifying the numerator by omitting the negligible term r, and
substituting for r; from expression (6) we have

VOLTAGE GAIN

1,000

-Iit_t_t= R;—}—rc(l—a)'

ore

R,

Vin

Ry + 1

]

100

/

Fig. 4.4. Variation of uvoltage gain
with load resistance for a common-

emitter amplifier

Ik

10k 100k M
LOAD RESISTANCE (OHMS)

If R; is small compared with r; (I — «) and R; is small compared
with 7; this becomes

Vout -

Vin

This is usually written

where
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Vour o Ry
= ....(19
Vin £ ( )
o = ....(20)
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Expression (19) is of the type used in Chapter 2 in the simplified
calculation of stage gains of transistors and it suggests that the
current gain of the common-emitter circuit is equal to «f(l — a).
This can be confirmed from equation (3)

Ye — OTe

TRt —ar ?

ic'—'

which on simplification and for small collector load values gives
the result

. )
current gamn = -—c =
B 1 —a

In this book the current gain of the common-emitter amplifier is
represented by o« but in some publications it is represented by B.

Current Gain of Common-emitter Circuit

Values of o are commonly near unity and the current gain of
the common-emitter circuit can be considerable. For example, if
o = 0-98 we have

, 0-98
o0 ==
1 —0-98

_098
002
= 49

The common-emitter amplifier has an input resistance many
times that of the common-base amplifier. For a given voltage
across the input terminals, therefore, it takes a smaller input
current.

The current gain of the common-emitter amplifier is, however,
many times that of the common-base amplifier (which is always
less than unity) and it is therefore not surprising that there is
negligible difference between their voltage gains when the source
resistance is low. If the source resistance is high, the input
current has a tendency to be independent of the input resistance
and is the same for both common-base and common-emitter
amplifiers. The voltage gain of the common-emitter amplifier is
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now greater than that of the common-base amplifier because of
its greater current gain.

Practical Circuit for a Common-emitter Amplifier

Fig. 4.5 gives the circuit diagram for a practical common-emitter
amplifier. For simplicity this shows a single battery used for
biasing the base and the collector relative to the emitter. There
are alternative circuits employing a potential divider which also

\ R,
& —o -1
G T E
o }— ouTPUT -
f |
INPUT
| |

Om

Fig. 4.5. Practical circuit for a common-emitter amplifier

give protection against thermal runaway: these are discussed
more fully in Chapter 6. At the moment we are interested in
calculating suitable values for C,, R; and R;. We will assume that
the battery is 6 volts and that the mean collector current is to
be 1 mA. If the transistor is to be a class-A amplifier in which
the collector voltage can swing above and below its quiescent
value, a suitable quiescent voltage is — 3 volts. The voltage drop
across R; is then 3 volts and, if the current is 1 mA, the value of
R; must be 3 kQ.

We will assume o« to be 0-98 giving o' as 49. When the quiescent
collector current is 1 mA, the quiescent base current is 1/49 mA,
approximately 20 pA. There is normally little difference between
the potentials of emitter and base, and the voltage across the base
bias resistor, R,, is 6 volts. The value of R, is thus, from Ohm’s
law, 6/(20 x 10-%), i.e. 300 kQ. The value of C, depends on the
input resistance of the transistor and the lowest frequency of
operation. As shown earlier, the input resistance depends on the
load resistance, but may be taken as approximately 1 kQ. If we
make the reactance of C; equal to 1 kQ at the lowest frequency,
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there will be a 3 dB loss at this frequency. For an audio-frequency
amplifier the low-frequency limit may be 50 c/s and we have

¢ =L
2nfrs
" 6284 x 50 x 1,000
20
= g8 M¥

= 3 uF approximately

Collector Current - Collector Voltage Characteristics for Common
emitter Operation

The behaviour of a common-emitter circuit such as that illustrated
in Fig. 4.5 can be deduced from a set of collector current — collector

90uA 80uA T
7 -

70A
6_
60uA
I :
BASE
/ S0uA b cuRRENT
s 40A

COLLECTOR CURRENT (mA)
>

COLLECTOR VOLTAGE

Fig. ¢.6. Typical collector current-collector voltage characteristics for
common-emitter conneciion

voltage characteristics plotted for various values of base current.
Such a set of curves is given in Fig. 4.6. They are similar in shape
to the anode current — anode voltage curves for a pentode valve
but the knee of the characteristics occurs at a very low collector
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voltage, permitting large swings in collector voltage during
amplification.

A number of parameters of the transistor can be obtained from
these characteristics. For example the slope of the characteristics
for collector voltages exceeding that of the knee is not as low as
that for the common-base connection, showing that the effective
collector a.c. resistance is smaller than for the common-base
connection.

In fact, from Fig. 4.6 the effective collector a.c. resistance is
approximately 30 kQ.

Power Gain

We have seen that the voltage gain of a common-emitter amplifier
is of the same order as that of the common-base amplifier and a
typical value is 100. Unlike the common-base amplifier, however,
the common-emitter type has considerable current gain, a typical
value of o’ being 50. Thus the power gain of a common-emitter
amplifier can easily amount to 5,000 (37 dB), 17 dB more than is
available from a common-base amplifier.

Comparison of Common-emitter and Common-base Amplifiers

We have now discussed the properties of common-base and
common-emitter amplifiers and can assess their relative advantages
and disadvantages. The common-base amplifier has a very low
input resistance and a very high output resistance which make the
design of inter-stage matching networks or transformers difficult.
Nevertheless this circuit is used, particularly in head amplifiers
where the input resistance provides a reasonable match for micro-
phones or pick-ups of the moving-coil type. The input resistance
of the common-emitter amplifier is higher and the output resistance
is lower than that of the common-base amplifier, simplifying the
design of inter-stage networks and transformers. On the other
hand the thermal stability of the common-emitter circuit is inferior
to that of the common-base amplifier and protective circuits are
essential in common-emitter amplifiers (see Chapter 6). The
greater power gain of the common-emitter circuit is usually regarded
as more important than the disadvantages and this circuit is
extensively employed in amplifiers and receivers.
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Introduction

OMMON-BASE amplifiers were described in Chapter 3 and
common-emitter amplifiers in Chapter 4. This chapter is
devoted to the third basic form of transistor amplifier circuit, the
common-collector circuit. As in the earlier chapters we shall
analyse the performance of the amplifier by deriving expressions
for the input resistance, output resistance and voltage gain.
The fundamental circuit of a common-collector amplifier is
given in Fig. 5.1 (a) in which R; represents the resistance of the
signal source and R; represents the load resistance. For simplicity,

(b)

Fig. 5.1.  The basic circuit for the common-collector transistor amplifier is given at
(a), and the equivalent circuit at (b)

bias sources are omitted from this diagram. In Fig. 5.1 (b) the
transistor is represented by an equivalent network of resistances
1e, 7 and 7, together with a voltage generator of e.m.f. af,r. where i,
is the alternating current in the emitter circuit. If the base
current i, and emitter current i, are both shown acting in clockwise
directions as in Fig. 5:1 (b), then the current in the common
collector resistance 7 is the difference (i, — ip). From Chapter 2
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we know that this difference is the collector current i.: all con-
ventions are therefore satisfied in this diagram.

Input Resistance
Applying Kirchhoff’s laws to the circuit of Fig. 5.1 (b) we have

Vin = z'b(rb +re -+ Ra) + argde — iJc

=ib(fb + 7c +R3) —igfc(l - a) ....(l)
0= ie(’c + re + Rl) — ofgle — Telp
= tp[re(l — o) + 7, + R(] — 7eip . (2)

To find an expression for the input resistance we must eliminate
i, between expressions (1) and (2) to obtain a relationship between
Vin and ip. From (2)

=1 Te
Pl —@) + e+ R
Substituting for 7, in (1)

e

iyre

"1l —a) +1.+ Ry

Vin = ib(fb + 1o 4+ Rs) - fc(l - Ot)
. Vin
ip = 5 ....(3)
_ Te (l - (!)
B Ty ¥ A R

In a simple circuit containing a generator of resistance R, and a
load of resistance r¢ the current is given by

Vin
Ry 414

Comparison of (3) and (4) gives the input resistance of the network
as

. (4)

i1=

re3(l — o)

Tc(l - 04) +r.+ R

which shows that the input resistance of the common-collector
amplifier depends on the parameters of the transistor (rp, 7¢, fe
and «) and on the load resistance R;.

This expression can be simplified slightly by combining the
second and third terms. We then have

..(5)

T =71p + e —
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re3(l — &) + rere + 1Ry — 12l — @)
rc(]. —_ a) + Te + Rl
Te + Rl (6)
rc(l —_— (1) + Te + Rl

If R; and r, are small compared with r,(1 — «) the input resist-
ance is given by

n=ry +

=1+ 1c

Tere

ft=’b+m

Te

=1y + (7

l —«
If R; is large compared with r,(1 — «) the input resistance is
given by

R,
n—u+nE

=1y + ¢ ....(8)

Input Resistance for Function Transistor as Common-collector Amplifier

For a junction transistor having rp = 300 ohms, r, == 25 ohms,
re = 1 megohm, and « = 0:98, the input resistance for short-
circuited output terminals is given by expression (7), namely

Te

Ti=’b+l_a

25

25
= 300 4+ 008 ohms

== 300 + 1,250 ohms
= 1-55 kQ

The input resistance for open-circuited output terminals is given
by expression (8)

n=rp+1¢
= 300 4+ 1,000,000 ohms

= | megohm approximately
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The input resistance therefore increases considerably as the load
resistance is increased, the curve having the shape shown in
Fig. 5.2. For large values of load resistance the input resistance
approaches the value of r;, which can be as high as 2 megohms for
junction transistors. This is by far the highest value of input

M —

500k —
300k
200k —
100k

50k 7

30k

20k //

10k
V

5k o
3k P

2k

INPUT RESISTANCE (OHMS)

Ik
10 100k Ik 10k 100k IM
LOAD- RESISTANCE (OHMS)

Fig. 5.2. Variation of input resistance with load resistance for a
common-collector amplifier

resistance so far encountered for a circuit employing a junction
transistor; it is, in fact, comparable with the input resistance of a
thermionic valve amplifier which commonly has grid resistors of
this value.

This high input resistance is the most useful property of the
common-collector amplifier and the chief reason for its use.

Output Resistance

We can obtain an expression for the output resistance of a
common-collector transistor amplifier by eliminating 7 between (1)
and (2), so as to obtain a relationship between 7, and V;,. From (2)
we have

i_rc(l—(!)—!—fe—l—Rl .
b = N/

e
Te

Substituting for # in (1)

(rb +7e + Rs) [fc(l - 0‘) +re + Rl] i

Te

Viﬂ = —_ ierc(l -_ a)
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. 1 — Vin
< (Tb+fc+Rs)[Tc(1—a)+fe+Rl]_ (l—a)

Te
Te

Multiplying numerator and denominator by re/(ry + rc + Rs) we
have

T
. Ty +7c + Ry il )]

z"_—R,_}_, +,(1_a)_M
e b+ 17c + Ry

In a simple circuit containing a signal source of voltage ¥ and
internal resistance r, feeding a load resistance R;, the current i, is
given by

vV

= «.eo(10
Ry 416 ( )

iy

Comparing (9) with (10) we obtain the following expression for
the output resistance r, of the common-emitter amplifier

re3(l — a)
= l —) — 2 72 .11
o re 1ol ) T +1c + Rs ( )
Combining the second and third terms
ro + Ry
= l — o) —r —— el
7o o + fc( a) o +1c + R ( 2)

This expression shows that the output resistance depends on
Tes by 7o, o and the source resistance Ry,
When the source resistance is very small we have

o

fo=fe+rc(1'—'a).rb+r
[

For junction transistors r, is small compared with r, and this
expression simplifies to

ro=fg+(1'—a %
Te
=10+ (1 — Q)1 v ee(13)
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When the source resistance Ry is very large compared with ry
and 7., expression (12) simplifies to

ro="re +1e(l — o) . (14)

Output Resistance for a Junction Transistor as Common-collector Amplifier

For a junction transistor having r, = 300 ohms, r, = 25 ohms,
re = 1 megohm, and o = 0-98, the output resistance for short-

100k

50k

30k
20k

10k
5k
3k pd
2k yd

Yy
Ik A
500
300 /
200
100 pd
S0 —
30

20

10
[ 100 ik 10k 100k M oM

SOURCE RESISTANCE (OHMS)

OUTPUT RESISTANCE (OHMS)

Fig. 5.3. Variation of output resistance with source resistance for a
common-collector amplifier

circuited input terminals is, from expression (13), given by the
following

To =T¢ + (l — a)rb

=25 4 (1 — 0-98) 300 ohms

= 25 4+ 300 x 0-02 ohms

= 25 4+ 6 ohms

= 31 ohms
For open-circuited input terminals, the output resistance is given
by expression (14)
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1o =1¢ + (1 — Q)7
=25 4+ (1 — 0-98) x 1,000,000 ohms
= 25 + 1,000,000 x 0-02 ohms
= 20 kQ approximately

The variation of output resistance with generator resistance is
illustrated in Fig. 5.3. For small values of generator resistance,
the output resistance is very low, being only slightly greater than
the emitter resistance r,. It is easily possible, for example, to have
an output resistance of less than 50 ohms: a value as low as this is
impossible from common-base or common-emitter transistor ampli-
fiers.

Thus a common-collector amplifier with a low value of
generator resistance and a high value of collector load resistance
can have a high value of input resistance and a low value of output
resistance, conditions opposite to those normally encountered in
transistor amplifiers and similar in fact to those which apply to a
cathode follower using a thermionic valve.

Voltage Gain

From Fig. 5.1 (b) we can see that the output voltage is given
by 1R;. The voltage gain Vou/Vin is thus given by i.Ri[Via.
From (9) 7, is given by

Te

Qo T AR
’ Rl+fc+7c(l—0‘)-—@2(—1:¢—)—
™ 410 + Rs
Hence
rcR;
@tz 70 4 R, % )
Vin re3(l — o
Rl+’e+’c(l '—0‘) —m
. re Ry
T Ritretre (1 — )] (ro +1e + Re)—1c2 (1 — )

.o (15)
This can be simplified by ignoring 7, in comparison with the other
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terms in the first bracket of the denominator and by ignoring rp
in the second bracket. After further evaluation this gives

Vout — reRy
Vin Ryre + RiR; + ’c(l - "‘) R,
R,

....(16)

TR+ (I — o) Rs + RiRyJre

For a junction transistor « is always less than unity, and hence the
denominator always exceeds R;, giving a voltage gain of less than
unity. If R, is small, the gain is very nearly equal to unity, another
respect in which the common-collector amplifier is similar to a
thermionic-valve cathode-follower circuit.

Consider a junction transistor having a source resistance (Ry)
of 1 kQ and a load resistance (R;) of 100 kQ. If @ = 0-96 and
re = 1 megohm we have, from expression (16)

voltage gain
_ 100,000
100,000 + (1 — 0-96) 1,000 + 100,000 x 1,000/1,000,000

_ 100,000
"~ 100,000 + 40 + 100

= 100,000/100,140

= 1 very nearly

Current Gain of Common-collector Amplifier

Expression (15) may be written

1Ry
Vout _ Ry +re +r1:(l — o)
Vin )
Bet ot el — )

and this can be expressed in the form

feR[
Vout — Ry 4 re 4 re(l — 0‘)
Vin Ry 41
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where r¢ is the input resistance (see expression 5). This may be
written
Vout R e
Vin Ry +1r¢ Ry +7e+ 70(1 hand ‘1)

If Ry and 7, are small compared with r,(1 — «) and R; is small com-
pared with r;, the voltage gain becomes

Vour _ Ry 1
Vm £ 1l —«
__ collector load resistance

= s - X current gain ....(17)
input resistance

This expression is of the type used in Chapter 2 in the simplified
calculations of stage gains of transistors and it suggests that the
current gain of the common-collector circuit is equal to 1/(1 — o).
This can be confirmed from equation (2).

_ Te i
Ridretr(l—a °

which on simplification and for small collector load values gives
the result

o

. Te 1
current gain = —~
W ]l —«

....(18)

When « is nearly unity, as in junction transistors, the value of
current gain can be very high. For example if « = 0-98, we have

current gain =

—
_ 1
~1—-098
1
T 002
= 50

The value of current gain for a common-collector amplifier is not
very different from that for a common-emitter amplifier: when «
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is nearly unity, «f(1 — a) is not very different from 1/(1 — «).
In spite of this very high value of current gain, however, the
common-collector amplifier gives less than unity voltage gain
because the input resistance is so high compared with the load
resistance. In fact if we equate expression (18) to unity we have
the following approximate relationship

input resistance = X load resistance

—

= current gain X load resistance ....(19)

Practical Circuit for a Common-collector Amplifier

A circuit diagram for a common-collector amplifier is given in
Fig. 5.4 and the component values required in it can be calculated
by methods similar to those employed for other amplifiers. For
example, if the supply is 6 volts and the mean current in the load
resistance is to be 1 mA, a convenient value for the load resistance
is 3 kQ, this permitting a peak swing of emitter potential of 3 volts.
The quiescent emitter potential is thus —3 volts and the quiescent

Ry
| T
|- i
—o i
V. } +T
" Vour
R, *

Fig. 5.4. Practical circuit of a common-collector amplifier

base potential will not differ very greatly from this value. The
potential difference across the base bias resistor R, is thus approxi-
mately 3 volts and if the base current is 20 pA (corresponding to a
value of o’ of 50) the bias resistance is given by 3/(20 x 10-8),
i.e., 150 kQ.

The capacitance C, depends on the resistance to which the
output terminals of the common-collector amplifier is connected.
The capacitance C; depends on R; and the input resistance of the
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amplifier which, as shown above, also depends on the load resistance.
If the load resistance is high, the net input resistance can be as
much as 100 kQ and, for an a.f. amplifier, C; can be 0-1 uF which
has a reactance of approximately 31 kQ at 50 c/s and gives a loss
of less than 1 dB at this frequency.

An interesting feature of the common-collector amplifier is that
signals applied to the output terminals give a signal output at the
input terminals. In this respect, such amplifiers, when used as
buffer stages, are not as perfect as thermionic-valve cathode
followers. This property of the common-collector amplifier can
be anticipated from Fig. 5.1 (b): the equivalent generator ar,
is in the common shunt arm of the network and the two resistances
re and rp are of approximately the same magnitude. Thus the
network is very nearly symmetrical and a signal applied across R;
can produce an output across Rs.
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BIAS STABILISATION

Introduction

HE collector current of a junction transistor consists of two

components, one controlled by the base current and the other
independent of it. The first component is useful because the
amplifying properties of the transistor depend on it: the second
is useless and is usually known as the leakage current. The leakage
current is caused by thermal dissociation of covalent bonds as
described in Chapter 1 and is strongly dependent on temperature;
at high temperatures it may become comparable with the useful
current, causing severe limitations in the performance of the
transistor. For example, if the leakage current is an appreciable
fraction of the total collector current, it is impossible for the collector
voltage to swing up to the collector supply voltage under the action
of an applied signal: thus the undistorted output-voltage swing is
reduced by the presence of the leakage current.

Leakage current can, under certain conditions, cause damage
to or even destruction of a transistor. For such a current heats
up the collector junction, causing further increase in collector
current which accelerates the heating process. Unless precautions
are taken to prevent the collector current rising, a regenerative
process can occur, resulting in an abnormally large collector current
which, if it exceeds the safe collector dissipation, can cause damage
to the transistor.

Transistor circuits must be designed to prevent this thermal
runaway by limiting the collector current to a safe value. Such
protective circuits also tend to make the performance of the
equipment less dependent on the parameters of the transistors,
permitting the exchange of one transistor for another.

LEAKAGE CURRENT IN A COMMON-BASE AMPLIFIER
Consider a junction transistor used as a common-base amplifier
such as that shown in Fig. 6.1. If the emitter battery circuit is
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broken, the collector current falls to a low value which is due to
the reverse current of the diode formed by the collector-base
junction. This current is the leakage current referred to above
and is represented by I;,. When the emitter circuit is restored,
the collector current rises due to the addition of the useful current
al, from the emitter circuit. Thus the total collector current I,
is given by

IC:C!IE_(—ICO ....(1)

For a small junction transistor the leakage current is very small,
a typical value being 5 pnA at a temperature of 25° C. It increases
substantially exponentially with temperature and may reach 50 pA
at 55° G, but even so is still small compared with af, which may
be I mA. Thus it may be said that leakage current has a negligible
effect on the performance of a common-base amplifier, and provided

Fig. 6.1. Simple uncompensated common-base amplifier which
has good thermal stability

R, and R, are chosen to keep the collector dissipation below the
maximum safe value, the likelihood of thermal runaway docs
not exist.

Protective circuits are thus unnecessary in a common-base
amplifier. Such an amplifier is said to have good d.c. stability
and, in fact, it is the aim in the design of common-emitter transistor
amplifiers to achieve d.c. stability comparable with that of a
common-base circuit.

LEAKAGE CURRENT IN A COMMON-EMITTER AMPLIFIER

For a number of reasons which were listed earlier, the common-
emitter amplifier is preferred in transistor circuitry to the common-
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base amplifier. The basic circuit for a common-emitter amplifier
is given in Fig. 6.2,

If the base resistor circuit is broken in this amplifier, there is a
residual current flowing between collector and emitter. How-
ever, this current arises from a process somewhat different from
that producing the leakage current in a common-base amplifier.
The collector-base junction is reverse-biased as in a common-base
amplifier and there is hence a collector-base leakage current of

Re

.___o._g<_..[

Fig. 6.2. Simple uncompensated common-emitter amplifier which
has poor thermal stability

magnitude I as before. There is, however, no net external base
current (because the circuit is disconnected) and it follows that
there must be an emitter-base current, also equal to I, but flowing
in the opposite direction to the collector-leakage current.

This current behaves as an input current and is magnified
by transistor action, appearing as a current of «'J, in the collector
circuit where o’ = af(1 — «). Thus the total leakage current in
the collector circuit is

Ico + a’Ico == (l + a’)Ico
This is usually represented by I
S Iy = (1 + oY ey
1
— TICO

a’ is not so large as in signal calculations but Iy’ can be consider-
ably greater than . In fact at 25° C for a small junction tran-
sistor Ip," can be as much as 250 pA rising to 2-5 mA at 55° G;
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this is more than twice normal values of signal current and can cause
great deterioration in circuit performance. It is essential, therefore,
in common-emitter transistor amplifiers to include protective
circuits to aveid undue rise in collector current.

On the other hand the very large leakage current of the common-
emitter amplifier is of great value in photo-transistors as explained
in Chapter 13.

In general, for a common-emitter circuit

I = o'Iy + Iy’ (2

where o'l is the useful component of the collector current and I’
is the leakage current.

STABILITY FACTOR

Suppose there is a change of leakage current Al due to a change
of temperature in an unstabilised circuit. If the useful current
o'Ip remains constant, this causes an equal change in the total
collector current 1.

Now suppose that a stabilising circuit is applied to the transistor
amplifier. Over the same temperature range, this has the effect
of reducing the change in collector current to a smaller value
than that which occurred in the unstabilised circuit. The ratio
of the two changes is known as the stability factor K.

Hence:

__change in total collector current in stabilised circuit
change in total collector current in unstabilised circuit

The change in collector current in the unstabilised circuit is due
entirely to a change in the leakage current, if, as assumed here,
the useful component of collector current is constant. Thus X is
given by
Al,

K="—"%
ALy

For an unstabilised circuit Al; = Al and K = 1. For a stabilised
circuit Al is smaller than Al and K is less than unity, the smallness
of K being a measure of the success of the stabilising circuit.

Values of K of 0-1 or less can quite easily be achieved by con-
ventional circuits, and this shows that the variations in collector
current caused by, say, a given temperature change, are less than
1/10th the change which would occur in an unstabilised circuit.
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PROTECTIVE CIRCUITS FOR COMMON-EMITTER AMPLIFIERS

Use of a Collector-base Resistor

A simple method which can be employed to increase the d.c.
stability of a common-emitter amplifier is that illustrated in Fig. 6.3.
This is similar to the circuit of Fig. 6.2 but the difference is that
the resistor Rp is returned to the collector instead of to the negative
terminal of the supply.

The improvement can be explained qualitatively in the following
way. Suppose the leakage current increases as a result of an
increase in temperature. This causes an increase in the voltage
across the collector load R, and the collector potential becomes
more positive. The base input current is primarily determined

o

>

F—HF—T
v

R l-’b tle

U3

l +

T

Fig. 6.3. A simple method of improving the thermal stability of
a common-emitter amplifier

by the resistance Rp and the collector voltage, and this change in
collector voltage causes a reduction in base current and hence in
the useful component of collector current. This in turn causes a
negative movement of collector potential and a process of re-
adjustment occurs, ending with a total collector current greater
than the original value but not so great as in an uncompensated
circuit such as that shown in Fig. 6.2.

The precise improvement in d.c. stability afforded by this simple
circuit can be calculated in the following way. From equation (2)
we have

I =o'l + Iy .o (3)

The base-emitter voltage is usually small compared with the
collector supply voltage ¥V and thus we may say
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LRy + (Iy + )R =V e (4)
From (3)
I, — Iy

[+ 4

I =

Substituting for I in (4)
(Ie — Iey') Ry

o4

(BT s n)r =
Rearranging this we have
L[Ry + (o + DRe] = Ly'(Ry + Re) + o'V

Differentiating with respect to Iy’

ko _ R+ R
dIco' Ry + R, + o'Rg
. 1
~ 1+ &'ReJ(Ry + Re)

R., Ry and o' are all positive quantities and this expression shows
that the stability factor X is less than unity. The aim, of course,
is to get the best stability, i.e. the lowest possible value of K. This
implies a high value of «, a large value of R, or a small value of Rp.
There is not usually much choice of value of &’ and this is not
likely to exceed 50. R, and Rj cannot be varied at will to secure
good stability because their values have to satisfy other and more
important considerations.

For example, R, is the collector load resistance and its value is
determined by the collector supply voltage and the mean collector
current of the transistor. R, supplies base bias and its value,
together with that of the collector supply voltage, determines the
bias current. Thus the d.c. stability obtainable from this circuit
is to a large extent determined automatically by other design
requirements.

To indicate the value of stability likely to be obtained, we will
consider a typical common-emitter amplifier and will calculate
likely values for R and R, If the collector supply is —6 volts
and the mean collector current is 1 mA, a suitable value for R,
is 3 kQ, for this gives a mean collector voltage of — 3 volts which
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permits upward and downward swings of collector voltage of
approximately 3 volts peak value.

If the mean collector current is 1 mA and «' is 50, the mean
value of the base current is approximately 1/50 mA, i.e. 20 pA.
The base-collector voltage is 3 approximately and to give the
required value of base current, R, must be 3/(20 X 10—%) ohms,
i.e. 150 kQ.

The stability factor is thus given by

1
K=
1 + a’Rc/(Rb + -Rc)
_ 1
"1 450 x 3/(150 + 3)

1
T 41

= 0-5 approximately

This is not a great improvement over the unstabilised circuit.
A better performance is possible if the amplifier is not required to
give a large signal output. For example, if the output voltage
swings never exceed 1 volt it would be possible to operate with a
mean collector voltage of —1 volt. For 1 mA mean collector
current the collector load-resistance must now be 5 kQ, and for
20 pA mean base current Ry is given by 1/(20 x 10-%) = 50 kQ.

The d.c. stability is now given by

1
S W v T

=TT4s approximately

= 31-3 approximately

The resistor R, forms with the resistance of the signal source
(not indicated in Figs. 6.2 and 6.3) a potential divider which
returns a fraction of the output voltage of the amplifier to its input.
This causes a reduction in gain which, if not desirable, can be
eliminated by constructing Rp of two resistors R, and R, in series,
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the junction being connected to earth by a low-reactance capacitor
as shown in Fig. 6.4.

If R, is small, it shunts the collector load resistance of the
amplifier, and if R, is small, it shunts the input terminals and
lowers the input resistance. Usually, therefore, R, and R, are
made approximately equal and the capacitor is chosen to have a

Fig. 6.4. To avoid negative feedback due to Ry, decoupling
may be introduced as shown here

Ry
C

o §
L

Fig. 6.5. Method of decoupling which can be used with
transformer coupling

reactance which is small compared with the resistance value at
the lowest frequency it is required to amplify., For example, if
Ry is 100 kQ, R, and R, can be 50 kQ and, for an a.f. amplifier,
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C; can be 2 uF which has a reactance of approximately 1-6 kQ at
50 cfs.

If this simple method of stabilisation is employed in a common-
emitter circuit which is coupled to the previous stage by a trans-
former, then the base end of the stabilising resistor Rp can be
decoupled to the emitter directly as shown in Fig. 6.5.

Use of a Potential Divider and Emitter Resistor

A better method of ensuring good d.c. stability in a common-
emitter transistor amplifier is illustrated in Fig. 6.6. It employs
three resistors, two forming a fixed potential divider across the
collector supply battery and a third included in the emitter circuit
of the transistor. The emitter resistor gives negative feedback

il e

Lo i ~d
e e ¥
VL Pé ljz Jel 1 T T
i ' Re% Tq

Fig. 6.6. Potential divider method of stabilising the d.c. conditions in a
common-emitter amplifier (a) in an RC-coupled amplifier and (b) in a trans-
Jormer coupled amplifier.  Arrows indicate electron flow

and a consequent reduction of gain: if this is undesirable, the
emitter resistor can be decoupled by a low-reactance capacitor,
this constituting the fourth additional component required in this
method of stabilisation.

Two basic versions of this circuit exist. In Fig. 6.6 (a) the
circuit is arranged for RC coupling from the previous stage: a
feature of this arrangement is that the resistance of R, and R, in
parallel is effectively shunted across the input circuit of the tran-
sistor., 'This parallel resistance should not, therefore, be too small.
In Fig. 6.6 (b) the circuit is arranged for transformer coupling
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from the previous stage: the parallel resistance of R, and R4 does
not now enter into input-resistance considerations.

The improvement in stability due to this circuit can be explained
in the following way. The base is connected to the junction point
of the potential divider and, if we neglect any variations in base
current, has a constant voltage. The transistor takes an emitter
current such that the emitter voltage is practically equal to the
base voltage. If now the leakage current increases, due to a rise
in temperature, the emitter voltage tends to approach that of the
base and the base-emitter voltage therefore tends towards zero;
tends, that is, to reduce collector and emitter currents. This
offsets the increase in leakage current, and in the resulting state
of equilibrium the collector current is greater than it was initially
but is less than in an unstabilised circuit. In practice, variations
in base current cause the base voltage to vary slightly and complete
stabilisation of the collector current cannot be achieved. Never-
theless, the circuit is capable of reducing variations in collector
current to say 1/15th of their value in an unstabilised circuit.
This is illustrated in the following analysis of the circuit.

From expression (2) we have

I =o'ly + Iy ceea(8)
But from Fig. 6.6 (a)
Iy=1I —1I,
Substituting for I in (5)
I =dI, — oI, + Iy N ()]
Moreover
V=ILR, + I,R, veed(7)

Eliminating I, between (6) and (7) by multiplying (6) by R,
(7) by o’ and subtracting, we have

o'V — IR, = o'I,(R, + R,) — Iy’R,
oV — R\(Ie — Iy) = o'I(R, + R,) e (8)
The voltage drop between base and emitter is very small. Thus

IeRg = Isz
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giving
18 4
I, =22
2 Rz
ButI, = I, + I,
I + I)R
. =(b_';¢= ..(9)
2

Substituting for I, in (8)
o' Re(Ry + Ry)

o'V — Rl — Iy) = 2 e+ 1)
2
— Re(R, + R,) oIy 4 o'Re(Ry + R,) A
R,y Ry
From (5) o'y = I, — Iy
R Ry(I, — Ico’) — RG(R;E'}' R,) - Ico/) + a,Re(R;.a"' Ry) A
3 ]
Dividing by R, and rearranging
R.(Ry + R,) o’Re(Ry + Ry) 1 Re(R, + R,) °‘,_V
R ~ e et R = 2

Let Ry = R\R,/(R, + R,;). Rp is thus the parallel resistance
of R; and R,.

Ic[l + ((x' + l) . g;:] - ICO’(]' + IR%:) + aR—I/
1

The stability factor K is obtained by differentiating this expression
with respect to Iy’

R,

1 i

K. dIc +Rb
=dI ’= R
© 14+ (1+a).
R,

— Rs"‘Rb

Re +Rb + a’Re
1

....(10)

T 1 «RJ(Ry + Re)
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an expression similar to that for the previous circuit, with R, in
place of R.. In both circuits Rp is the resistance in the external
base circuit.

To obtain good stability K must be small and this requires a
high value of o/, a high value of R, and a small value of Rp. In
the circuit previously described the stability similarly depended on
Ry and R, but the values which could be used were to a large
extent dependent on other design considerations. In this circuit
Rp and R, can be given any values necessary to achieve the desired
stability within wide limits without significant effect on the per-
formance of the circuit as an amplifier. Naturally there are some
limitations on permissible values of R, and R, in the potential-
divider circuit: for example, if Rp is made very small it makes the
input resistance very small in an RC-coupled amplifier such as
that illustrated in Fig. 6.6 (a). Moreover when Rjp is small it is
possible that the potential divider may take a very large current
from the collector-supply voltage. This applies to the circuits of
Figs. 6.6 (a) and 6.6 (b). As Rp is decreased towards zero, the
circuit degenerates into a common-base type and, as shown in
expression (10), K tends to 1/(1 4 «'), which is its value for a
common-base amplifier.

The stability factor also improves as R, is increased, but if this is
made too large it will limit the collector current which can be
achieved, unless a large value of collector supply voltage is used.
At the other extreme, when R, approaches zero and if Ry is high,
the circuit becomes a simple common-emitter type with its par-
ticularly poor d.c. stability.

Design of a Potential Divider Circuit

Let us assume R, is to be 1 kQ: this is a convenient value because,
for an emitter current of 1 mA, it loses only 1 volt of the collector
supply voltage, leaving in a typical circuit with 6 volts supply,
5 volts for the transistor and its load resistor. If o’ = 50, the base
current is 1/50 mA, i.e. 20 pA. This flows through R, in addition
to the bleed current which flows through R, and R, from the
collector supply. For good d.c. stability the potential at the
.junction of R, and R, must be steady in spite of variations in base
current and this is achieved by making the parallel resistance
of R, and R, small: this implies that the bleed current must be
large compared with the base current. The bleed current can
therefore be 200 A which is ten times the base current but is still
only one-fifth of the collector current. Thus the total current
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in R, is 220 pA. The voltage across R, is 5 volts because the
potential at the junction of R, and R, does not differ appreciably
from the emitter potential. Hence R, is given by
5
Ri=—~—
17220 x 108

= 23 kQ approximately

ohms

The voltage drop across R, is 1 volt and the current in it is 200 pA,
giving the value of R, as 5 kQ. Cj should have a reactance small
enough to avoid negative feedback and consequent fall in gain
even at the lowest operating frequency. To achieve this the
reactance must be small compared with the internal emitter
resistance of the transistor: a typical resistance value is 25 ohms.
In an a.f. amplifier C;, may be 500 uF which has a reactance of
6-5 ohms at 50 c/s.
For this circuit Ry is given by

R1R2
Ry + R,
_ 5,000 x 23,000

28,000
= 41kQ

Ry =

ohms

The stability factor is thus given by
1
(I’Re
Ry + R,
1
50 x 1,000
4,100 + 1,000
1
50 x 1,000
I+ 5,100

K=
1+

1 4+

= 1—-_;—10 approximately

| =

approximately

f—

1
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a considerable improvement over the stability factor obtainable
from the circuit described before. This value of stability factor is,
in fact, only 4-5 times worse than that for the common-base amplifier
(for which K'is 1/(1 + &) i.e. 1/51).

In a common-emitter amplifier so stabilised when temperature
increases the collector current increase is approximately 1/10th that
which would occur if the amplifier were unstabilised. To improve
stability still further a means is required of making the potential
at the junction of R; and R, slightly more positive as temperature
rises. One method of achieving this is to connect in parallel with
R, a resistor with a value which decreases as temperature rises.
There are a number of different types of temperature-sensitive
resistors having such a negative coefficient: one example is the
thermistor. The coeflicient required for good stabilisation can be
obtained by choosing the correct ratio of R, to thermistor resistance.
Alternatively the stabilisation can be improved by using for R, a
resistor with a positive temperature coefficient: an example of such
a circuit is given on p. 92.

Use of a Two-battery Supply

The potential-divider circuit reduces variations in collector
current by stabilising the base potential. However the base
current flows through R; and variations in base current must
cause some variations in base potential and hence in collector
current, although these can be made slight. Thus the circuit is
not completely successful although, as we have shown, it can give
a considerable improvement in d.c. stability.

Instead of using a potential divider to stabilise the base potential
of a common-emitter amplifier, a battery may be used instead.
In pnp transistors the base must be biased negatively with respect
to the emitter and it is thus unnecessary to use a separate battery
for this purpose; the base can be returned to a tapping point on
the collector supply battery as indicated in Fig. 6.7. This method
of stabilisation is shown applied to an RC-coupled common-emitter
amplifier at (a) and to a transformer-coupled amplifier at (b).

In an RC-coupled circuit it is not possible to connect the base
directly to the tapping point without short-circuiting the amplifier
input. A base resistor Rp must be included, and this necessarily
degrades the d.c. stability by permitting variations in base potential.
Ry should therefore be given the lowest value consistent with
reasonable gain from the previous stage. Better stability (equal
in fact to that of a common-base amplifier) is obtainable from the
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transformer-coupled circuit because no base resistor is necessary.
The only external resistance in the base circuit is that of the trans-
former secondary winding, and this can be very small, usually
less than 100 ohms.

The two-battery circuit is very simple to design. If it is required
to stabilise the collector current at, say, 0-5 mA, and if the tapping

(@) (b)

Fig. 6.7. Tuwo-battery method of stabilising the d.c. conditions in a common-emitter
amplifier (a) in an RC-coupled amplifier and (b) in a transformer-coupled amplifier

point is chosen to give a base-emitter voltage of —1-5, the emitter
resistance R, is given by 1-5/(0-5 x 10-3), i.e. 3 kQ. This circuit
does, however, require a slightly larger battery than other circuits.
The stabilising voltage is, in effect, subtracted from the collector
supply voltage, and a larger battery is needed to maintain adequate
voltage across the transistor and its load resistance.

Use of a Temperature-dependent Emitter Resistor

The variations in collector current so far discussed are due to
changes in leakage current: as explained these variations set an
upper limit to the temperature at which a transistor can give a
satisfactory performance. These variations occur even in the
absence of the useful component al, i.e. even if the transistor
is cut off.

The useful component o, is also strongly dependent on tempera-
ture and, if temperature falls low enough, can become so small
that the required collector current swing is impossible to achieve.
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This variation thus sets a lower limit to the temperature at which
satisfactory operation can be obtained. The variations in leakage
current and useful component together define the temperature
range within which satisfactory operation of the transistor is
possible.

Both components of the collector current of a transistor thus
vary with temperature but the total change in collector current
can be reduced by using the methods of d.c. stabilisation discussed
above.

In a power transistor designed for collector dissipations of
several watts, the collector current may be of the order of 0-5
ampere. This is large compared with the leakage current and
variations in collector current are almost entirely due to changes
in the useful component. The mean value of the useful component
can be kept constant by adjustment of the base-emitter voltage and
a change of approximately 2:5 mV per °C is required by silicon
and germanium transistors. Thus the stabilising circuits for power
transistors should be designed to apply a correction of this value
to the base-emitter voltage.

A simple method of effecting this compensation is to use an
external emitter resistance of pure metal. Such resistors have a
positive temperature coeflicient and, if the base potential is constant,
a rise in temperature causes the external emitter resistance to
increase, thus increasing the voltage across this resistance. This
in turn reduces the emitter-base voltage and thus tends to maintain
the collector current constant.

The temperature coefficient of electrical resistance of copper is
approximately 0-004 per °C: if the emitter current is assumed
constant the voltage across a copper emitter resistance therefore
increases by 0-004 of its initial value per °C. If the initial voltage
is unity, the increase in emitter potential is 4 mV per °C. To
offset a 2-5 mV change in emitter-base voltage, an initial emitter
voltage of 2-5/4, i.e., approximately 0-6 volts, is needed. If the
emitter current is 0-5 A (as is likely in a transistor of 5 W dissi-
pation) the emitter resistance should be 0-6/0-5, i.e. 1-2 ohms, a
convenient value to construct of copper wire. The fixed base
potential is usually achieved by use of a resistive potential divider
as discussed above.
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SMALL-SIGNAL A.F. AMPLIFIERS

Introduction

WE have so far discussed the properties of simple amplifiers
containing only a single transistor. Sometimes the power
output and the gain of a single transistor are adequate but where
greater gain is required, it is necessary to use a number of transistors
connected in cascade to form a multi-stage amplifier.

Some multi-stage amplifiers are required to deliver an output
voltage or output current which is small compared with the
maximum that the final stage could deliver: usually this output
is used as the input voltage or current for a following amplifier.
In the design of amplifiers of this type the aim is to minimise
distortion in the output voltage or current and the power output
of the final stage is of little consequence. Such amplifiers are
termed small-signal amplifiers, voltage amplifiers or current
amplifiers: typical examples are microphone head amplifiers and
the r.f. and early 1.f. amplifiers in a receiver.

The final stage of a multi-stage amplifier may, however, be
required to drive a loudspeaker or a recording head or some
other load requiring appreciable power for its operation. Such
stages must deliver undistorted power and their design principles
differ from those of small-signal amplifiers. Amplifiers with a
final stage of this type are termed large-signal or power amplifiers.
The early stages of a large-signal amplifier can, of course, be
regarded as constituting a small-signal amplifier.

In this chapter we shall consider the basic principles of small-
signal a.f. amplifiers using junction transistors. We shall assume
common-emitter operation throughout and all the circuits require
protective measures to stabilise d.c. operating conditions.

Current and Voltage Amplifiers

It is usual in the design of valve amplifiers to regard each class-A
stage as a voltage amplifier, i.e., as a stage whose input signal is the
output voltage of the previous stage and whose output signal applied
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to the following stage is a voltage which is a substantially faithful
copy of the input voltage. If a stage is to be regarded as a voltage
amplifier, it is essential that the voltage of the signal source should
not be affected by the connection of the amplifier across it: this
requires that the input resistance of the amplifier should be very high
compared with the resistance of the signal source. The output
voltage of the amplifier should be substantially unaffected by
variations in the value of the load resistance: this requires that the
output resistance should be low compared with the load resistance.
Thus a voltage amplifier must have a high input resistance and a
low output resistance as shown in Fig. 7.1 (a). A class-A amplifying
valve satisfies this requirement because the input resistance is nearly

o o
) VOLTAGE
HIGH 7 —» AMPLIFIER ~— LOW 7,
Lo o~
Fig. 7.1. Fundamental properties of ()
(a) a voltage amplifier and (b) a
current amplifier
) o
A CURRENT
Low 7 —* AMPLIFIER | < HIGH 75
Lo o
(b)

infinite, whereas the output resistance can be less than 1 kQ.
Provided these resistance requirements are satisfied the gains of the
individual stages of a voltage amplifier can be multiplied together
to give the overall gain of the amplifier or (and this is another way
of expressing the same fact) the gains of individual stages, when
expressed in decibels, can simply be added to give the overall gain
of the amplifier.

Similarly it is possible to have a current amplifier. When such
an amplifier is connected to a signal source it is essential that the
current flowing in the signal source should not be affected by the
connection of the amplifier: this requires that the input resistance
of the amplifier should be small compared with the resistance of the
signal source. 'The output current from a current amplifier should
ideally be independent of the load resistance: this requires that the
output resistance should be high compared with the load resistance.
Thus a current amplifier must have a low input resistance and a
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high output resistance as shown in Fig. 7.1 (b). Provided these
resistance requirements are satisfied, the gains of the individual
stages of a current amplifier can be multiplied together to give the
overall gain of the amplifier or (and this is another way of expressing
the same fact) the gains of the individual stages, when expressed in
decibels, can simply be added to give the overall current gain of the
amplifier.

As we have seen in previous chapters, a common-base or a com-
mon-emitter transistor amplifier stage has a small input resistance
and a high output resistance. Both types of amplifier are therefore
best regarded as current amplifiers. The common-collector
amplifier, on the other hand, has a high input resistance and a low
output resistance: this is best regarded, therefore, as a voltage
amplifier.

The majority of transistor amplifiers are of the common-emitter
type and the current gain of a particular stage is usually com-
puted from the input (base-emitter) circuit to the input (base-
emitter) circuit of the following stage. If, as commonly occurs,
both stages include similar types of transistor operating under similar
d.c. conditions, these input circuits are likely to have equal input
resistances. If this is so then the current gain from one input
circuit to the next is numerically equal to the voltage gain from one
input circuit to the next. Provided, therefore, the input circuits
are of equal resistance, it is possible to calculate the gain in terms of
voltage or current as desired. This point is illustrated in some of
the calculations given later in this chapter.

RC-coupled a.f. Amplifiers

Two successive stages of a small-signal a.f. amplifier are illustrated
in Fig. 7.2. RC-coupling is used and both stages are stabilised by
the potential-divider method. Earlier chapters give the method
of calculating the values of the emitter resistor, collector resistor
and the potential-divider resistors.

The input resistance of a common-emitter transistor stage is
commonly approximately 1 kQ, but this is reduced by the arms of
the potential divider which are effectively in parallel with it and we
can take the net input resistance as 800 ohms. This is in parallel
with the collector load resistance of the previous stage and if this is
taken as 3-3 kQ the effective load resistance is thus

3,300 x 800

m = 640 ohms approximately
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The gain of an amplifier with such a value of collector load
resistance can be calculated in the following manner. Assume a
collector signal current of 7, in the transistor: the signal voltage
across the load resistance is thus 7cR.. If the current gain is o
the base current is #¢/a’. The input resistance of the transistor

-0 —

O +
Fig. 7.2. A small-signal a.f. amplifier consisting of two RC-coupled common-emitter stages

is 7; and the input voltage which must be applied across r; to
produce a base current of i¢/a’ is icr;/a’. The voltage gain is thus
given by

Vout _ a'ieRe

Vin Tery
__o'R,
i
Substituting o’ = 50, R, = 640 ohms and r; ~= 1 kQ
Vour _ 50 x 640
Vin 1,000
= 32
This calculation shows that the input resistance of the second
stage is low compared with the load resistor of the first stage and
it virtually determines the voltage gain of the first stage. The
value of the collector load resistance for the first stage does not
greatly affect its voltage gain.
If both stages of the amplifier of Fig. 7.2 have a voltage gain
of 32 the overall voltage gain is 322, i.e., approximately 1,000.
The gain could alternatively be calculated from the mutual
conductance of the transistor, i.e. the ratio of the signal-current
output to the input voltage applied between base and emitter.
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The mutual conductance of a transistor is directly proportional
to the emitter current and inversely proportional to the absolute
temperature. At 25°C it is given approximately by the expression

&m = {f, where V, = 25 mV

[
Thus for an emitter current of 1 mA the mutual conductance is
40 mA/V and for a load resistance of 640 ohms the voltage gain
is 25+6, less than the value deduced on the previous page.
The gain of the amplifier can be written

4= ngc
- LR
Ve
But, as shown on page 97, the gain is also equal to o Rgfrin.
Equating these two expressions for the gain we have

o I
. . r'i_;‘ B Ve
giving
ren — a'IVe
e

This is a useful expression because it shows that if o' = 50 the
emitter current must be 1-25 mA to give an input resistance of
1 kQ. For 1-25 mA emitter current g, is 50 mA/V and the gain
for a load resistance of 640 ohms is 32, which agrees with the
result deduced on the previous page.

Value of Coupling Capacitor
The capacitance Cj; is determined by the low-frequency limit
of the pass-band, the response being 3 dB down at the frequency
for which the capacitive reactance equals the resistance effectively
in parallel with C3.  In this amplifier the resistance is, say, 800 ohms
from the input of the following transistor and 3-3 kQ from the
output circuit of the preceding transistor. If the low-frequency
limit is 50 cf/s we have
1

onfCy |
1
‘. Coa = ——
2T 2nfr
" 6284 x 50 x 4,100

= 08 uF approximately
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Small-signal Transformer-coupled a.f. Amplifier
A circuit giving greater gain is that shown in Fig. 7.3 in which
a transformer is used to couple the collector circuit of the first
transistor to the base circuit of the second. For maximum gain
the turns ratio of the transformer should be chosen to match the
output resistance of the first transistor (commonly approximately

QO ~

1 T
Fig. 7.3. A small-signal a.f. amplifier consisting of two transformer-coupled
common-emutier stages
30 kQ) to the input resistance of the second (1 kQ). The turns

ratio required is thus 4/(30,000/1,000 : 1, i.e. 5:5 : 1,

As explained on page 145 perfect matching gives distortion
because variations in input resistance affect the input current.
Lower distortion (and lower gain) can be obtained by using a
smaller turns ratio, thus tending to drive constant current into the
following transistor.

The primary is, of course, the larger of the two windings and this
is connected to the collector circuit so as to step down the voltage
applied to the following base. There is, of course, an equal step
up in current and as transistors are current-operated devices the
transformer gives gain greater than is obtainable from the RC-
coupled amplifier.

We can confirm this by calculation in the following manner.
When the turns ratio is correct, the collector load presented to the
first transistor by the transformer primary winding is 30 kQ. This
is equal to the output resistance of the first transistor, and the gain
is thus half that which would be obtained if the output resistance
were very large*. Thus the voltage gain from base to collector of
the first transistor is equal to that of a high-impedance source

O +

* A similar calculation for an r.f. amplifier is given on page 110.
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feeding a load resistance of 30 kQ/2, i.e. 15 kQ, and is given by
gmR; =50 x 1073 x 15 x 108
=750

in which the mutual conductance of the transistor is taken as
50 mA/V. This gain is reduced in the ratio 5:5 : 1 by the trans-
former and hence the voltage gain from the base of the first
transistor to the base of the second is given by

Ez)s—)g = 135 approximately

This is more than 4 times the gain from the RC-coupled amplifier.

Calculation of Transformer Primary Inductance

The primary inductance of the transformer is determined by the
Iowest frequency it is desired to amplify. There is a loss of 3 dB
at the frequency for which the inductive reactance is equal to the
effective resistance of the collector circuit: this resistance is com-
posed of the output resistance of the transistor and the load
resistance at the transformer primary. Normally these two
resistances are each equal to 30 kQ and the effective resistance is
15 kQ. Ifalossof 3 dB at 50 c/s is acceptable, the primary induct-
ance required can be calculated thus

9nfL = 15,000
15,000
S L=22
onf
15,000
6284 x 50

= 50 H approximately

NEGATIVE FEEDBACK IN SMALL-SIGNAL AMPLIFIERS

Negative feedback is employed in transistor amplifiers for a number
of reasons: it reduces distortion and makes the performance of
the amplifier less dependent on transistor parameters and hence
less dependent on temperature. In addition feedback can be used
to extend the frequency response and to give the amplifier desired
values of input or output resistance.

There are two basic feedback circuits and they are illustrated in
Fig. 7.4. In circuit (a) feedback is applied by connecting a
resistor R, between the collector and the base. This circuit is also
used to improve the d.c. stability of the common-emitter amplifier.
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In the second basic circuit illustrated at (b) feedback is applied
by inclusion of an undecoupled emitter resistance Re.

Circuit (a) has the effect of reducing the input resistance of the
amplifier and may be used as the input stage of a current amplifier
where the input resistance must be small compared with the
resistance of the signal source. This form of feedback decreases

(2)

Fig. 7.4. Essential connections for two methods of applying negative
JSeedback to common-emitter transistor amplifiers

the output resistance of the amplifier and is useful where the
output is required in the form of a voltage and the output resistance
must be small compared with that of the following load. This
circuit is therefore likely to be used with a current input and a
voltage output, and the gain measured in these terms can be
evaluated in the following way.

If the current flowing into the base is ¢, the current in the
collector circuit is o'ty and this, in flowing through the collector
load resistance R, gives rise to a collector voltage of «'ipRe. This,
in turn, gives rise to a current of a'ipRe/Rp in the resistor Rp. The
total input current #;, required is thus given by

o'ty R,
Ry

= ip(1 + o' Re/Rp)

tn = 1p +

If Ry, is removed, the input current is, of course, simply t; and the
effect of feedback is thus to reduce the input resistance to
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11 4+ o'Re/Rp) of its former value. If Rp is small compared
with «'R, the input resistance is Rp [a'R, of its former value. The
gain* of the circuit is given by
output voltage a'tpRe
input current (1 + o' R¢/Rp)

If Rp is small compared with o’R; this reduces to

output voltage
— = =R
input current

which is independent of the transistor paramecters and of R,.

Circuit (b) has the effect of increasing the input resistance of the
amplifier and is used as the input stage of a voltage amplifier.
This form of feedback increases the output resistance of the amplifier
and is uscful when the output is required in the form of a current
and the output resistance must be large compared with the value
of the following load resistance. Such a circuit is likely to be
used with a voltage input and a current output, and its gain,
measured in these terms, can be evaluated in the following manner.

If the signal current flowing into the base is ip, the current in
the collector circuit is «'z3.  The current in the emitter circuit is
(o' + 1)ip and this, in flowing through the emitter resistor R,
gives rise to an cmitter voltage of (a' 4 1)ipR,. Provided R, is
large enough this voltage is large compared with the base-emitter
voltage and the input signal voltage required is approximately
(o 4+ 1}ipRe, giving the input resistance as (¢’ + 1)R,. The gaint
is given by

output current o'ty
input voltage (a' + 1)ipR,

As o' is normally large compared with unity, (o’ 4 1) is approxi-
mately equal to «” and we have

output current 1

input voltage  Re
which is independent of the transistor parameters and of the load
resistance R,.
Two-stage Current Amplifier

A transistor stage of the type illustrated in Fig. 7.4 (a) gives a
voltage output for a current input, whereas a stage of the type shown

* Strictly mutual resistance. 1 Strictly mutual conductance.
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in Fig. 7.4 (b) gives a current output for a voltage input. By
combining a stage of each type it is possible to produce a two-stage
current amplifier or a two-stage voltage amplifier. For example
by combining a first stage of type (a) with a second stage of type (b)
we obtain an amplifier with a low input resistance and a high
output resistance, i.e. a current amplifier.

In such a combination of the circuits of Figs. 7.4 (a) and (b) the
feedback resistor R, bridges the base and collector of the first
transistor. It is, however, more usual in two-stage current ampli-
fiers for Ry to be connected between the base of the first transistor
and the emitter of the second as shown in Fig. 7.5 which also includes

% .

4
— o
I UTPUT
AN N
INPUT yo
! b

Re
4 1 or

Fig. 7.5. A two-stage transistor current amplifier with low input resistance
and high output resistance

components for d.c. stabilisation. The two circuits are strictly
equivalent because the signal voltage at the collector of the first
transistor is equal to that at the base of the second transistor which is,
in turn, equal to that at the emitter of the second transistor. Thus
the same feedback is obtained whether Ry is returned to the collector
(as in Fig. 7.4 (a) ) or to the emitter (as in Fig. 7.5). It is, in
fact, preferable to use the circuit of Fig. 7.5 because the feedback
then reduces any distortion arising in the inter-transistor coupling
network.

A signal current #;, applied to the input of the amplifier of Fig.
7.5 gives a signal voltage of ;,Rp at the collector of the first stage.
The output resistance of this stage is low and the input resistance
of the second stage is high. Hence this voltage is not reduced by
the addition of the second stage and becomes the input for this
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stage. The (output current)/(input voltage) ratio for the second
stage is equal to 1/R, and the signal current output of the amplifier
1s thus #pRp/R.. The overall current gain is thus given by Rp/R,
and is independent of the transistor parameters.

Two-stage Voltage Amplifier

By combining a first stage of the type shown in Fig. 7.4 (b) with
a second of type Fig. 7.4 (a) we obtain an amplifier with a high input
resistance and a low output resistance, i.e., a voltage amplifier.
The circuit is given in Fig. 7.6 with components for d.c. stabilisa-
tion. As shown in Fig. 7.6 it is usual in two-stage amplifiers for

< PC RC%
Ry
T—-lg ouTeuT
INF[UT § < .1

c i iT 1.

Fig. 7.6. A two-stage transistor voltage amplifier having high input
reststance and low output resistance

the feedback resistor Ry to be returned to the emitter of the first
stage rather than to the base of the second. This modification
does not affect the action of the feedback because R, provides a
feedback current which must be connected in parallel with a signal
current of the correct phase. Now the signal current in the base
circuit of the second transistor is the collector current of the first
transistor and also flows in R,. Thus it does not matter whether R,
is returned to the base of the second stage or the emitter of the first.
The second alternative is generally preferred because the feedback
is then able to reduce any distortion occurring in the inter-transistor
coupling network.

A signal voltage Vi, applied to the input of the amplifier illus-
trated in Fig. 7.6 gives a current output of Vi,/R, from the first
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stage. The output resistance of this stage is high and the input
resistance of the second stage is low: hence this current is not
reduced by the connection of the second stage and is the input for
the second stage. The (output voltage)/(input current) ratio for
the second stage is equal to Rp and the output voltage is VipRp/R,.
The overall voltage gain is hence Ry/R,. This is the same expression
as for the current gain of the amplifier previously described and is
independent of the transistor parameters and of the value of the
collector load resistors.

As a numerical example consider a voltage amplifier of the
type illustrated in Fig. 7.6. We have shown before that a suitable
value for R, is 3:3 kQ and we will take «’ as 50 for both transistors.
a’Re is thus 165 kQ and Rp must be small compared with this for
the second transistor to have adequate feedback. A suitable value
for Rpis 20 kQ. R, should have a value such that the signal voltage
across R, is large compared with that across the base-emitter
junction. If we take the resistance of this junction as r;, a
voltage Vi, across it gives rise to an input current of Vin/r; which,
in turn, gives an emitter current of approximately a'Vin/r; and
a voltage across the emitter resistor of a'VipR,/r;. The ratio of the
voltage across R, to the base-emitter voltage is thus a'R,/ry, i.e.,
gmRe, and this should be large compared with unity. If gp, is
50 mA/V, R, can be 100 ohms, giving gnRe as 5. The overall
voltage gain of the amplifier is given by Rp/R,, i.e. 20,000/100,
which is equal to 200.
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Introduction

E have so far confined the discussion of transistor amplifiers

to those used at low frequencies, particularly audio frequencies.
In this frequency range transit-time effects and the effects of internal
capacitances within the transistor are in general negligible. At
higher frequencies, and in particular at radio frequencies, these
effects are significant and cause the gain to fall below the values
obtainable at lower frequencies.

The effects of transit time within the transistor were discussed in
Chapter 2 where it was mentioned that this effect can be allowed
for by assuming that the current amplification factor falls with
frequency according to the expression

o = %o
v+
in which f, is the alpha cut-off frequency.

Of the various internal capacitances within a junction transistor,
that between the collector and the base has the greatest effect on
the high-frequency performance. In practice the effects of this
capacitance are often more important than the fall in current
amplification factor,

In a transistor r.f. amplifier the capacitance between collector
and base provides feedback from the output to the input circuit.
This is illustrated in Fig. 8.1 (a) in which the capacitance cpc is
shown connected directly between collector and base terminals.
However, a better approximation to the performance of a transistor
at high frequencies is obtained by assuming that the collector
capacitance is returned to a tapping point b’ on the base resistance
as shown in Fig. 8.1 (b).

This modifies the feedback which now occurs via cp’e and 7pp?
in series and the high-frequency performance of the transistor is
now dependent on the time constant rp’ ¢p’e which is probably
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the most important characteristic of a transistor intended for high-
frequency use.

The effect of this internal feedback connection is similar to that
of the anode-grid capacitance of a triode valve; that is to say, if
a resonant circuit is included in the base circuit (as is likely in an
r.f. or i.f. amplifier) rpp’ cp’e give positive feedback at frequencies

Cpe
j 1 |
[ L1
bo—j A A —oC
b air, ¢
e
eo : O
(a) (b)

Fig. 8.1.  T-section equivalent circuit of a transistor showing collector capacitance,
(a) returned to base input terminal and (b) returned to a tapping point
on the base resistance

to one side of the resonance value and negative feedback at
frequencies to the other side. In a triode valve the positive feed-
back is usually sufficient to cause oscillation but in a transistor
amplifier this does not always occur because of the low input
resistance. However, the change in the nature of the feedback
around the resonance frequency makes the response curve of the
amplifier asymmetrical and it is therefore desirable to include
neutralising components in order to minimise the effects of the
internal feedback.

Transistor r.f. and i.f. amplifiers can be connected in common-
base or in common-emitter modes. Chapters 3 and 4 show that
the common-emitter amplifier has higher power gain than the
common-base type. This advantage of the common-emitter
amplifier holds for all frequencies below the v.h.f. range. Maxi-
mum gain can only be achieved, of course, by perfect matching
between the output circuit of one transistor and the input circuit
of the succeeding one.

Such matching is difficult, particularly at radio frequencies,
when there is a marked difference in value between the input and
output resistances as for a common-base amplifier. The problem
is not so acute for a common-emitter amplifier, for which the
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difference between the two resistances is not so great, and in
practice this type of amplifier usually gives 10 dB or more power
gain than the common-base type.

Neutralising is not difficult at frequencies that are well below
the alpha cut-off value but becomes progressively more difficult
as the cut-off frequency is approached. It is usually advisable,

. 25M Jm = 385mANV
rest b mAAAAN —
b O——AAN 4 ' oC
750 ——j—
L Cp'c 10pF
Cp'e rb’e Vi, -~ Vs rco
|,000pF'|' So00f) 1"’ <>9’" be 625k}
eo oe¢

Fig. 8.2. A m-section equivalent circuit of a uniform-base junction transistor

therefore, that the operating frequency should not be above f,/10
or at worst f,/5: for example, the transistors used in 465 kc/s i.f.
amplifiers generally have alpha cut-off frequencies of not less
than 5 Mc/s.

The T-section equivalent circuits of Fig. 8.1 are not well suited for
calculating the performance of an r.f. or if. amplifier which uses
resonant circuits as coupling elements and the equivalent #-section
is preferred. This is illustrated in Fig. 8.2 in which gmV,

bo — " —r_} v oc
Ry Cs J.

)

Wil 3R
[ I .

Fig. 8.3. At a single frequency the m-section equivalent circuit of
Fig. 8.2 can be reduced to this form

eo

represents a constant-current generator. Also indicated on Fig. 8.2
are typical capacitances and resistances for a uniform-base junction
transistor. This diagram may be used at any radio frequency but
it is possible to simplify it to the form shown in Fig. 8.3 when
operation is confined to a very small frequency range as in a
transistor i.f. amplifier. This is a particularly useful equivalent
circuit because it shows that the signal source is connected to a
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parallel RC combination R, C; and the output load is connected
to the parallel RC combination R, C,. As the source and load
impedances are both likely to contain resonant circuits the values
of R, and R, are important because they damp these circuits,
reducing the working Q value and degrading selectivity. If C,
and C, were constant they would be comparatively unimportant
because any effect they had on the tuned circuit could be offset by
an adjustment of the inductance or the capacitance of the tuned
circuits.

Unfortunately C; and C, both depend on the d.c. operating
conditions of the transistor and vary with changes in these con-
ditions such as those produced by a.g.c. action. Their values and
variations are thus important.

Unilateralisation

Ry and C; are the components which provide the internal feedback
path between collector and base. As already pointed out, this
feedback is undesirable because it causes asymmetry in the amplifier
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Fig. 8.4. Method of unilateralising a junction transistor by means of a
phase-inverting transformer and components Ry and Cy

response curve or possibly instability. It also causes interaction
between the input and output tuned circuits and can make align-
ment of the amplifier difficult.

To avoid these effects, feedback due to R; and C; must be
eliminated and the usual method is to apply an equal degree of
feedback of opposite phase to the amplifier by means of an external
RC network. From a point where the signal voltage is in antiphase
to that at the collector a series RC network is returned to the base
as shown in Fig. 8.4. If this signal voltage is equal to the collector
voltage, the values of R, and C, required in the external feedback
loop are equal to R; and C; (1,800 ohms and 10 pF are typical
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values for a uniform-base transistor). In a practical circuit, as
shown later, the antiphase voltage is usually smaller, say 1l/nth
of the collector voltage, and the external feedback components
should then be R/n and nCjy for equality of external and internal
feedback.

When the effects of R; and C; are thus eliminated, the input and
output circuits of the transistor are completely divorced and the
equivalent circuit reduces to the simple form shown in Fig. 8.5.

Jm = 35 MAJV
T
b . ‘ ———ocC
| l '
1 V; !
! 1,000pF 30k0) 40pF'|' X
t t
¢ o : —oe

Fig. 8.5. For perfect unilateralisation the equivalent circuit for a uniform-base
transistor reduces to this form

The transistor now is truly a ‘ one-way ” device in which the
output circuit has no effect on the input circuit: for this reason
the transistor is described as unilateralised. Unilateralisation is
essential when it is required to obtain without instability the
maximum gain of which the transistor is capable.

It is possible to reduce (though not climinate) the effects of R,
and C3 by omitting R, and using a capacitor only in the external
feedback circuit: this technique is known as neutralisation.

Maximum Gain of r.f. Transistor

Typical values of R,, R,, C,, Cy and the constant-current generator
for a uniform-base transistor operating at the intermediate frequency
of 465 kc/s are indicated on Fig. 8.5. Not surprisingly, the input
resistance is approximately 1 kQ and the output resistance 30 kQ:
these are the values which apply to an a.f. amplifier. From
these component values we can calculate the maximum gain in
the following way. C; and C, are considered absorbed into the
input and output tuned circuits and the gain is a maximum when
the inter-stage coupling is designed to match the output resistance
(R,) of one stage to the input resistance (R;) of the following stage.
If a transformer is used its turns ratio must be 4/(30,000)/(1,000) : 1
= 4/30:1 =>5-5:1 as before. The constant-current generator
then operates into a load of 15 kQ and the voltage gain is given by
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35
Ry = —— x 15,000
Emiy 1’000 X H

= 525

The gain from the base of one transistor to the base of the following
one is hence 525/5-5 = 95. This is the maximum gain which can
be achieved and it is not reached in practice because, as explained
later, the tuned circuits give an insertion loss.

If we repeat this calculation in general terms, taking the input
resistance as r; and the output resistance as r,, we have for perfect
matching that the constant-current generator operates into a
resistance or r,/2 and the gain, from base to collector, is gimro/2. The
matching transformer has, however, a step-down turns ratio of
4/ (ro/rs) : 1 and the maximum gain (losses in the transformer being
ignored) is given by

2 Yo

— gm+/ (ri7o)
2

The gain hence depends on the mutual conductance, the input
resistance and the output resistance and can be improved by
increase in any of these quantities. This expression gives the
maximum gain from the base of the transistor to the base of the
succeeding one. If the input resistances of both transistors are
assumed equal, the maximum gain can be expressed in decibels
thus

. . Yo 7
maximum gain = gp.— / | =

maximum gain = 20 log,, gmy/ 2(nro) B

g m2 o

= 10 ].Oglo dB

For a uniform-base junction transistor having gn = 35 mA/[V,

ry = 1 kQ and r, = 30 kQ the maximum gain is given by

35% x 10-% x 10% x 30 x 10°
4

maximum gain = 10 log,, dB

= 40 dB nearly

To realise this gain it is essential that the transistor should be
unilateralised. For without unilateralisation there is interaction
between the input and output circuits which has the effect of
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lowering both input and output resistances, thus lowering the gain
as indicated in the above expression.

Design of Small-signal r.f. and i.f. Amplifiers

Because of the low input and output resistances of a common-
emitter amplifier the design of r.f. and i.f. transformers for tran-
sistors is a different problem from that of designing transformers
for valve amplifiers.

In valve amplifiers the tuned circuit can be designed without
regard to the input and output resistances because these are so
high that they impose negligible damping on the circuits. The
performance of the transformers is thus independent of the properties

L
S

Fig. 8.6. Essential features of a transistor r.f. or i.f. amplifier :
JSor simplicity neutralising components are omitted

of the valves preceding and following them. In a transistor
amplifier, however, the performance of the transformer is almost
completely determined by the properties of the transistor.

The design of a transistor r.f. or i.f. amplifier is, in fact, determined
by two considerations:

(a) to secure maximum gain the inter-stage tuned circuit must
match the feeding to the terminating resistance;

(b) to obtain the desired selectivity, the coupling between the
two transistors and the tuned circuit must be such that the
circuit has the required value of working Q.

Fig. 8.6 illustrates one circuit which can be used. The tuned
circuit L,C, is coupled to the collector circuit of the first transistor
by the primary winding L, and to the base circuit of the second
transistor by the tertiary winding L;. We shall assume that all
the windings are unity-coupled. The turns ratio between L, and
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L, must match a generator of 30 kQ to a load of 1 kQ and must
hence have a turns ratio of 5-5 : 1 as in transistor a.f. amplifiers.
This satisfies requirement (a) above.

In mass production of receivers it may be desirable to depart
from perfect matching to obtain satisfactory results in spite of
spreads in transistor parameters and unilateralising components.

Insertion Loss

The damping due to the two transistors can be calculated
separately but it is easier to combine their effects by omitting, say,
the tertiary winding and to assume that the primary is connected
to a 15-kQ resistance, i.e. two 30-kQ in parallel (one due to transis-
tor 1 and the other due to transistor 2). 'We now have to calculate
the turns ratio of L, to L, for this determines to what extent the
tuned circuit is damped. If a working Q value of 100 is required,
this could be obtained by using a circuit with an undamped Q of,
say, 120 which is reduced to the required value by the damping due
to the transistors: in this example the damping is very light.
Alternatively, the tuned circuit could be designed to have a much
higher undamped Q value—say 300—which is again damped by
the transistors to the required value of 100: the damping in this
example is very heavy. Both these alternatives yield a tuned
circuit with a working Q value of 100 but the gain of the amplifier
is not the same for both examples. We can show this in the
following way.

Consider first the example of light damping. To reduce an
undamped Q from 120 to 100, the resistance effectively transferred
by the primary circuit to the tuned circuit must be five times
the dynamic resistance. This also means, of course, that at the
resonance frequency the tuned circuit effectively connects across
the primary winding a resistance equal to one-fifth that due to
transistor damping. This reduces the effective load resistance to
one-sixth of its value before the tuned circuit was connected, thus
reducing the voltage gain to one-sixth. This represents an insertion
loss of 15-6 dB and if, as assumed earlier, the maximum gain is
40dB the gain realised in practice is only 24-4 dB.

Now consider the example of heavy damping. To reduce the Q
to one-third, the resistance effectively transferred by the primary
circuit to the tuned circuit must be one-half the dynamic resistance.
This also means that at the resonance frequency the tuned circuit
effectively connects across the primary winding a resistance equal
to twice that due to transistor damping. This reduces the effective
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Fig. 8.7. Dependence of insertion loss on the ratio of damped to undamped Q values

load resistance to two-thirds the value before the tuned circuit
was connected, thus reducing the voltage gain in the same ratio.
The insertion loss due to the tuned circuit is now only 3-5 dB and
a practical gain of 36-5 is possible, if the theoretical maximum gain
is 40 dB. To avoid a great insertion loss, therefore, the damping of
the tuned circuit must be heavy. On the other hand, with a great
reduction in @ there is a danger of large and unwanted variations
in Q and hence in selectivity if for any reason (such as a change in
a.g.c. voltage) the damping due to either transistor alters. In the
compromise solution sometimes adopted, the reduction in Q due
to transistor damping is 2 : 1, giving an insertion loss of 6 dB.
For transistors with the parameters assumed above the voltage
gain is then approximately 45, i.e., 34 dB.

If the above calculation is repeated in general terms a curve can
be prepared which expresses the insertion loss in terms of the ratio of
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working Q value to undamped Q value. This can be shown in the
following way.

Basically an inter-transistor coupling which includes an LC
circuit can be regarded at resonance as two resistances connected in
parallel and fed from a constant-current source. One resistance,
which we will call R,, is that due to the collector circuit of the
transistor feeding the tuned circuit and the base circuit of the
transistor following the tuned circuit. The second resistance,
which we will call R,, is the resistance effectively connected in
parallel with R, by the tuned circuit. R, depends on the dynamic
resistance of the tuned circuit and, if the tuned circuit is connected
directly in the collector circuit, is equal to the dynamic resistance.

When the tuned circuit is connected, the load for the transistor
becomes R,;R,/(R, + R,). It was formerly R, and thus the
insertion loss is given by

insertion loss = 20 log;, ﬁ —l- dB
R, +R, R,
Ry

=201 —2% __dB
20 log,, E TR

The resistance R, of the tuned circuit is effectively reduced to
R,R,/(R; + R,;) when it is connected in circuit and thus the ratio
of damped Q to undamped Q is given by

damped Q = R|R, 1
undamped @ R, + R, R,
R,
"R, +R,
We thus have
R

insertion loss = 20 1 el
insertion loss 0g10 R 1R,
R
=201Io 1 — ——1)
glo( R + R,

damped Q )

20 logyq ( undamped Q

and this is the expression from which Fig. 8.7 was plotted.
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Primary Capacitance

If the transistor damping is equivalent to a single resistance R;
across the primary winding, the turns ratio n : 1 required for a
2 : 1 reductionin Q is given by

- I

being a step-up ratio if the dynamic resistance Ry exceeds R; as is
usual in practice. The dynamic resistance is given by QLw or Q jwC.
Substituting Q /wC for Ry

_ Ve
vV (wCRy)
from which
: _ R
"= GCR:
.'_ nzc == _Q'_
why

Now 22C is the effective capacitance across the primary winding
and it is an important quantity because it must be large compared
with the variations in transistor output capacitance which occur

Ls

ClT 4 E__,
i

Fig. 8.8. Simple form of transistor r.f. or i.f. amplifier :
neutralising components are again omitted

when the a.g.c. voltage changes. As shown in the equivalent
circuit (Fig. 8.5), the output capacitance of a uniform-base r.f. tran-
sistor is of the order of 40 pF but it can change by as much as 20 pF
due to changes in bias. To minimise mistuning errors due to this
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varlatxon, the primary capamtance must be large. For examplc,
if the primary capacitance is 1,000 pF, a change of 20 pF in output
capacitance represents a 2 per cent variation in net capacitance
and a 1 per cent variation in resonance frequency. At 465 kcfs
this is equivalent to nearly 5 kc/s.

The above expression shows that the primary capacitance depends
on @, w and R;. Now, for a particular amplifier and transistor
all these quantities are fixed and hence the primary capacitance is
also fixed. If Ry =15 kQ, Q =200 and w = 27 X 465 kc/s we
have

200 F
6-284 x 465 x 10® x 15 x 108

= 4,560 pF

nC =

For such a large value of effective primary capacitance the mis-
tuning due to a 20 pF variation in transistor output capacitance
will be of the order of only 1 kefs, which is acceptable.

The primary capacitance is independent of the value of n and
we can therefore make n any value we please. If we make # unity,
the primary winding has the same number of turns as the secondary
winding and there is thus no need for both windings. The tuning
capacitance of 4,560 pF can be placed across the primary winding
and the secondary winding can be omitted. This now reduces
the inter-transistor transformer to the simple form shown in Fig. 8.8
which still, however, gives the required selectivity characteristic
and transistor matching.

A value of C, (Fig. 8.8) as large as 4,560 cannot conveniently
be made variable and in a circuit of this type, tuning is best achieved
by adjusting the inductance L, by movement of a dust-iron or
ferrite core. Ifitis considered essential to tune by means of a variable
capacitor the circuit of Fig. 8.6 can be used, the value of n being
so chosen that C;, has a small capacitance such as 200 pF: a variable
capacitor can then be used for C,.

Unilateralisation

So far we have omitted components for unilateralisation in order
to keep the circuits simple. To add these components we require
a point on the transformer where the signal voltage is in antiphase
to that at the collector. There is no need to add a winding specially
for these components: the tertiary winding which feeds the base
of the succeeding stage can be used, provided that the ends are
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chosen to give the required phase relationship. The circuit is
shown in Fig. 8.9. The values of R, and C, are given by Ry/n
and nC, (see Fig. 8.4 for Ry and C3) and the turns ratio between
L, and Ly is 5-5 : 1 for matching purposes. Thus for a transistor
having internal feedback equivalent to 1-8 kQ and 10 pF we have

=55 X 10 pF
= 55 pF

Use of Drift Transistors as r.f. or i.f. Amplifiers

It is mentioned in Chapter 2 that drift transistors have a better
performance at high frequencies than uniform-base transistors and
can, in fact, be satisfactorily used at v.h.f. The adoption of the

QO -~

O +

Fig. 8.9. Complete circuit of common-emiiter transistor r.f. or i.f. amplifier
including unilateralising components Ry, and Gy

graded-base impurity content makes the output resistance of the
drift transistor considerably higher than for the uniform-base type.
For example at 465 kc/s a typical value for the output resistance
of a drift transistor is 0-5 MQ compared with 30 kQ for the uniform-
base transistor. The input resistance and the mutual conductance
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of the drift transistor do not differ greatly from the values for a
uniform-base transistor. The increased output resistance results
in a significant improvement in gain as illustrated by the expression
for the maximum gain:

2
maximum gain = 10 log, S %2

Substituting the numerical values for a drift transistor

(35 x 10-3)2 x 10% x 0-5 x 108
4

maximum gain = 10 log,

= 52 dB nearly

This represents an improvement of nearly 12 dB over the maximum
gain available from a uniform-base transistor although, of course,
the maximum gain cannot be realised in practice because of the
insertion loss of the tuned circuits which must be used.

The capacitances of a drift transistor are less than those of the
uniform-base type. Typical values are:

input capacitance = 100 pF
output capacitance = 5 pF

internal feedback capacitance = 1-5 pF

Use of Drift Transistors at 465 kc/s

The small value of the internal feedback capacitance in the drift
transistor means that there is less danger of instability or of asym-
metry of the frequency response curve than for a uniform-base
transistor and, in fact, provided gain well below the theoretical
maximum is accepted it is possible to dispense with unilateralisation
or neutralising altogether both at 465 kc/s and at 10-7 Mc/s.
However, if very high gain is essential unilateralisation is advisable.
The circuit illustrated in Fig. 8.9 can then be used, the values of
Ry and C, being calculated as previously explained. For a drift
transistor typical values for the internal feedback resistance and
capacitance are 10 kQ and 1-5 pF. It is not usual to attempt to
match the very high output resistance to the input resistance of the
following stage and transformer ratios of 7 : 1 are common. For
this ratio the values of the unilateralising components are 1-4 kQ
and 10-5 pF. Usually, however, a greater value of capacitance is
used to allow for the effects of stray capacitance in the wiring to the
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transistor which inevitably increases the effective value of the feed-
back capacitance. The gain obtainable from such a stage of
amplification at 465 kc/s is commonly 10 dB greater than is possible
from a uniform-base transistor.

Use of Drift Transistors at x0-7 Mc/s

The introduction of drift transistors has made possible the con-
struction of transistorised v.h.f. receivers, e.g., f.m. receivers for use
in Band II (87-5 to 100 Mc/s in this country and 875 to 108 Mc/s
in U.S.A.). Such receivers are usually superheterodyne types and
require an i.f. amplifier with a bandwidth of approximately 200 kc/s
(for transmissions with a deviation of 75 kc/s) centred on the
standard intermediate frequency of 10-7 Mc/s.

Drift transistors can be used in such an i.f. amplifier but their
characteristics at this frequency differ markedly from those which
apply at the lower intermediate frequency of 465 kc/s. The following
are typical values of the significant parameters at 10-7 Mc/s:

input resistance = 330 ohms

input capacitance = 65 pF

output resistance = 17 kQ

output capacitance = 5 pF

internal feedback capacitance = 15 pF

mutual conductance = 30 mA/V

The input resistance, output resistance and mutual conductance
are less than at 465 kcfs and limit the maximum gain at 10-7 Mc/s
as indicated in the following calculation

Zmirire

maximum gain = 10 log,,

(30 x 10-9)2 x 330 x 17 x 10°
%

= 10 log,,
= 31dB

The value of input resistance quoted above (330 ohms) applies
when the output circuit of the transistor is short-circuited. If the
transistor were unilateralised this would also be the input resistance
of a practical amplifier. Commonly, however, drift transistors are
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not unilateralised or are deliberately mismatched and conditions
in the output circuit affect the input circuit. For normal values of
collector load the input resistance is less than for a short-circuited
output circuit and a value of 150 ohms may be taken as typical at
10-7 Mc/s.

Similarly the value of the output resistance quoted above (17 kQ)
applies when the input circuit of the transistor is short-circuited.
If unilateralisation is not used the output resistance for normal
values of source resistance may be taken as 6kQ at 10-7 Mc/s.

Substitution of these amended values of input and output resist-
ance gives the maximum gain for non-unilateralised drift transistors
at 10-7 Mc/s as

2
maximum gain = 10 log,, $™ 42

(30 x 10-3)% x 150 x 6 x 103
4

= 10 log,,
=23dB

which is 8 dB less than the value for the unilateralised transistor.
This is not a very high gain and practical gains must inevitably be
lower because of the insertion losses of the tuned circuits employed.
The insertion loss is therefore kept to 2 minimum by so designing
the i.f. amplifier that the tuned circuits are very heavily damped
by the input and output resistances of the transistor. It is possible
in this way to reduce the insertion losses to 3 dB per stage thus
giving a stage gain of 20 dB.

Very heavy damping of the primary and secondary tuned circuits
is advocated in a 10-7 Mc/s amplifier to achieve good stability.
It was not advised in a 465 ke/s i.f. amplifier because the variation
in damping caused by a.g.c. action can upset the frequency charac-
teristic. It is not usual to employ a.g.c. in an f.m. receiver and
variations in damping are therefore unlikely to occur.

It is possible to construct a 10-7 Mc/s i.f. amplifier using a succes-
sion of single tuned circuits as described for the 465 kc/s i.f. amplifier
earlier but, because of the wide bandwidth required in an fim.
receiver, it is preferable to use double-tuned transformers with the
mutual inductance between primary and secondary windings slightly
greater than optimum. In this way a good approximation to the
ideal square-topped frequency response curve can be obtained.

The heavy damping of the primary winding can be achieved by
connecting it directly in the collector circuit as shown in Fig. 8.10
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and by arranging that the dynamic resistance of the undamped
winding be very large compared with the 6-kQ output resistance to
which it is connected. The effective dynamic resistance of the
damped winding is, of course, slightly less than 6 kQ but is taken as
6 kQ in the following approximate calculation of the inductance

8-2kfL

S AL
]
! : T|4o'pF_
|20pF Lo 4 C
T— T7s§pF
%2~2kﬁ.
= Cs < ‘
om,uF 5
T oo

Fig. 8.10. A stage of a 10-7 Mcls i.f. amplifier using drift transistors and
double tuned transformers

required. A suitable value for the working Q is 50. Thus, for the
primary winding:

QLw = Rq
_Ra
Quw
_ 6 x 103
" 50 x 6284 x 10-7 x 108

=18 uH

and for resonance at 10-7 Mc/s the tuning capacitance must be 120
pF.

To obtain a satisfactory i.f. transformer it is advisable to have an
identical secondary winding also with an inductance of 1-8 uH and
a tuning capacitance of 120 pF. This must be damped by the input
resistance of the following transistor to give the desired working Q@
of 50 and also to match the output resistance of the previous
transistor to this input. The input resistance of the transistor is
150 ohms and to obtain the equivalent of 6 kQ connected across the
whole of the secondary winding the transistor can be connected to
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a tapping point on the inductor, the turns ratio of the whole
secondary inductor to the tapped part being given by

V(6 X 103/150) : 1 = 4/40 : 1
=63:1

Alternatively, as suggested in the circuit diagram of Fig. 8.10 the
transistor can be tapped down the capacitive branch of the second-
ary circuit. The ratio of the two capacitances to give the required
damping should be (6-3 — 1) :1 ie. 5-3:1. We thus require
two capacitors for the secondary circuit whose ratio is 5-3 : 1 and
which give a net capacitance of 120 pF. Their values can be
calculated in the following way:

C, = 5-3C,
CiCe

= 120 pF

¢+ G P
Substituting for C, in the second equation

5-3C,2

———= =120 pF

530, 1 ¢, (20P
5201 = 120 pF

3

C, = 143 pF

C, =53 x 143 pF
= 756 pF

These values and also other practical values of components required
in a 10-7 Mc/s i.f. amplifier stage are indicated in Fig. 8.10. A
number of such stages are necessary to give the gain and selectivity
required in an f.m. receiver and a description of a complete receiver
using stages of this type is given in Chapter 11.

It was shown earlier that the gain of a 107 Mc/s i.f. stage which
feeds into the base circuit of a similar stage is approximately 20
dB. This is the gain obtainable from each of the i.f. stages in a
receiver with the exception of the last which operates into the
detector. The input resistance of a ratio detector can easily be
10 kQ and such a value permits gains approaching 100 from the
previous amplifier. To show this we can use the general expression

gmrire

maximum gain = 10 log,,

123



PRINCIPLES OF TRANSISTOR CIRCUITS
Substituting gn, = 30 mAJV, r; = 10 kQ, r, = 6 kQ which apply
when the previous stage is a drift transistor we have
(30 x 10-3)2 x 10* x 6 x 103

dB
4

maximum gain = 10 log,,

=41-3dB

The insertion loss of the tuned circuits will, of course, reduce this
figure and a more practical value is probably 36 dB corresponding
to a voltage gain of 65.

Decoupling

In Fig. 8.10, as in most of the circuit diagrams in this book, the
source of base input signal (i.e. the secondary winding of the if.
transformer) and the emitter decoupling capacitor are both
returned to the positive terminal of the battery supply. This
minimises the impedance of the external base-emitter circuit which

82kl 'l' Cs
To-on,uF

4

))«

e 1 i
[ C. 1
@ ! 7502PF i |
vt : 120pF !

' ] Cl

140pF
gz-zkn
%Ikn
+

Fig. 8.11. A modified version of the wiring of Fig. 8.10 which eliminates the
need for collector decoupling components

is essential for maximum performance. The primary winding of
the i.f. transformer must be returned to the negative terminal of
the supply to provide the necessary collector bias but should be
returned to the positive terminal of the supply in order to minimise
the impedance of the external collector-emitter circuit which is
also essential for best results. This difficulty is usually overcome by
connecting a low-reactance capacitor C; (the collector decoupling
capacitor) between the primary winding and the emitter (or the
positive terminal of the supply which is in turn connected to the
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emitter via the low-reactance emitter decoupling capacitor). If
the collector decoupling capacitor is omitted, the signal output cur-
rent of the transistor must flow through the impedance of the
battery in addition to the primary winding of the transformer. In
this way signal voltages are developed across the battery and these,
if impressed upon other stages of the amplifier or receiver of which
this stage is part, can distort the shape of the frequency response
curve or even cause instability. To avoid this the collector de-
coupling capacitor Cy is included to short-circuit the battery at
signal frequencies.

However, by a simple alteration to the wiring such a capacitor
becomes unnecessary. If the source of base input signal (i.e., the
secondary winding) and the emitter decoupling capacitor are both
returned to the negative terminal of the battery supply, as shown
in Fig. 8.11, then the impedance of the external base-emitter
circuit and of the external collector-emitter circuit are both mini-
mised simultaneously and no additional decoupling capacitor is
necessary.
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Introduction

MPLIFIERS such as oscilloscope Y-amplifiers and video
amplifiers are required to handle signals which may have
steep, almost vertical edges and may also have long, almost horizontal
sections. A signal which has both features is a rectangular pulse
and is commonly used in tests of Y-amplifiers and video amplifiers:
in fact the amplifiers are usually known as pulse amplifiers.

The ability of an amplifier to.reproduce rapid changes in a
signal waveform such as a steep edge is determined by the high-
frequency response of the amplifier: in fact such amplifiers must
have a response good up to the frequency given by

I
I=%
where ¢ is the rise time of the steepest edge. If the rise time is
0-1 psec the upper frequency limit is given by

1
S =5 oTx 105

= 5 Mc/s

The ability of an amplifier to reproduce very slow changes in a
signal waveform such as an almost horizontal section is determined
by the low-frequency response of the amplifier: the longer the
section of the waveform, the better must be the low-frequency
response of the amplifier to reproduce it without distortion. As a
numerical example, an amplifier required to reproduce a 50 c/s
square wave with less than 2 per cent sag in the horizontal sections
must have a low-frequency response which is good down to at least
1 c¢fs. Sometimes in fact, pulse amplifiers are d.c. coupled to
extend the low-frequency response down to zero frequency.

To summarise the above, we may say that pulse amplifiers are
characterised by an extremely wide frequency response: for a video
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amplifier suitable for the British television standards the useful
frequency response extends from very low frequencies up to 3 Mcfs.
A statement, such as this, of the steady-state amplitude response of
the amplifier does not, however, give complete information about
its performance as a pulse amplifier. Pulse signals in general
contain a large number of components and it is essential for
distortionless reproduction of such signals that the components
after amplification should reach the output with the same phase
relationship that they had at the input to the amplifier. The shunt
capacitance which is inevitable in any amplifier causes the phase
of high-frequency components of a complex signal such as a pulse
to lag behind that of low-frequency components. Such a lag
would be comparatively unimportant in an a.f. amplifier but can
seriously degrade the performance of a pulse amplifier by increasing
the rise time. Phase response is thus important in pulse amplifiers
and for a good performance both the amplitude and the phase
response must satisfy certain stringent requirements over the
spectrum occupied by the signals to be amplified.

For amplifiers using simple inter-transistor coupling networks
such as are likely to be used for pulse amplification there is a mathe-
matical relationship between the amplitude and the phase response
and, given one, it is possible to deduce the other. In general the
better the amplitude response the better is the phase response also
and it is thus possible to ensure an adequate phase response by
making the amplitude response of the amplifier sufficiently good.
When a pulse amplifier is designed in this way the amplitude
response must satisfy standards far more exacting than if phase
response were also under consideration. For example to design a
video amplifier with a passband extending to 3 Mc/s it may be
necessary to make the amplitude response of the amplifier flat
within 0-1 dB up to, say, 20 Mc/s.

o’ Cut-off frequency

Most transistor pulse amplifiers can be regarded as simple common-
emitter RC-coupled amplifiers which have been designed with
special attention paid to the low-frequency and the high-frequency
response so that the necessary wide bandwidth and phase response
are achieved. Let us consider the factors which limit the per-
formance of simple RC-coupled amplifiers at the high-frequency end
of the spectrum. The two most important factors are shunt
capacitances (chiefly the input and output capacitances of the
transistors) and transit-time effects in the transistors (measured by
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the alpha cut-off frequency). Usually the second factor predomi-
nates and its effect on the frequency response of a common-emitter
amplifier can be assessed in the following way.

The alpha cut-off frequency is, by definition, the frequency at
which the current gain of a common-base amplifier with a short-
circuited output circuit falls to 0-707 of its low-frequency value
when the input circuit is supplied with constant current. For
uniform-base transistors this frequency is unlikely to exceed 20
Mc/s and a typical value for transistors intended for r.f. applica-
tions is 7 Mcfs. Most amplifiers are, however, of the common-
emitter type and for this circuit arrangement the cut-off frequency
(for short-circuited output and constant-current input) is much
lower. The way in which the common-emitter (or o) cut-off
frequency depends on the common-base (or «) cut-off frequency can
be deduced in the following way.

The current gain «,” of a common-emitter amplifier at low fre-
quencies is given by

' Xo

Ap =
l—ao

where o, is the current amplification factor at low frequencies. In
general the current gain is given by

But « falls as frequency is raised according to the expression

Xo

YT T¥i,

where f, is the alpha cut-off frequency. Substituting for « in the
general expression for o’ we have

e _el(L + 1)
= wol(T + i/l

T = ¥ il
aof(1 — ap)

T A0 — wo)fa
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This may be written
’ O‘ol
o = =7
1 + iflfa
where £,/ is the o cut-off frequency. From this it follows that

o' = (1 — a0) fy

A typical uniform-base transistor for r.f. applications with «, = 0-98
and f, = 7 Mc/s has a value of f,’ given by

Jd = (1 — a0 fy
= (1 — 0-98) x 7 Mc/fs
= 140 kc/s

A higher effective value of £’ could be obtained, at the expense
of gain, by the use of negative feedback but the performance of
uniform-base alloy junction transistors is in general not good
enough for most pulse amplifiers, and drift transistors are preferred.

The performance of a drift transistor as a pulse amplifier is
better measured by the frequency f;. As mentioned on page 35,
this is the frequency at which the real part of the current amplifica-
tion factor has fallen to one half its low-frequency value. This
frequency is a most useful criterion of performance because it is
also the frequency at which the current gain o' of the common-
emitter amplifier has fallen to unity; it therefore gives the gain-
bandwidth product for the common-emitter amplifier and a
typical value for f; is 70 Mc/s. Thusat 35 Mc/s, (f3/2) o’ is2 and at
7 Mcfs o’ is 10. If an o' of 35 is required, the highest working
frequency of the transistor is 2 Mc/s.

In practice simple pulse amplifiers such as those implied in the
preceding sentences are unlikely to be used. This is because the
parameters of transistors of the same type inevitably have a spread
and it is difficult to construct two or more amplifiers with a
similar performance without careful selection of transistors. To
minimise this difficulty negative feedback is used.

Use of Negative Feedback
This has a number of important advantages:

(a) It extends the passband.
(b) Itmakesthe frequency response and the gain of the amplifier
less dependent on the transistor parameters. In fact with
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a great degree of feedback the gain and the frequency
response are to a large extent determined by the constants
of a passive network, i.e. the feedback loop. Thus the
performance of the amplifier can be predetermined and it
is possible to replace the transistors by others with slightly
different parameters without significant effect on amplifier
performance. It is also possible to manufacture a number
of amplifiers all with the same performance within close
limits.

(c) By choosing a suitable method of applying feedback the
input and output resistances can be made high or low as
desired. The precise connections used depend on whether
a voltage or a current amplifier is required.

These advantages are not obtained without cost: the application
of negative feedback reduces the gain of the amplifier. The way
in which negative feedback extends frequency response at the
expense of gain is illustrated in Fig. 9.1. The upper frequency

RESPONSE WITHOUT FEEDBACK

e }38

RESPONSE WITH FREQUENCY-
DISCRIMINATING FEEDBACK

20

cain (dB)

L
]
RESPONSE WITH NON-FREQUENCY |
o DISCRIMINATING FEEDBACK |
B |
]
)
1
[}
0 1
A 7

FREQUENCY ——»

Fig. 9.1.  Effect of negative feedback on the frequency response of an amplifier

response curve is that of an amplifier without feedback and is
3 dB down at the frequency f;, which can be taken as the upper limit
of the passband. When feedback is applied, the gain falls at all
frequencies but the fall is greater at low that at high frequencies
and the new 3-dB loss point is at f, representing a considerable
extension of the passband. If the negative feedback circuit is so
designed that the feedback voltage or current becomes less as
frequency rises it is possible to achieve an even greater extension of
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the frequency response as suggested by the dotted lines. This,
however, is usually accompanied by an increase in phase distortion
and consequent deterioration in pulse response and it is probably
better to adhere to the aperidic feedback represented by the
solid curve.

Sometimes it happens that the degree of negative feedback
required to give the desired passband is so great that the gain of the
amplifier is reduced below the wanted value. It is then necessary
to add one or more stages to the amplifier to achieve the required
passband and gain. This is an illustration of the general theorem
quoted above that the gain-bandwidth product for a particular
amplifier is unaffected by feedback. If the effect of feedback
is to increase the passband by a factor n, then the low-frequency
gain of the amplifier is reduced by the factor n. Thus a gain reduc-
tion of 6 dB is accompanied by a doubling of the passband. In
designing an amplifier to have a particular bandwidth and gain
sufficient stages must be included to give at least this value of gain-
bandwidth product.

If a considerable extension of passband is wanted, a considerable
degree of feedback must be used. It is not easy to apply a con-
siderable degree of negative feedback to an amplifier because there
is a tendency to produce instability at frequencies near the extremes
of the passband. This may take the form of oscillation or a sharp
peak in the frequency response curve. Great care in design is
essential to avoid these effects. One of the methods used to avoid
such effects in a multi-stage amplifier is to employ a number of
independent feedback loops, each embracing only two transistor
stages of amplification. A similar technique is employed in pulse
amplifiers using valves.

Some of the methods of applying negative feedback to two-stage
voltage and current amplifiers have been described in Chapter 7
but their application to pulse amplification will now be described
in more detail.

Use of Direct Coupling

To obtain a good performance from a pulse amplifier at low
frequencies it is advantageous to eliminate coupling capacitors as
far as possible because these inevitably introduce attenuation and
phase shift at low frequencies. Although negative feedback can
be used to reduce these effects, the phase shift limits the degree of
feedback which can be employed without instability. Direct
coupling is thus attractive not only because it provides a zero-
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frequency response but also because it eliminates phase shift and
enables large degrees of feedback to be used without danger of
instability. However, because of the phase shifts present near the
upper limit of the passband it is usual to arrange that feedback
loops embrace only two cascaded stages.

The use of direct coupling in a transistor amplifier introduces
another difficuity. We have already seen in Chapter 6 that the
leakage current in a common-emitter stage can vary considerably
with change in ambient temperature and unless precautions are
taken to stabilise d.c. conditions the current can alter by as much as
2 mA for a 30° C change in temperature. By use of stabilising
circuits this current change can be reduced by a factor of, say, 10
to 0:2 mA. If such a current is fed directly to another transistor
with a current gain of 50, the collector current of this second stage
will vary by 10 mA. Such large variations are clearly impossible
in a small-signal amplifier in which the second stage may require
a mean current of only 1 mA.

If direct coupling is to be used, therefore, the amplifier must
include some method of stabilising the no-signal collector current
of the second transistor. One method is to limit the zero-frequency
gain of the amplifier to a very low value such as 2 by means of
direct-coupled feedback. If a larger value of signal frequency
gain is required this means that the direct coupling is no longer of
use in extending the frequency response to zero frequency although
it still enables the coupling capacitor to be omitted and facilitates
the application of signal-frequency feedback.

Current Pulse Amplifier

As an illustration of the application of these principles we will
consider the design of a current amplifier to have a gain of 100
(40 dB). Two cascaded stages are all that is necessary because
without feedback two typical common-emitter amplifiers could
provide a current gain of 2,500 (i.e., 50 per transistor). If this is
reduced to 100 by negative feedback, the gain reduction factor is
1/25 which represents 28 dB of feedback. The input resistance,
output resistance, gain and frequency response of an amplifier with
such a large degree of feedback would be almost independent of
the transistor parameters except near the cut-off frequency.

The amplifier can take the form of a direct-coupled version of
Fig. 7.5 in which feedback is applied via the resistors Ry and R,.
Provided the gain of the transistors is high enough the gain of such
an amplifier is given by (R, + Rp)/R. with little error. If Rp is
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large compared with R, the gain is given by Rp/R.,. To give the
required d.c. gain of 2, Ry must be equal to R,. These resistors
cannot be small otherwise the shunting effect of Rp on the input of
the first transistor becomes serious. On the other hand R, cannot
be very large otherwise an abnormally-large supply voltage is
necessary to give the required 1 mA in R,. A suitable compromise
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22kl 10kQ
TRI 1 TR2 —
q Cs T
i OUTPUT
3y A ‘
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J 10k 10001
R
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Ré CZ
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Fig. 9.2. A two-stage current amplifier with negative feedback

value for Ry and R, is 10 kQ. Even with this value of R, a supply
voltage exceeding 20 volts is required because the collector resis-
tance for the second transistor (which is effectively the output
resistance of the amplifier) can hardly be less than 10 kQ and this
also carries the 1 mA current of the second transistor.

To obtain the required zero-frequency gain Rp and R, should
both be 10 kQ: to obtain the required signal-frequency gain Ry/R,
must equal 100 and if Rp is 10 kQ, R, must be 100 ohms. Both
requirements are satisfied if R, is composed of a 10-kQ resistor and
a 100-ohm resistor in series, the larger resistor being shunted by a
large capacitor to eliminate signal-frequency feedback.

The circuit diagram of the current pulse amplifier thus designed
is given in Fig. 9.2 in which all component values are shown. A
27-volt supply is used and the emitter of the first transistor is
returned directly to a tapping point on this supply. Any resistance
included at this point, whether decoupled or not, would reduce the
effectiveness of the d.c. stabilising circuit.
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Fig. 9.3. A two-stage voltage amplifier with negative feedback

The amplifier gives the required gain of 100 (40 dB) up to a
frequency of say f;/20. By sacrificing gain, however, the response
can be maintained up to a higher frequency: for example by making
R, 1 kQ and Ry 200 ohms the gain is reduced to approximately 10
(20 dB) but is maintained up to nearly f;/2. A further improve-
ment in frequency response is possible by making the feedback
frequency-dependent as suggested earlier: this is possible by
including an inductor in series with R;. The inductance should
be so chosen that its reactance becomes appreciable compared
with R, at a frequency of approximately f,/2. The low-frequency
response is determined by capacitor Cp and can be extended as low
as desired by making C, large enough.

The feedback circuit substantially increases the output resistance
of the second transistor and the output impedance of the amplifier is
nearly equal to R,, i.e. 10 kQ. The input resistance of the first
transistor is reduced by the feedback to around 100 ohms. These
are the values of input and output resistance over most of the
amplifier passband and the ratio of input to output resistance is
very small (1/100) as required in a current amplifier. As fre-
quency approaches the upper limit of the passband the feedback
becomes less effective causing the input resistance to rise and the
output resistance to fall.
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Voltage Pulse Amplifier

From the fundamental circuit for a voltage amplifier given in
Fig. 7.6 it is possible to develop a pulse amplifier giving a gain of
40 dB over a wide frequency range. Direct coupling can be used
between the transistors and this necessitates a d.c.-stabilising feed-
back circuit analogous to that used in the current amplifier described
previously. The circuit diagram for such a voltage amplifier is
given in Fig. 9.3.

The feedback components are R,, R;, R; and C, and these
give a zero-frequency gain equal to (R, + R; + Rg)/(Ry + Rg), i.e.
approximately 2 for the component values quoted on the diagram.
The signal-frequency gain is equal to Rg/R, which is equal to the
required value of 100. The high value of R; necessitates a 27-volt
supply which must be tapped to provide an emitter potential for the
second transistor. The tapping point is also used to provide the
first transistor with a suitable base potential via a potential divider
one arm of which is provided by the resistance of the signal source.
To give the first transistor suitable operating conditions the signal
source should have a resistance less than 1 kQ.

The type of negative feedback used in this amplifier gives a high
input resistance (approximately 100 kQ) and a low output resistance
(approximately 200 ohms) as required in a voltage amplifier.

The passband obtainable from such an amplifier is slightly
better than that of the current amplifier.
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Introduction

HE small-signal amplifiers described in Chapter 7 are designed

to produce a voltage or a current output. When a voltage
output is wanted, the magnitude of the current output is usually of
little consequence provided the final transistor can supply it without
distortion. Similarly if the amplifier is designed to supply a current
output, the magnitude of the voltage output is of secondary impor-
tance provided is is not sufficient to cause overloading and consequent
distortion. In general the output, whether of voltage or of current,
is small compared with the maximum that the transistor could
supply and there is little danger of overloading.

In this chapter we shall discuss large-signal amplifiers and here
the design principles are quite different. A power output is now
required and the voltage swing and the current swing of the
amplifier are both of importance. Moreover there is a very real
danger of overloading and a major problem is how to obtain the
maximum output from a given transistor without distortion.

The final stage of a large signal amplifier may operate in class A
or class B and can give an efficiency much higher than is obtainable
from a large-signal valve amplifier.

CLASS-A AMPLIFIERS

The circuit of a class-A output stage is given in Fig. 10.1. For
maximum efficiency full advantage must be taken of the available
collector-current and collector-voltage swing: that is to say, the
load resistance and input-signal amplitude must be so chosen that
the collector voltage and collector-current swing between zero
and twice the quiescent (no-signal) value.

Suppose the battery voltage is Vp and the steady collector
current in the absence of an input signal is I,. Then the power
taken from the battery is ¥/, and most of this is dissipated as heat in
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the transistor. This static dissipation must not exceed the maximum
value quoted by the manufacturers. If a sinusoidal input signal
is applied to the transistor, power is supplied to the load but the
power taken from the battery remains constant because no change

O —

< EXTERNAL
LOAD
§ RESISTANCE

o——

il
| iT ..

Fig. 10.1. Essential features of a single-ended
class-A transistor output stage

has taken place in the average or d.c. component of the collector
current.

It follows that the power dissipated in the transistor becomes less
when the input signal is applied. If, therefore, the transistor does
not become too hot in the absence of an input signal, there will
be no danger at all of damaging it by heat when the signal is
applied.

When the transistor is delivering its maximum undistorted
power, the peak value of the collector voltage is nearly equal to Vp
and the peak collector currentis I. The output power is obtained
by multiplying the r.m.s. collector voltage by the r.m.s. collector
current; for a sinusoidal output signal these are Vp/4/2 and Ic/4/2
and thus

maximum power output = & L
p p V2 V3
_ Vol,
2

The power taken from the battery is Vpl; and thus the efficiency
is 50 per cent.
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This is the theoretical maximum and in practice a transistor
class-A stage can approach it very closely. This efficiency applies
only for sinusoidal signals and when the transistor is driven to the
limit of its output power. For smaller input signals the efficiency
is less.

The amplitude of an a.f. signal varies over a range depending
on the nature of the signal. For orchestral music the range
between the maximum and minimum amplitudes may be as much
as 40 dB. For jazz and speech the range is much less.

It can therefore be seen that the efficiency of a class-A amplifier
with an a.f. input varies from instant to instant and the average
efficiency is in actual practice much less than the theoretical
maximum of 50 per cent.

As can be seen from Fig. 10.2 the slope of the load line for
maximum power output is given by Vy/l.: this is then the value
of the optimum load resistance.

As a numerical example, consider a transistor rated for 100 mW
maximum collector dissipation and operating as a class-A output
stage from a 6-volt supply.

The maximum undistorted output power is 50 mW and the
mean collector current I, is given by

I, x 6 =100 x 10-3

100 x 103
6

= 17 mA

R A

R =20

= 350 ohms

One practical point is that the battery voltage must exceed 6 volts
to give a 6-volt swing of collector potential. This is because the
steady voltage across the emitter resistor, the primary resistance
and the transistor knee voltage must be subtracted from the battery
voltage to give the effective collector-emitter voltage.

The output transformer must match the optimum load to the
load resistance. Therefore, if the load resistance is 3 ohms,
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Fig. 10.2. Conditions in a class-A transistor output stage

the transformer must have a ratio of

V/(350/3) : 1 = /117 : 1

=11 : 1, approximately

The primary inductance determines the low-frequency response
which is 3 dB down at the frequency for which the inductive

reactance is equal to the optimum load. In an a.f. amplifier the
3 dB loss frequency may be 50 ¢fs and we have

2nfL = R
R
2nf
- 350 H
6-28 x 50
=11H

The transformer should have a primary inductance of this value
with 17 mA direct current flowing.

Two transistors may be operated in class-A push-pull and a
typical circuit is given in Fig. 10.3. The collector-to-collector
optimum load is twice that for a single class-A transistor and the
output transformer needs twice the primary inductance. Its
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design is simpler, however, because it is not polarised, the d.c.
components of the collector currents flowing in opposite directions
in the two halves of the primary winding.

CLASS-B AMPLIFIERS

In a class-B amplifier the base is biased almost to the point of
collector current cut-off. In the absence of an input signal,
therefore, very little collector current flows but the current increases

—_—0 —

o 3l

EXTERNAL
LOAD

-
=1

: % .

Fig. 10.3. Circuit for a push-pull class-A transistor output stage

as the amplitude of the input signal increases. This leads to
economy in running costs because the current taken from the
battery tends to be proportional to the signal amplitude and not
independent of it as in a class-A amplifier. Positive half-cycles
of the input signal are, however, not reproduced in a single class-B
amplifier and it is essential to use two transistors in push-pull.
Such a pair of transistors can give a power output of 2-5 times the
maximum permissible collector dissipation of the two transistors:
this is 5 times that available from the same two transistors operating
in class-A push-pull. This may be shown in the following way.
Let the peak collector current of each transistor be Ip and the
battery voltage V. Then the peak collector-voltage swing Vp is
equal to Vp. The power output from a push-pull stage is given
by the product of the r.m.s. collector current (Ip/4/2) and the
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r.m.s. collector voltage (Vp/4/2) and is thus given by I,V;/2.
If the input signal is sinusoidal, the combined collector current
is sinusoidal in waveform as pictured in Fig. 10.4. Such a wave-
form has a mean value, or d.c. component, equal to 2/7 of the
peak value (Ip) and the power taken from the battery is thus equal
to 2Vulp/m, giving the efficiency as

power output from transistors _ IpV, T
power taken from battery 2 2LV,
-
T4

= 78:54 per cent

This is the maximum efficiency of which the stage is capable and
to obtain it the optimum load per transistor must be equal to
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Fig. 10.4. Operation of a push-pull class-B transistor amplifier

(peak voltage)/(peak current). For a class-B push-pull the collector-
to-collector load is given by 4V /I,

If the load and battery voltage are kept constant and the input
signal amplitude is reduced, the efficiency falls linearly due to the
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increasing failure to make use of the voltage swing available. This
is easily shown. Suppose the input voltage is reduced to a times
the value which gives maximum output. Then the collector-
current swing falls to al, and (since the load is constant) the
collector-voltage swing falls to aVy, giving the power output per
pair of transistors as a2I,Vp/2. The mean value of the collector
current is now 2al,/m and the power taken from the battery is
2al,Vy[/m. The efficiency for the reduced input signal is given by

power output from transistors _ a2I,V,, 77
power taken from battery 2 2al,V,
_ ks
=a.z

The efficiency is thus directly proportional to the input signal
amplitude.

In transistor amplifiers we are particularly interested in the
power P; dissipated in the transistors themselves, for it is this
which causes heating of the junctions and can damage them.
Now

power dissipated = power taken — power output
in transistors from battery
ie. Py _ 2al,V, . al,Vy
’ ™ 2
Differentiating this
P _ UV _ oy
da ™

Equating this to zero to find the maximum,

2
a — —
m
The heat in the transistors is thus a maximum when the signal
amplitude is 2/7 (approximately 0:63) times that giving maximum
output power. Substituting this particular value of a in the
general expression given above we have

2
power output from amplifier = %

— 2IZ’VP

w2
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power taken from battery = _2a11"_ Vo
ks
_ ALV,
=2
By subtraction,
power dissipated in transistors = —211’ :/”
ki

These results show that this particular value of ¢ makes the power
output one-half that taken from the battery: in other words it
coincides with an efficiency of 50 per cent. The maximum power
output from the class-B pair is I;Vp/2. The maximum power
dissipated in the transistors is 2I,V,/n2. The ratio of these two
quantities is 72/4, approximately 2-5 : 1, showing that it is possible
to obtain an undistorted output of 2:5 times the rated maximum
collector dissipation of the two transistors, i.e., 5 times the maximum
collector dissipation of one of them. This applies only for a
sinusoidal input.

As a numerical example, consider two transistors each with a
maximum collector dissipation of 100 mW. In class-B push-pull
it is possible to obtain from these an output power of 500 mW.
If the battery supply is 6 volts, this is also the peak value of the
collector voltage, and the peak current is given by I, where

1
P=_V,I
2 LD
2P
I, =<
4 Vp
_2><6500mA

= 170 mA approximately
The collector-to-collector load is given by
_ 4‘Vp
1= 7
_ 4x6
170 x 10-3
= 140 ohms approximately

ohms
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Driver Stage

The transistor feeding a class-B output stage may be regarded
as a large-signal amplifier because it must supply appreciable
power to the base circuits of the output stage. The design of the
driver stage and the transformer coupling it to the output stage
depends on the input resistance of the output stage.

We have so far assumed the input resistance of a common-
emitter amplifier to have a value determined by the transistor
parameters and the output load resistance. For small input signals
this is a reasonable assumption, and the input resistance is commonly
taken as 1 kQ. A class-B stage, however, does not satisfy these
conditions: it is biased almost to collector-current cut off and, in
the absence of an input signal, has an input resistance higher than
that of a class-A amplifier. A class-B stage requires a large input
signal to swing the collector current to its maximum limit and for
such signals the input resistance is less than that of a class-A
amplifier.

Thus the input resistance is no longer a constant but varies
with the input signal amplitude, decreasing as the input signal
increases. The variation may be from, say, 2 kQ for small signals
to 200 ohms for large signals. This variation of input resistance
can be anticipated from inspection of the current-input voltage
characteristic for a junction transistor (Fig. 1.12). The slope is
small near the origin but increases as the input voltage is increased.
The input resistance is measured by the reciprocal of the slope
and decreases as signal amplitude increases.

These variations in input resistance can, unless precautions are
taken, cause serious distortion. For example, suppose the output
stage is driven from a signal source having an output resistance
small compared with the minimum input resistance of the output
stage. This means that the signal voltages applied to the bases of
the output stage are nearly equal to that of the signal source and
are therefore substantially undistorted. If the input resistance of
the output stage were constant and independent of signal amplitude
the input current would also be undistorted. The input resistance
does, however, vary with signal amplitude. Thus the input
current is not linearly related to the signal voltage and must be
distorted.

Transistors are, of course, current-operated devices and if the
input current is distorted, the output current must also be distorted.
The distortion obtained in this mode of operation (called constant-
voltage operation) is most unpleasant: for small signals the input
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resistance is large and the input current is smaller than required
for distortionless amplification. Thus a sine-wave input voltage
is reproduced with a waveform similar to that shown in Fig. 10.5.
This is known as cross-over distortion because it occurs when one
transistor is being cut off and the other turned on, i.e. when the

INPUT WAVEFORM OUTPUT WAVEFORM

CROSSOVER
DISTORTION

Fig, 10.5. Input and output waveforms for an amplifier giving cross-over distortion

state of conduction is being handed over from one transistor to
the other.

To reduce cross-over distortion, the input current for the output
stage must be undistorted. The variations in input resistance must
therefore have no effect on the input current. To achieve this the
output stage must be driven from a high-resistance signal source.
Ideally the source resistance should be large compared with the
highest value of input resistance likely to occur: we then have
constant-current operation. If, however, the driver transformer is
designed to satisfy this requirement, the gain of the driver stage
islow. This difficulty can be reduced by arranging that the output
transistors are not biased to cut off in the absence of a signal but
take a small collector current. Thus the transistors operate in
class A for small input signals and the variations in input resistance
are reduced. It is now possible to use a smaller value of source
resistance while still avoiding the worst effects of cross-over
distortion and reasonable gain is possible from the driver stage.

For transistors rated for 100 mW maximum collector dissipation,
the input resistance falls to approximately 100 ohms at minimum
and is probably around 1 kQ for a standing collector current
of 2 mA, a typical value for a class B output stage. If high gain is
essential from the driver stage and a little distortion can be tolerated,
the driver transformer can be designed to match the output
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resistance of the driver stage (say 30 kQ) to the maximum value of
the input resistance (1 kQ). The turns ratio (primary to each
secondary winding) required is thus

4/(30,000/1,000) : 1 = 4/30 : 1
=55:1
When better quality is required and a little gain can be sacrificed,
this ratio is sometimes decreased to 3 :1 or even 2:1 to give a

better approximation to constant-current input for the class-
B stage.

Symmetrical Class-B Amplifier

The circuit of the driver stage and class-B output stage of an
amplifier is given in full in Fig. 10.6. The driver stage operates
in class A and the collector current is stabilised at, say, 3 mA by
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Fig. 10.6. Circuit for a driver and a symmetrical class-B output stage. Dotted lines show
how negative feedback can be applied when the driver stage has a current input

the potential-divider method. A similar technique is applied to
the output stage which has a common emitter resistance, the
potential divider being adjusted to give the required standing
collector current. The emitter resistance of a class-B amplifier
cannot be decoupled because the mean emitter current is not
constant (as in a class-A amplifier) but varies over a wide range
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depending on the instantaneous amplitude of the input signal.
A capacitor in parallel with the emitter resistor would acquire
charge on current peaks and discharge in the intervals between
peaks, thus introducing unwanted exponential signals into the
amplifier. The emitter resistance must therefore be kept small to
minimise the negative feedback which would reduce the gain of
the output stage.

The emitter resistance is commonly as low as 5 ohms: never-
theless, it gives some measure of stabilisation of the standing collector
current and it helps to equalise differences in parameters of the
two output transistors. Another resistance which must be small
is the lower arm of the potential divider feeding the bases of the
output transistors. The input currents of the output stage flow
in this resistor and a large value would severely reduce the signal
input to the output stage: a value as low as 120 ohms is commonly
used. It is not advisable to decouple this resistance by a low-
reactance capacitor because on large input signals the capacitor
becomes charged by the unidirectional input current flow for the
output stage and on small input signals it discharges through
the resistance, this also superimposing unwanted exponential signals
on the input to the output stage.

Class-B output stages tend to give unwanted ripples on the output
signal: these are caused by ringing of the secondary winding of
the driver transformer when the associated transistor is cut off.
This tendency can be reduced by so constructing the transformer
that the two secondary windings are closely coupled, e.g., by
winding the secondaries in a bifilar manner. This discourages
ringing because the undamped secondary winding is effectively
damped by its close coupling to the damped winding. The net-
work R,C, is included to attenuate unwanted high-frequency
components such as harmonics of the input signal or oscillations
due to ringing. This network together with the leakage inductance
L of the output transformer and the resistance Ry of the external
load form an LCR combination. Such a network can give an
input resistance independent of frequency if the product R; R; is
made equal to L/C.

Distortion introduced by the class-B output stage can be reduced
by negative feedback. The feedback voltage can be taken from
the secondary winding of the output transformer and applied to
the driver stage. It should be applied to the base if the driver
stage is required to operate with a current input, and to the emitter
if the driver stage is required to operate with a voltage input.
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The latter alternative is preferable if the driver stage directly
follows a detector, as may occur in a receiver. The degree of
feedback which can be applied is limited by the phase shifts
introduced by the driver and output transformers at the extremes
of the passband and in Ipractice rarely exceeds 6 dB: even this
small degree halves the harmonic distortion of the amplifier.

Asymmetric Class-B Amplifier

An interesting variant of the class-B push-pull circuit is the
so-called single-ended or asymmetric circuit illustrated in Fig. 10.7.
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Fig. 10.7. Circuit for a driver and asymmetric class-B output stage. Dotted lines show
how negative feedback can be applied when the driver stage has a voltage input

- A S

27k}

The output transistors are connected in series across the collector
supply battery and the load resistance is connected between their
junction and a centre tap on the battery. Separate secondary
windings are required for the two bases because there is now a
difference in the steady voltage of the two. The load resistance
equals (peak collector voltage swing)/(peak collector current swing),
and for output transistors operating from a 4-5-volt supply
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and taking a peak collector-current of 120 mA may be as low
as 37 ohms. A loudspeaker speech coil can readily be wound to
have an impedance of this value and thus there is no need for a
loudspeaker matching transformer: this is one of the great
advantages of this circuit. It does, however, require a collector
supply of higher voltage than a symmetrical circuit and the input
transformer must have isolated secondary windings. The elimina-
tion of the output transformer is a great asset, however, and makes
this circuit particularly suitable for miniature receivers. The use
of a centre-tapped battery (as in Fig. 10.7) is not essential. The
external load may alternatively be returned to the positive battery
terminal (usually at earth potential) provided a capacitor is
connected in series with the load to avoid disturbance of d.c.
conditions. In an a.f. amplifier employing a 37-ohm load, the
capacitance should be not less than 100 pF to avoid loss of bass.
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Introduction

E have so far discussed the use of transistors as amplifiers

and we shall now consider transistor oscillators, detectors
and frequency changers. We shall then have described all the
operations necessary in a receiver and can consider the design of
complete transistor superheterodyne receivers.

OSCILLATORS

Oscillators have two main sections: a frequency-determining
section and a maintaining section. The frequency-determining
section commonly consists of an LC circuit or RC network. The
maintaining section is commonly a valve or transistor amplifier
which must have sufficient gain to make up for losses in the
frequency-determining section to give rise to the positive feedback
which causes oscillation.

In one type of oscillator the amplifier is used purely as a switch,
the valves or transistors being in a state of conduction or of non-
condygtion (i.e. cut off) for most of the period of oscillation. The
changes of state are very rapid and the shape of the input-output
characteristic of the amplifier (which is of great importance in
class-A amplification) is unimportant in this application. Such
oscillators are termed relaxation oscillators and their period of
oscillation is usually determined by the time constants of RC or
RL networks.

The output waveform of such oscillators is largely made up of
linear and exponential sections. Typical of such oscillators are
multivibrators and blocking oscillators.

In a second type of oscillator, the maintaining section is used
as a linear amplifier and is in operation for the whole or a sub-
stantial fraction of each cycle of oscillation. The output waveform
is sinusoidal and the frequency-determining system is commonly,

150



A.M. AND F.M. RECEIVERS

though not invariably, an LC circuit. Hartley and Colpitts
oscillators are of this type.

In general, transistor oscillators are of the same basic types as
thermionic-valve oscillators and their circuits can be deduced by
analogy with the valve circuits. It may, however, be necessary to
modify the circuit to suit the input and output resistances of the
transistors where these differ markedly from those of a valve.

In this chapter we are primarily concerned with the application
of junction transistors in sinusoidal oscillators, particularly those

O —

L ']'Cl I

: [
Ti.. . %H

Fig. 11.1. One possible circuit for a Fig. 11.2. One possible circuit for a
transisior Hartley oscillator transistor Colpitts oscillator

used in receivers. Some information about the use of junction
transistors in relaxation oscillators is given in Chapter 12.

When a signal is momentarily induced in an LC circuit, it gives
rise to an oscillation which is at the resonance frequency of the
circuit and dies away exponentially due to dissipation in the
resistance of the circuit. To maintain the oscillation at constant
amplitude the loss of power must be made good: this may be
achieved by connecting the LC circuit to a source of power such
as an amplifier. This source can be regarded as having a negative
input resistance which neutralises the positive resistance of the
tuned circuit. In the Hartley, Colpitts and Reinartz circuits the
negative input resistance is achieved by positive feedback, i.e., by
establishing a connection between the input and output circuits
of the maintaining amplifier. It is characteristic of these forms of
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oscillator that at least three connections must be made to the LC
circuit to obtain the required positive feedback.

Fig. 11.1 gives the circuit diagram of a Hartley transistor oscillator.
The steady component of the transistor collector current is stabilised
by the potential divider method and, except for the components
associated with the stabilisation, the circuit is similar to that of a

e,

Ml

T o+

Fig. 11.3. One possible circuit for a
transistor Reinartz oscillator

thermionic-valve Hartley oscillator. The frequency-determining
section L,C, is connected between collector (anode) and base
(grid). The emitter (cathode) is effectively connected to the
centre tap of the inductor because both these points are at zero
r.f. potential. The circuit illustrated is a series-fed type in which
the collector current flows through part of the inductor. There is
an alternative shunt-fed circuit in which the transistor has a
resistive collector load and the collector is connected to the top
end of the inductor by a fixed capacitor.

Fig. 11.2 gives the circuit diagram for a Colpitts oscillator, also
d.c.-stabilised by the potential-divider method.

The circuit diagram for a Reinartz-type transistor oscillator is
given in Fig. 11.3: this circuit is of interest because it is frequently
used in transistor receivers. Regeneration in this circuit is obtained
by coupling the collector circuit to the emitter circuit via the
mutual inductance between L; and L,. Both inductors are also
coupled to the frequency-determining circuit L;C;. This circuit
is also d.c.-stabilised by the potential-divider method. It could,
of course, be simplified by omitting the components L; and G,
and connecting a tuning capacitance across L, or L,, but the
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form 1illustrated here cnables the moving vanes of the tuning
capacitor to be earthed. Moreover, this helps frequency stability
by isolating LsCs to some extent from varjations in transistor
parameters.

A.M. DETECTORS

The purpose of the detector in a receiver is to derive from a
modulated carrier a substantially-undistorted copy of the modula-
tion waveform. Frequently an a.m. detector also has to produce an
output signal, proportional to the carrier amplitude, which can
be used for automatic gain control and in a transistor receiver
appreciable power is necessary for a.g.c. Point-contact diodes are
often used for detection in transistor receivers: they are satisfactory
in providing the a.f. output and the provision of a.g.c. is not difficult.
Transistors can be used for a.m. detection also and they have the
advantage over point-contact diodes that they give substantial gain
{(e.g. 20 dB) and can readily supply the power necessary for a.g.c.
The circuit of a common-emitter transistor a.m. detector is given in
Fig. 11.4. The potential divider method of d.c. stabilisation is again
used ‘and the value of R, must be chosen to give the required value
of collector and emitter current. The value of the emitter current
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Fig. 11.4. One circuit for a common-emitier
transistor a.m. detector

+

is particularly important in an a.m. detector and its value must be a
compromise between the following two conflicting requirements:

(1) The emitter-base junction must be biased to a point on the
dynamic characteristic where the curve has a sharp knee.
It is essential to use an r.f. type of transistor because the
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input is r.f. and the emitter current is usually low when
optimum bias is applied.

(2) The transistor also operates as an a.f. amplifier and for
maximum gain from such an amplifier the collector current
(and hence the emitter current) must be of the order of 1 mA.

Low emitter currents give good demodulation but poor a.f. gain;
high emitter currents good a.f. gain but poor demodulation. It is
not surprising, therefore, that there is an optimum value of emitter
current which gives maximum a.f. output for a given modulated
r.f. input, and for germanium transistors this is commonly of the
order of 50 pA.

A suitable value for the collector load resistance is 15 kQ and the
voltage drop across this for a collector current of 50 pA is

50 x 108 x 15 x 10% = 750 x 10-3
= 0-75 volt

This is the voltage across R, when there is no input signal. When
an input signal is applied the mean collector current rises causing
an increased voltage drop across R,. The collector potential thus
becomes less negative, i.e., more positive, the polarity required in
one type of a.g.c. circuit. Such a.g.c. is more effective than that
obtainable from a simple diode detector because of the amplifica-
tion available.

The input resistance of a common-emitter amplifier is commonly
quoted as approximately 1 kQ. This applies when the emitter
current is approximately 1 mA. In the common-emitter detector,
however, the emitter current is much smaller than this and the
input resistance is therefore much higher, commonly greater than
10 kQ. The damping imposed by the detector on the tuned
circuit feeding it is thus not as heavy as might be feared. Never-
theless it is usually necessary to feed the detector from a tapping
point on the inductor or, as shown in Fig. 11.4, from a small coil
closely coupled to the tuning inductor to avoid too great a reduction
in the Q value.

AUTOMATIC GAIN CONTROL
A.g.c. is used in radio receivers for two main reasons:

(1) It combats fading. Fading is experienced quite generally in
radio reception but it is particularly troublesome during
medium-wave reception after nightfall.
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(2) It helps to prevent overloading of later stages. In transistor
receivers without a.g.c. overloading of the final if. stage
would occur on strong signals.

A.g.c. is achieved by feeding back to pre-detector stages (usually
i.f. stages) a control voltage proportional to the carrier amplitude
at the detector. This control voltage has the effect of reducing
the gain of the controlled stages. Strong signals give a large
control voltage and low i.f. gain; weak signals give a small control
voltage and high i.f. gain.

The control voltage must reduce the gain of the i.f. stages and
there are two methods by which the gain of a transistor amplifier
can be controlled:

(1) By reducing the emitter current, keeping the collector
voltage constant. For germanium transistors the gain tends
to be proportional to the square root of the emitter current,
provided this is below approximately 500 pA.

(2) By reducing the collector voltage, keeping the emitter current
constant. For germanium transistors the gain tends to be
proportional to the square root of the collector voltage,
provided this is below approximately 500 mV.

Both methods of gain control reduce the signal-handling capacity
of the amplifier and to avoid distortion due to peak clipping the
controlled stages must at all times have small input signals. It is
not advisable therefore to control the final i.f. amplifier, for this
has to deliver a reasonably large signal to the detector, particularly
if this is a diode which has to supply the control voltage. The
reduction of signal-handling capacity of the controlled transistors
contrasts with the behaviour of automatic-gain-controlled valves:
the application of negative bias to the control grid of a variable-mu
pentode lengthens the grid base and improves signal-handling
capacity.

Gain control by adjustment of emitter current is rarely achieved
directly, i.e., by control of the emitter voltage of a common-base
amplifier. This is because the input resistance of the emitter
circuit is so low (50 ohms is typical) that considerable power input
is necessary to produce appreciable change in current and thus in
gain,

It is usual to control the emitter current indirectly, e.g., by
control of the base potential in a common-emitter amplifier. In
this way the current gain of the transistor is utilised for a.g.c.
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purposes. Moreover the input resistance of a common-emitter
amplifier is higher (1 kQ is typical) than for a common-base
amplifier.

A typical circuit diagram for an amplifier with base injection
of a.g.c. voltage is given in Fig. 11.5. The voltage must be positive-
going in order to reduce emitter current in a pnp transistor and

RF. or L.F. AMPLIFIER DETECTOR
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Fig. 11.5. An a.g.c. circuit using emitter-current control

such a polarity can be obtained from a common-emitter detector
as shown in this diagram. The resistance R should be so adjusted
that, in the absence of an input signal, the controlled stage has a
collector current of approximately 500 pA. A larger collector
current gives an effective delay to the a.g.c. because little reduction
in gain occurs until the collector current has fallen below approxi-
mately 500 pA.

For the sake of simplicity, neutralising is omitted from the
diagram and no means is indicated of preventing thermal runaway
of the r.f. or i.f. amplifier.

A.g.c. by control of collector voltage is also achieved indirectly
and a typical circuit is given in Fig. 11.6. This shows a common-
emitter stage with the control voltage applied to the base. The
collector circuit decoupling resistor R, is an essential feature of this
circuit. The control voltage must be negative-going in this circuit
to increase the collector current on strong signals. The value of
the decoupling resistor is so chosen that the collector-emitter
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voltage is approximately 500 mV in the absence of a signal. Any
increase in base current due to a.g.c. action increases emitter
current and hence collector current, decreasing collector voltage
and gain. A typical value for the decoupling resistance is 15 kQ.
The required polarity of a.g.c. voltage is obtained in this circuit
by taking the control voltage from the emitter of a common-emitter
detector.

The circuit is again simplified by the omission of neutralising
and the means of preventing thermal runaway.

Attention must be paid in the design of a.g.c. circuits to the
effects on receiver performance of the inevitable variations in
transistor input and output impedances brought about by the
changes in d.c. conditions. The input and output impedances of
a transistor both have resistive and reactive components. The
resistive component causes damping of the input and output tuned
circuits and the capacitive component causes mistuning of these
circuits. The severity of the damping and the extent of the
mistuning both depend on the emitter current and both therefore
change with alterations in a.g.c. voltage. The mistuning effect
can be minimised by so designing the circuit that the variations

R.F. or L.F. AMPLIFIER DETECTOR
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Fig. 11.6. An a.g.c. circuit using collector-voltage control

in transistor capacitance are small compared with that already
present in the input and output tuned circuits. The variations
in damping are, however, more difficult to minimise, and some
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decrease in damping is probably inevitable as emitter current is
reduced.

However, the variations in damping need not always be undesir-
able. For example, in an a.g.c. circuit using collector-voltage
control the emitter current increases when a strong signal is received.
This causes increased damping and hence a wider if. passband.
This is an advantage in receiving a strong local signal because it
permits better quality of reproduction on a signal which is large
enough to swamp any interference. When the receiver is tuned to
a weak signal, the damping is reduced and the passband narrowed.
In the alternative a.g.c. circuit using emitter-current control the
emitter current is reduced when a strong signal is tuned in, giving
minimum passband on stronger signals. However, this method
gives less mistuning than the other and, in general, emitter-current
control is preferred.

F.M. DETECTORS

The function of an fim. detector is to derive from a frequency-
modulated signal a substantially-undistorted copy of the modulated
waveform impressed on the signal. There are many types of f.m.
detector but only two are in common use in fim. receivers: these
are the Foster-Seeley discriminator and the ratio detector. The
method of operation of these detectors is complex and only a brief
summary of it is given below: for a more complete description the
reader is referred to other books*.

Foster-Seeley Discriminator

This discriminator contains two diode detectors so arranged that
their outputs are connected in series opposition. The diodes are
fed from a double-tuned transformer, the primary and secondary
windings of which are resonant at the centre frequency of the pass-
band to be covered. An essential feature of the circuit is that a
fraction of the primary voltage is fed to the centre point of the
secondary winding. In Fig. 11.7 this is achieved by a connection
between the centre point of L, and a tapping point on L, but the
secondary connection could be to the junction of two equal capaci-
tors across L, (they could together constitute the tuning capacitance)
and the primary connection could be to an inductor closely coupled
to L, or to a capacitive potential divider across L, (formed by two
capacitors which may also provide the tuning capacitance).

*For example, B. S. Camies ““ Principles of Frequency Modulation” Iliffe Books Ltd.
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For signals at the centre frequency, diodes D1 and D2 receive
equal inputs and the voltages generated across R, and R, arc equal,
giving zero resultant voltage across (R; 4+ R,). The effect of the
interconnection between primary and secondary windings is that
for signals displaced from the centre valuec one diode receives a
bigger input than the other. The voltages across R; and R, are
then no longer equal and there is a net output across (R, -+ R,),
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Fig. 11.7.  One circuit for a Foster-Seeley discriminator

the polarity depending on the direction of the frequency displace-
ment and the magnitude depending on the extent of the displace-
ment. If, therefore, a frequency-modulated signal is applied to the
discriminator, a copy of the modulation waveform is generated
across (R, + R,).

The Foster-Seeley discriminator gives zero output at the centre
frequency and at this frequency the output is independent of the
magnitude of the signal input to the detector. At other frequencies
the output of the discriminator is proportional both to frequency
displacement and to signal input. Ideally the output of an fim.
detector should be proportional to the frequency displacement but
independent of the signal input. If this can be achieved the full
advantages of frequency modulation are realised and the receiver
is to a large extent immune from interference due to a.m. signals
and from the distortion due to multi-path reception. The Foster-
Seeley discriminator thus has poor ability to reject a.m. signals
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and is normally used with a separate limiter stage in order to
obtain a satisfactory performance.

Ratio Detector

The ratio detector has much better a.m. rejection than a Foster-
Seeley circuit and nearly all commercial receivers employ a ratio
detector.

The circuit diagram of one form of ratio detector is given in
Fig. 11.8, It has two diodes and a double-tuned transformer
with a primary-secondary connection similar to that employed
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Fig. 11.8. One circuit for a ratio detector

in the Foster-Seeley circuit but the diodes are connected in a
series-aiding arrangement and supply a common load resistor.
This resistor has a low value to give the heavy damping of the
secondary tuned circuit on which the limiting properties of the
detector depend. The load resistor is bypassed by a high-value
capacitor giving a load time constant of 0-1 second. The diodes
conduct continuously when a signal is applied to the detector and
give a voltage across the load circuit proportional to the carrier
input: the maximum value of this voltage gives an indication of
the correct tuning point. The inputs to the two diodes vary with
frequency displacement (as in the Foster-Seeley circuit) and the
voltages generated across the reservoir capacitors C, and C, vary
also although the total voltage across (C; 4+ C;) is independent
of input frequency, being stabilised at a value proportional to
carrier input amplitude by the long time constant R,C;. One

160



A.M. AND F.M. RECEIVERS

end of the capacitor Cj is earthed usually and the a.f. output is
taken from the junction of C, and C,.

Practical ratio detector circuits commonly employ additional
resistors in series with the diodes: by choosing suitable values for
these resistors, the a.m. rejection of the detector can be significantly
improved.

MIXERS

In a superheterodyne receiver the carrier and sidebands constituting
the received signal are in effect translated in frequency to give a
new signal with a carrier at the intermediate frequency. This is
achieved in a mixer stage in which the received signal is combined
with the output of a local oscillator, thereby producing a resultant
signal at the sum or difference of the received carrier and oscillator
frequencies.

In general, there are two basic principles which can be applied
to produce an output with a frequency equal to the difference
between the frequencies of two input signals. In one method the
two input signals are simply connected in series or in parallel and
applied between two electrodes such as the grid and cathode of a
valve or the base and emitter of a transistor. If the input-output
relationship for the valve or transistor is linear, these two signals
are amplified independently and there is no output at any frequency
other than frequencies of the two input signals. To produce
interaction between the two original signals, thus obtaining an
output at the difference frequency, it is essential that the valve or
transistor should have a non-linear characteristic, i.e., should
behave as a detector.

For this reason the mixers of early superheterodyne receivers
were known as first detectors. Stages of this type are known as
additive mixers and they are usually biased near the point of anode
or collector-current cut off to achieve the non-linearity essential
for their action.

In another, more modern, type of mixer the received signal and
the local oscillator output are in effect multiplied together. This
is achieved by applying the two Inputs to separate electrodes of a
valve or transistor which is so designed that a signal applied to
one electrode controls the gain of a signal applied to the other
electrode. Two such electrodes are the control grid and suppressor
grid of a pentode. In a mixer of this type there is no need for
any non-linearity, the output at the difference frequency being
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produced directly from the effective multiplication of the two
input signals. Such mixers are termed multiplicative, and most
modern mixers are of this type. Clearly it is wrong therefore
to refer to such mixers as first detectors because they can be
linear devices.

A multiplicative type of mixer requires a valve or transistor
with two input electrodes, and mixer valves commonly have a
total of at least six electrodes. It is possible that transistors of
an analogous type may in time be developed, but at the moment
most transistors are triodes with which it is difficult if not impossible
to construct a multiplicative type of mixer; transistor mixers must

MIXER OSCILLATOR
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Fig. 11.9. One possible circuit for a two-transistor frequency changer

operate therefore on the additive principle and this can be achieved
by applying both input signals between base and emitter. Most
transistor receivers employ an additive mixer of this type and one
possible circuit is given in Fig. 11.9. This also gives the circuit of
the oscillator stage; the combination of the two constitutes a
frequency-changer stage.

In this circuit the mixer operates in the common-emitter mode
and the two input signals are connected in series and applied to
the base-emitter circuit. The operating point is swept over the
characteristic by the local oscillation, and the efficiency of the mixing
process depends on the amplitude of oscillation injected into the
emitter circuit. For small oscillation amplitudes the conversion
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\

Fig. 11.10. Variation of conversion
gain with local-oscillator input voltage

CONVERSION GAIN —»

! LOCAL OSCILLATOR INPUT VOLTAGE —»

gain, i.e., the ratio of i.f. signal output to r.f. signal input, increases
linearly with oscillation amplitude but levels off at a particular
amplitude and then falls as shown in Fig. 11.10.

Increase in oscillator amplitude beyond this point causes little
change in gain.

In a recetver in which the oscillator has to operate over a range
of frequency, some variation in oscillator amplitude is inevitable.
In order to prevent such variations causing large changes in
conversion gain the oscillator amplitude is usually designed so
that it is greater than the minimum critical value which gives
maximum gain.

Self-oscillating Mixers

It is quite possible to arrange for a single transistor to perform the
functions of mixing and of oscillation, and the conversion gain of
such a circuit is little short of that available from circuits in which
separate transistors are used for the two purposes. Omne circuit
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Fig. 11.11.  One possible circuit for a self-oscillating mixer
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for a self-oscillating mixer is given in Fig. 11.11. This may be
regarded as a Reinartz oscillator of the type shown in Fig. 11.3
in which the base circuit is tuned to accept the signal-frequency
input and the output circuit is tuned to select the difference-
frequency output. The oscillator signal and the signal-frequency
input are connected in series between base and emitter to enable
the transistor to operate as an additive mixer. Circuits of this
type are commonly employed in transistor superheterodyne
receivers for a.m. reception.

Fig. 11.12 shows a form of self-oscillating mixer suitable for use in
v.h.f. receivers: part of the preceeding r.f. stage is shown on the
left of the diagram. The transistor operating conditions are set

R.F. STAGE FREQUENCY-CHANGER
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Fig. 11.12. A self-oscillating mixer of the Colpitts’ type suitable for use
in v.h.f. receivers

at a value suitable for a self-oscillating mixer by the potential
divider R;R; which determines the base potential and by the
resistor R, which determines the emitter current. The transistor
circuit is based on that of a Colpitts’ oscillator, the two fundamental
capacitors Cy and C); being connected in series between collector
and base with the centre point connected to emitter. Cj, is the
oscillator tuning capacitor and C;; a trimmer. Cj, is ganged with
C; which tunes the signal-frequency inductor L; in the collector
circuit of the r.f. amplifier. It is desirable to earth the moving
vanes of C; and C}, but if this is done the base of the oscillator is
at zero r.f. potential. The emitter cannot also be at zero r.f.
potential (as in many Colpitts’ oscillators) because C, would be
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short-circuited and oscillation would be impossible. Some react-
ance is therefore provided in the emitter circuit by the inclusion of
inductor L;. The signal-frequency input to the mixer can now be
injected into the emitter circuit via C, to enable mixing to take
place in the base-emitter diode of the frequency changer. The
inclusion of Ly in the emitter circuit of the frequency changer
provides negative feedback which reduces the gain of the stage at
the intermediate frequency. The feedback is therefore reduced to
a minimum by arranging that L; resonates with Cy at the inter-
mediate frequency. L, is made variable to permit this adjustment.

The if. output of the frequency changer is selected by the
transformer L,Lg both primary and secondary windings of which
are tuned to the intermediate frequency, usually 10-7 Mc/s. The
primary winding is tuned by the 110-pF capacitor C;, which is
connected in series with Ly and Cj; across L,. Both Lg and Cy;
have negligible reactance at 10-7 Mc/s and thus C,, is effectively
in parallel with L,.

COMPLETE A.M. RECEIVER

Fig. 11.13 gives the circuit diagram of a complete single-waveband
superheterodyne receiver using six transistors. The first operates
as a self-oscillating mixer, the second and third are i.f. amplifiers,
the fourth is an a.f. amplifier and the final two are a push-pull
class-B output stage. The detector is a point-contact diode which
applies a.g.c. to the first i.f. amplifier. Such a receiver can operate
quite satisfactorily from a 6-volt or 9-volt battery and the sensitivity
and output power are the equal of (and are sometimes superior to)
those of a conventional 4-valve battery-operated receiver. The
capacitors can be very small physically because of their low working
voltage, and such a receiver can be made very compact. Models
using miniature loudspeakers can be made small enough to go
into the pocket of a jacket.

To be self-contained, miniature receivers of this type use a
Ferrite core aerial consisting of a signal-frequency tuned circuit L,
wound on a rod or strip of Ferrite. Aerials of this type have now
replaced the frame aerials formerly used in portable receivers.
Ferrite aerial windings may have a Q value as high as 250 but this
is often halved by the proximity of nearby metalwork: such
a value is an embarrassment when, as is usual, a 2-gang capacitor
is used for tuning the aerial and oscillator circuits. The two
circuits can be accurately in step at three frequencies in the band
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but at all other frequencies there is a loss in sensitivity due to
mistuning of the aerial circuit and this loss is the greater the higher
the Q value. On the other hand if the Q is made too low there is
a danger of second-channel interference. A working Q of 100 is
a reasonable compromise. The aerial coil is coupled to the base
circuit of the frequency-changer by means of a secondary winding,
and the inductance of this winding can be so chosen that the
damping due to the frequency changer gives a working Q of this
value.

The frequency-changer circuit is similar to that shown in Fig. 11.3
but the capacitors C; and Cj are included to permit adjustment
of the frequency range covered by the receiver and to give the
required 3-point tracking. With the tuning capacitors at minimum
capacitance Cj is adjusted to give the required high-frequency
tuning limit. With the tuning capacitors at maximum capaci-
tance L, is adjusted to give the required low-frequency tuning limit.
These adjustments are repeated until no further adjustment is
necessary. If the value of C, is correctly chosen, the alignment
of the receiver will also be perfect at a frequency near the centre
of the waveband.

In aligning the receiver the trimmer C,; is adjusted to give maxi-
mum sensitivity near the high-frequency end of the waveband and
the inductance L, is adjusted to give maximum sensitivity near the
low-frequency end. The inductance can be adjusted by sliding
the winding along the Ferrite rod or strip.

The remainder of the receiver is conventional, comprising 1.f.,
detector and a.f. stages of types described earlier. One point
meriting description is the decoupling network R,¢C;5. This is
particularly necessary in a receiver such as this which has a class-B
output stage. The collector current of a class-B output stage is
not steady but has a strong component at the second harmonic
of the frequency of audio output. This current, in flowing through
the internal resistance of the battery, sets up a voltage which is
impressed on the collector voltage for all other stages. This can
cause distortion if it affects the gains of these stages. This is
particularly likely when the internal resistance of the battery rises
due to ageing. The network R,,C,; reduces distortion due to this
cause by attenuating such voltages, the reactance of Cj; being
small compared with R4 at audio-frequencies.

Another interesting feature of the receiver is the small forward
bias of the detector by the network R,R;R;,. This is deliberately
introduced to improve the performance of the detector. The
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characteristic of a point-contact (and a junction) diode is almost
straight where it passes through the origin and detection efficiency
is therefore poor for small applied voltages. The bias provided
can be chosen to give maximum detector efficiency for small input
signals, thus improving receiver sensitivity. Alternatively the bias
can be chosen to minimise the peak-clipping which occurs for large
signal inputs as a result of the difference in value of the d.c. and a.c.
detector loads: this adjustment improves the quality of repro-
duction from local transmissions.

F.M. RECEIVER

We have now discussed f.m. detectors and the use of transistors
in a.f. amplifiers, i.f. amplifiers and frequency changers: we can
now consider the design of a transistorised f.m. receiver.

In the first-class service area of an fim. transmitter the field
strength is greater than 1 mV/metre: in the second-class service area
(where there may be slight interference from car ignition systems)
the signal strength is between 250 pV/metre and 1 mV/metre.
The signal delivered to the input terminals of a receiver from
a half-wave dipole aerial via a properly-matched feeder is
approximately equal to half the field strength, i.e., is 125 uV at the
edge of the second-class service area. These signal strengths are
however measured using an elevated dipole in the open air. A
band-II dipole is 5 feet long and in a portable receiver (such as a
transistorised receiver is likely to be) a much smaller aerial must be
used: this inevitably gives a smaller signal than an elevated resonant
dipole. Moreover portable receivers are likely to be used inside
buildings or on the ground where the signal strength can easily be
30 dB below the values measured with an elevated resonant aerial.
Thus under unfavourable conditions the signal delivered to the
aerial terminals of a portable f.m. receiver can be less than 5 V.

To obtain good results from an input signal as small as this, a
superheterodyne receiver must be used. It is advisable, too, to
employ an r.f. stage before the frequency changer: this improves
signal-to-noise ratio and helps to minimise oscillator reradiation.
The r.f. stage and frequency changer are unlikely to provide a
voltage gain of more than 15 and the minimum signal to be expected
from the frequency changer is 75 V. For reasons given earlier
a ratio detector is the most likely choice and for adequate a.m.
rejection this requires an input to the diodes of not less than 0-5
volt. The if. amplifier thus requires a gain of 7,000 and this
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determines the number of if. stages required. We have already
shown that a 10-7-Mc/s i.f. stage using a non-unilateralised drift
transistor gives a voltage gain of about 10 when working into a
following transistor and about 65 when working into a ratio
detector. A total of three i.f. stages will therefore provide the
required gain and the receiver circuit diagram up to the a.f. output
from the ratio detector can take the form illustrated in Fig. 11.14.
In this the circuit arrangements of frequency changer, i.f. amplifier
and ratio detector are all identical with those given earlier. The
r.f. stage is a common-base amplifier which at frequencies around
100 Mc/s gives as much gain as a common-emitter type. The input
tuned circuit L,C; is heavily damped by the low input resistance
of the amplifier and gives so low an effective Q value that there is
no advantage in having variable tuning. If the tuning is fixed at
the centre of the band to be received the loss due to this input cir-
cuit at the ends of the band is negligible.

The a.f. output from the ratio detector is small enough, when the
receiver is tuned to a weak signal, to require the use of a three-stage
audio amplifier. This may consist of a gain stage followed by a
driver stage which in turn feeds a push-pull class-B output stage.

The receiver thus includes a total of nine transistors (five drift
types and four uniform-base types) and two point-contact diodes.

Alignment

The receiver should be aligned in the following manner. With
the tuning capacitors at minimum capacitance trimmer Cj; is
adjusted to tune in a signal at the high-frequency end of the band—
say at 100 Mc/s. Then with the tuning capacitors at maximum
capacitance Lg is adjusted to tune in a signal at the low-frequency
end of the band—say at 87-5 Mc/s. The adjustment of C}, is now
repeated at 100 Mc/s with the tuning capacitors at minimum
capacitance. The adjustment of Lg is next repeated at 87-5 Mc/s
with the tuning capacitors at maximum capacitance and these two
adjustments are repeated until no further adjustment is required.
The receiver now covers the required band. C; is adjusted to
provide maximum gain at the high-frequency end of the band and
L, to provide maximum gain at the low-frequency end of the band.
These adjustments too, are repeated until no further improvement
in gain is obtainable. Finally L, is adjusted to give maximum
gain at the centre of the band—say at 94 Mc/s.
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MULTIVIBRATORS

Introduction

RANSISTORS can be successfully employed in practically all

thermionic-valve circuits which use triodes. For example, there
are transistor discharger circuits, transistor Miller-integrators,
transistor bootstrap circuits and transistor multivibrator circuits
to name only a few. We cannot describe all such circuits in one
short chapter but we shall describe the transistor multivibrator in
some detail.

BI-STABLE MULTIVIBRATOR

The basic circuit of a bi-stable multivibrator using transistors is
given in Fig. 12.1. In such a circuit, as in all relaxation oscillator
circuits, the transistors are at all times in one or other of two
states, that is to say either fully conducting (with collector-emitter
potential nearly zero) or completely cut off (with collector current
zero except for the inevitable leakage current I,'). The dissipation
in the transistors is low in either state and there is no need for
protective circuits to avoid excessive dissipation as in class-A
amplifiers. The circuit of Fig. 12.1 is so arranged that when one
transistor is conducting, its collector potential ensures that the other
transistor is cut off. Thus the circuit has only two possible states:

(1) TRI conducting and TR2 cut off
(2) TR2 conducting and TRI1 cut off

and the circuit is termed bi-stable because without a stimulus
from an external source it will remain indefinitely in either state.

If the circuit is initially in state (1), an external signal will cause
it to enter state (2) and the change of state is accomplished with
great rapidity. The speed of transition is due to the positive
feedback inherent in the circuit: this feedback is obvious if the
circuit is regarded as that of a two-stage direct-coupled amplifier
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with the output voltage returned to the input. A second external
signal applied to the circuit will cause it to return to state (1) again.

During these changes of state the collector potentials of TR1 and
TR2 alternate between a maximum negative value when the
transistor is cut off and a minimum when it is fully conducting.

If a recurrent triggering signal is applied to the circuit, the
voltage waveform generated at each collector is approximately
rectangular in form. Moreover, the frequency of the rectangular
signal is half that of the triggering signal, enabling such circuits to
be used in frequency dividers or binary counters,

Speed-up Capacitors

In the simple form illustrated in Fig. 12.1 the waveforms generated
at the collectors during changes of state have poor rise times. This
is because the circuit coupling each collector to the other base
consists of a series resistor feeding into the parallel RC combination
of the transistor input impedance. Such a network has a response
which falls as frequency rises and thus the positive feedback in the
circuit is more marked at low than at high frequencies. To
achieve steep edges (small rise times) in the output signals the degree

§ -~

TRI TR2

Fig. 12,1, Basic circuit of bi-
stable multivibrator using transistors

of feedback should be independent of frequency: thus the coupling
circuits should not have a high-frequency loss. The coupling
circuits can be made aperiodic (i.e. non-frequency-discriminating)
by shunting the series resistors with capacitors as shown in Fig.
12.2 and the condition for an aperiodic response is that the time
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constant of the coupling resistor-coupling capacitor combination
should equal that of the transistor input impedance. If a smaller
value of capacitor is used the rise time of the multivibrator output
signals is not improved as much as is possible: if a larger value of
capacitor is used the negative-going changes in the collector
potentials have a poorer rise time as shown by the dotted curve
at the bottom centre of Fig. 12.6 (p. 178).

To avoid the necessity for the separate positive supply for the
emitters shown in Fig. 12.1, the two emitters may be bonded and

o

TRI TR2

0 +

Fig. 12.2. Transistor bi-stable multivibrator with
speed-up capacitors

connected to the earth line as shown in Fig. 12.2. In this circuit
the emitter current of the conductive transistor ensures that the
other is cut off by making its emitter potential more negative than
its base potential. It is advisable to decouple the common emitter
resistance to preserve steep edges in the output waveform.
Triggering signals applied to a bi-stable transistor circuit to
interchange the states of conduction or non-conduction can be
applied to the base or the emitter circuit. It is preferable, however,
to apply signals to the base because this takes advantage of the o«
of the transistors to amplify the triggering signals. If pnp transistors
are used, a positive-going signal is required to cut off a conductive
transistor or a negative-going signal to make a cut-off transistor
conductive. Of these two alternatives the first is in general
preferable because it requires a smaller voltage signal, there being
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no large bias to overcome. Moreover, a triggering signal apphed
to a conductive transistor is amplified by the transistor causing a
much larger triggering signal to be applied to the second transistor.

In counter circuits it is usual to inject a series of unidirectional
pulses into a bi-stable circuit and some means is required of directing
the pulses alternately to the base circuits of the two transistors.
One method of achieving this is by the use of the diode gate circuit
illustrated in Fig. 12.3. The input signals are applied to the
two capacitors C; and C, and then to the two base circuits via diodes
D1 and D2. The switching action of the diodes can be followed
from the following section.

Diode Gate Circuit

Suppose TR1 is conductive. The collector current is a maximum
and the collector potential is very low (in practice commonly
within 0-1 volt of the emitter potential). The base-emitter voltage
is always small and thus there is little differcnce between the
collector and base potentials. The diode DI is connected between
collector and base (via R;) and there is little potential difference
across the diode. The diode is so connected that any positive-
going edge applied to capacitor C; makes the diode conduct, i.e.,
low-resistance and the edge is conducted to the base of TRI.

< C.’) r/\m—:
————— 'Rﬁ |
J Rs
R § TRI TR2
$: A
W, She A
C DI 1 1 | D2
é %Cﬂf

R
o { 8
Luc f

Fig. 12.3.  The circuit of Fig. 12.2 with diode triggering gate
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Fig. 12.4. Base and collector waveforms for the bi-stable multivibrator of Fig. 12.3

The edge cannot, however, reach the base of TR2: this transistor
is cut off and its collector current is a minimum (consisting of
leakage current I, only). The collector potential of TR2 is
very high and, except for the voltage drop across Ry due to leakage
current would be equal to the supply voltage. There is thus a
maximum potential difference across the diode D2 which is con-
nected between collector and base (via Ry). Moreover this
potential difference biases D2 in the reverse direction so that it
does not conduct when a positive-going edge is applied to C; unless
this edge has sufficient voltage to offset the static bias (and the
amplitude of the edge must be controlled to avoid this).

A positive-going edge applied to C, and C, thus reaches the base
of TR1 but not that of TR2. This edge initiates the regenerative
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change of state characteristic of multivibrators which ends with
TRI1 cut off and TR2 conducting. A second positive-going edge
applied to the circuit is now conducted to the base of TR2 but not
to that of TR1. This triggers off a second change of state, hastened
by regeneration, which ends with TR2 cut off and TR1 conductive.
This is the state originally postulated.

Waveforms

The waveforms for a triggered bi-stable multivibrator are given
in Fig. 12.4. At the time ¢; TR1 is conductive, the base-emitter

—o -V,
Ry C; Rs Ry
Ré G Rs
'-—Ih——.—_.—.
TRI TR2

R g §"’4

2 >

ﬁ

<0

Fig. 12.5.  Transistor monostable multivibrator

potential being zero and the collector-emitter potential a minimum.
At the same instant TR2 is cut off, the base-emitter potential being
positive and the collector-emitter potential a maximum. When
t = t, a triggering pulse is received by TRI and interchanges the
states. At ¢ =1t3 a second triggering edge is received (by TR2
this time) and interchanges the states again. Two triggering
signals are thus required to produce one complete rectangular
wave from TR1 or TR2 collector circuit.

MONOSTABLE MULTIVIBRATOR

If a coupling resistor is removed from a bi-stable multivibrator,
the resulting circuit has one direct and one capacitance inter-
transistor coupling. Such a circuit is illustrated in Fig. 12.5.
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TR1 is biased by the potential divider R,R, but TR2 has no bias
components other than Rg which is returned to the negative supply
line from the base.

The mode of operation of a circuit of this type is quite different
from that of a bi-stable circuit and will be illustrated by reference
to the waveforms given in Fig. 12.6.

At a time ¢, TR2 is assumed conductive: the d.c. conditions in
the circuit are such that TR1 is cut off. The circuit will remain in
this state indefinitely unless it is compelled to leave it by an exter-
nally-applied signal.

Thus this state (TR2 conductive and TRI1 cut off) is a stable one
and is similar in nature to either of the states of a bi-stable multi-
vibrator.

At ¢, TR1 is made conductive by applying a negative-going edge
to its base or preferably (as shown in Fig. 12.6) by applying a
positive-going edge to TR2 base. The collector potential of TR1
makes a positive excursion (4B in Fig. 12.6). The voltage across a
capacitor cannot be changed instantaneously and this edge is
transferred without loss in amplitude by C, to the base of TR2 (ab),
cutting TR2 off. The circuit is now in the second of its two possible
states (TR1 conductive and TR2 cut off) but it cannot remain in it
permanently because C; begins immediately to discharge through
R4 and the output circuit of TR1. As the discharge proceeds the
potential at the base of TR2 becomes less positive (bc) until a point
(¢) is reached at which TR2 begins to conduct. As soon as TR2 is
conducting strongly enough for the overall gain of the two transistor
stages to exceed unity, regeneration occurs and the circuit changes
state rapidly leaving TR2 conducting and TR1 cut off. The circuit
is now back in its stable state again.

The state in which TRI1 is conducting and TR2 cut off is thus
an unstable state because the circuit cannot remain indefinitely in
it. It will automatically revert to the stable state after an interval
without the aid of external triggering signals. External signals
are needed to bring about the change from the stable to the
unstable state but not to accomplish the reverse change. The
duration of the unstable state can be given any desired value within
certain limits by appropriate choice of circuit constants.

Circuits such as this which have one stable and one unstable state
are termed monostable. Their chief application is in producing
accurately timed delays.

The delay is equal to the period of the unstable state and we
thus need to be able to calculate the component values needed to
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produce a wanted delay. This can be achieved in the following
manner.

Duration of Unstable State

The duration of the unstable state is equal to the time taken for
the potential at the base of the non-conductive transistor to fall
almost to zero.

First consider the conditions in the circuit in the stable state:
TRI1 is cut off and TR2 conductive. If TR1 were an ideal tran-
sistor its collector potential would be equal to that of the supply
—Vs. In practice there is a voltage drop across Ry due to the
leakage current Iy’ in TR1. However, provided we are prepared
to accept an approximate answer we can neglect the voltage drop
due to I and assume that the collector potential is —V;. TR2
is conductive and its base potential is slightly negative with respect
to earth potential: again we can take this potential as being equal
to earth potential to obtain an approximate answer. Thus the
voltage across C, is equal to Vp, the right-hand plate being positive
with respect to the other.

The unstable period begins when TRI is suddenly switched on.
The collector current rises at this instant to a value which is suffi-
cient with proper design to bring the collector potential almost to
zero. This excursion is handed on to TR2 by C; and the base
potential immediately becomes + Vp. €, now begins to discharge
through Ry (and the output circuit of TR1 but the resistance of this
circuit is normally small compared with Rg and will be neglected)
and if the discharge were completed the base potential of TR2
would fall exponentially with time from + Vpto —V,. However,
as soon as the base potential reaches zero (the halfway point in the
discharge) TR2 begins to conduct and the unstable period is
abruptly terminated.

Thus the duration of the unstable state is given approximately
by the time taken for the voltage in a circuit of time constant RgC)
to fall to half its initial value. The fall in voltage is given by the
equation

Vi = Voe_’/R‘cl

where V; is the voltage after an interval ¢ and ¥, is the initial
voltage. This may be written in the form,

E, ¢

loge

V. R4,
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from which
t = RgC, loge VolV:
The time taken for the voltage to fall to half its initial value is
obtained by putting V,/V; equal to 2 in the above expression. We
then have
t = ReC loge2
= 0-6931R4C,
Thus to obtain a duration of say 1 millisecond
t
Gy = 56o31
1 -
06931 millisec
= 1+44 millisec
Any values of Ry and €, would thus appear to be suitable provided
their product (time constant) is 1:44 milliseconds. In fact, if a
good approximation to rectangular output signals is required, there
are limitations to the values of Ry and C; which can be used.
When TR1 is cut off at the end of the unstable period, its collector
potential tends to go negative. This tends to drive the base of
TR2 negative but as soon as TR2 starts to conductitsinput resistance
becomes very low and the base potential is effectively stabilised near
zero. Thus the collector potential of TR1 can go negative only
by charging C, through the load resistor R;. The time constant
R4C, in fact determines the rise time of the voltage edge generated
at TR1 collector and this edge may be used for triggering other
circuits when the monostable circuit is used as a delay generator.
This edge must thus be steep and this requires a small value of time
constant R;C;. (The effect of a large value of R;C; is shown in
dotted lines in Fig. 12.6.) R; cannot be made less than a certain
value, otherwise an abnormally-high value of collector current will
be required to reduce the collector potential to near zero when
TR is conducting.  If the supply is —6 volts Ry can be 3 kQ and
a collector current of 2 mA is required—a reasonable value. Thisis
the minimum value of R; and a short rise time can be achieved
only by using small values of C;. If, however, C, is made small,
R4 must be large to give the desired value of time constant R¢C; on
which the duration of the unstable period depends. R4 supplies
the base current to TR2 when TR2 is conductive and this sets an
upper limit to the value of R which can be used. For example if
TR2 is to take 2 mA collector current and if &’ if 50, the base current
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is given by 2/50 mA, i.e. 40 pA. If the supply voltage is 6 volts
R is given by 6/(40 x 10-¢), i.e., 150 kQ. This is the maximum
permissible value and it is advisable to use a smaller value, say,
100 kQ to ensure that the collector potential is near zero when TR2
conducts. Thus the minimum value of C; which can be used is
given by
_ 144 x 103
= R,
1444 x 103
~ 100 x 103
= 0-014 uF
The time constant governing the positive edge developed at the
collector of TR1 is given by
Ry, C; =3 x 10® x 0-014 x 10-%second

= 0-042 millisec
The rise time is approximately twice the time constant and is thus
less than 0-1 millisecond.

G

ASTABLE MULTIVIBRATORS

If both the coupling resistors are removed from a bi-stable
multivibrator, the resulting circuit has two capacitance couplings.
Such a circuit has two unstable states and automatically switches
from one to the other continuously without need for external
triggering signals. Circuits of this type are termed astable and
are free-running relaxation oscillators. They can, however,
readily be synchronised at the frequency of a recurrent signal
applied to them,

Fig. 12.7 gives the circuit diagram of an astable multivibrator.
No emitter bias is used and both bases are returned via resistors to
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the negative supply line. The behaviour of the circuit will be
illustrated by the waveforms shown in Fig. 12.8. At ¢, TRI is
cut off by a positive signal at the base and the collector potential
is a negative maximum. At the same time TR2 is conducting,
having a slightly negative base potential, the collector potential
being nearly zero. TR2 is in a stable state but TR1 is not, because
the potential at its base is moving negatively as C, discharges through
R,.  Att, the potential at TR1 base is sufficiently negative for TR1

4
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Fig. 12.8. Base and collector waveforms for the astable multivibrator
of Fig. 12.7

to start conducting. As explained for the monostable multivibrator,
this starts a regenerative action which causes TR1 to become
abruptly conductive. The resultant steep positive voltage (4B) at
TR1 collector is transferred by C; to the base of TR2 (ab),
cutting TR2 off. There now follows the exponential change in
base potential (bc) previously described. It keeps TR2 cut off for
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a period given approximately by 0-69R,C; seconds which termi-
nates at time ¢; when TR2 becomes abruptly conductive. TR2
is now in a stable state but TR1 is not, being cut off by a positive
edge (de) which decays exponentially (¢f). This keeps TR1 cut off
for a period given approximately by 0-69R,C,. This is the circuit
condition assumed initially. Thus the cycle continues, the period
of oscillation being equal to the sum of the durations of the two
unstable periods

T = 0-69(R3C; + R,Cy)
IfR, = Ry = Rand C; = C, = C the multivibrator is symmetrical

and generates square waves (equal mark space ratio) at both collec-
tors. The period of oscillation is given by

T = 1-38RC
The free-running frequency of such a multivibrator is given by
1
f=7
_ 1
~ 1-38RC

A multivibrator required to be synchronised at the line frequency
(approximately 10 kc/s) of the British Television System would be
designed to have a natural frequency somewhat lower than this—
say 7 kcfs. We have already seen that suitable values for the load
resistors and base resistors are 3 kQ and 100 kQ: we have now to
determine a suitable value for the coupling capacitors. From the
above expression we have.

1
€= 1-38Rf
~1-38 x 105 x 7 x 10°
= 0-001 pF approximately

SYNCHRONISING OF MULTIVIBRATORS

Bi-stable and monostable multivibrators are triggered by signals
which cause the circuit to leave a stable state. Such a technique
cannot be applied to astable circuits because these have no stable
states. The synchronising signals injected into an astable circuit
are designed to terminate the unstable periods earlier than would
occur naturally. It follows that the natural frequency of the
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circuit must be lower than the frequency of the synchronising
signals.

To terminate the unstable periods unnaturally early the syn-
chronising signals can take the form of negative-going pulses applied
to one or both of the bases of the transistors. The amplitude of the
edges is important. If the natural frequency of the multivibrator
is small compared with the frequency of the synchronising signals,
a small-amplitude signal may cause the multivibrator to run at a
simple fraction, say 1/5th of the sync frequency. Increase in the
amplitude of the synchronising signal may cause the multivibrator
frequency to jump to } of the synchronising frequency. Further
increase may cause the frequency to jump to 4 the synchronising
frequency, etc. Thus a synchronised multivibrator can be used
as a frequency divider but close control of the synchronising signal
amplitude is necessary to obtain a consistent division ratio.

HOLE STORAGE

The voltage step generated at the collector of a transistor is
steeper when the transistor is abruptly turned on than when it is
turned off. One reason for this has already been suggested: when
a transistor is cut off the collector potential can only change at the
rate determined by the time constant of the collector load resistance
and the following coupling capacitor. When the transistor is
turned on, however, the state of charge of the coupling capacitor
is not altered and the step can thus be very steep.

There is, however, another effect which tends still further to
degrade the rise time when the transistor is cut off. This is an
effect, internal to the transistor, which causes the collector current
to persist for a few microseconds after the emitter current has been
cut off. This occurs in transistors which have been driven hard
into conduction so that the collector-emitter potential is nearly zero.
In these circumstances the emitter injects more current carriers
(holes in a pnp transistor) into the base region than are required to
give the collector current and the excess carriers are stored ready to
be swept into the collector region to prolong the collector current
for a short period after the emitter current has been cut off. This
hole-storage effect can be avoided by so designing the circuits that
the collector-emitter potential does not approach zero but is limited
to a value such as 1 volt: this can be achieved by use of diodes.

184



13

FURTHER APPLICATIONS OF JUNCTION
DIODES AND TRANSISTORS

Introduction

N this chapter we shall describe a number of miscellaneous
applications of junction diodes and transistors which do not
properly belong in earlier chapters.

Simple Voltage-stabilising Circuit

It was pointed out in Chapter 1 that junction diodes could be
used as a source of stable voltage and to begin this chapter we shall
describe a simple circuit suitable for use where only a small current
is required from the stable voltage source.

An example of such a requirement may occur in a transistorised
car radio where the supply for the oscillator transistor may require
stabilising against changes in car battery voltage to secure good
frequency stability and hence stable tuning. A suitable circuit is
illustrated in Fig. 13.1. The junction diode must have a break-
down voltage equal to the value of the stabilised voltage required

O~—12V, NOMINAL
Ré
Fig. 13.1. Simple junction-diode [ 2mA
voltage stabilising circuit suitable for e — -8V, STABILISED
small currents
VOLTAGE-
REFERENCESE
DIODE
e OV

and the value of R, must be chosen to give an operating point on the
nearly-vertical part of the diode characteristic (Fig. 13.2). The
diagram represents conditions in the circuit. The load line AB
meets the axis at A at a voltage equal to the supply voltage, say 12
volts. AB meets the diode characteristic at B and this point
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corresponds with the stabilised output voltage. OG represents the
voltage drop across the diode and AC the voltage drop across R;.
In the chosen example the stabilised voltage is 68 volts.

The slope of AB corresponds to the resistance R, and this clearly
may vary within limits (as suggested by the dotted lines AD and
AE) without much effect on the value of the stabilised voltage but

~~—VOLTAGE
-14V -2V -6-8V 0
[ L ]

CURRENT

Fig. 13.2. Illustrating the operation of a simple voltage-stabilising circuit

it is preferable to choose a value for R, which keeps the dissipation
in the diode well within the maximum value prescribed by the
makers. For example if the maximum dissipation is 50 mW we
can choose to dissipate half of this, 25 mW, at a battery voltage of
12 volts. The voltage across the diode is 6-8 volts and the diode
current must be 25/6-8, i.e., 3:7 mA. This current is supplied via
R, together with the current for the load (the oscillator transistor).
If the load current is 2 mA, the total current in R, is 5-7 mA. The
voltage across R, is 5-2 volts and the required value of R, is given by

. 52
1757 x 10-3
= 900 Q approximately

The supply voltage may easily rise to 14 volts when the car
dynamo is running. The effect such a voltage rise has on the
stabilised voltage is illustrated by the load line FG which is parallel
to AB (thus representing the same value of resistance R,) but meets
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the axis at F corresponding to 14 volts. FG meets the diode
characteristic at G representing a greater diode current than before
(point B). The new stabilised voltage corresponds to point G
which, because of the extreme steepness of the diode breakdown
characteristic is at almost the same voltage as before (point B).
The dissipation in the diode is now greater than before the increase
in supply voltage and care must be taken to see that the maximum
safe dissipation is not exceeded when the supply voltage is at its
maximum.

The effectiveness of the circuit depends on the steepness of the
diode characteristic which is usually expressed as a slope resistance.
This may be as low as 5 ohms, showing that a change of diode
current of 10 mA gives an alteration in breakdown voltage of only
5 x 10 = 50 mV.

Voltage-stabilising Circuit including Transistor and Voltage-reference
Diode

The maximum current which can be drawn from a simple
voltage-stabilising circuit of the type described above is limited
but larger currents can be obtained by use of a current amplifier in
conjunction with a voltage-reference diode. One possible circuit
is illustrated in Fig. 13.3. This can be regarded as an emitter-
follower (analogous to a cathode follower), the base (grid) of which
is held at a constant voltage by a junction-diode circuit of the type
described above. Such a circuit can provide a current magnification
of, say, 50, and, provided a suitable transistor is used, currents of the

—0 12V, NOMINAL

oy
R
[
Fig. 13.3.  Voltage-stabilising 1
circuit suitable for supplying large STgl?FI’H.SYED
currents VOLTAGE-
REFERENCE 32
DIODE
ooV

order of 1 A can be supplied, the input current to the transistor
being of the order of 20 mA.

The regulation of a circuit of this type can be determined in the
following way. Transistors capable of supplying 1 A may require
a base-emitter voltage of 500 mV to give this value of emitter
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current. It follows that the output voltage must change by 500
mV when the current drawn from the circuit changes by 1 A. The
effective source resistance is thus 0-5 ohm.

There is a danger that the transistor could be damaged if the
output of the regulated supply were short-circuited for this would
cause a large current to flow through the transistor causing excessive
dissipation in it. The transistor can be protected against such
damage by including in the collector circuit a quick-acting overload
release device or a resistor which limits the collector current to
a safe value.

Junction-diode a.f.c. Circuit

As mentioned in Chapter 1 the capacitance of a reverse-biased
junction diode varies with the bias voltage. Such a diode can
therefore be used for automatic frequency control and Fig. 13.4
gives a circuit diagram which can be used in an f.m. receiver for
this purpose. Not all junction diodes are suitable for this applica-
tion: for some types the damping due to the resistive component of
the diode impedance may be sufficient to reduce the oscillation
amplitude to a low value or even to prevent oscillation altogether.
Diodes with very low damping have been developed for use in
a.f.c. circuits.

L,C, is the oscillator tuned circuit and the junction diode is
connected across the circuit via the isolating capacitors C, and C,.

...... +HT.

] RATIO DETECTOR

OSCILLATOR

AF
OUTPUT

1T T 1.

CAPACITANCE
DIODE

Fig. 13.4. Circuit illustrating the use of a junction diode to give a.f.c.
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The diode is reverse-biased from the supply by the potential divider
R, R, and provided that R, is reasonably high in value, say, more than
40 kQ, the damping of the oscillator circuit by this resistor should
not seriously reduce the oscillation amplitude. The capacitance of
the diode is effectively in parallel with C, and alteration in diode
bias causes an alteration in oscillator frequency. To obtain a.f.c.
the diode bias must be controlled automatically by the degree of
mistuning and this can be achieved by returning R, to the d.c.
output of the discriminator. If the discriminator is a Foster-Seeley
type, R, may be connected directly to the detector output provided
the connection is made on the detector side of the output coupling
capacitor. If a ratio detector is used the connection of R, is not so
straightforward.

The d.c. output of a ratio detector circuit of the type illustrated
in Fig. 11.8 has two components: one component varies with
tuning and reverses in polarity at the correct tuning point, the
relationship between voltage and frequency being substantially
linear over a limited frequency range. This is the component
responsible for the a.f. output of the detector and is the component
required for a.f.c. purposes. The second component is a positive
voltage obtained from the long time constant circuit RgR,C,: this also
varies with tuning but has a maximum at the correct tuning point.
To obtain good a.f.c. performance it is advisable to eliminate the
second component from the d.c. output of the detector. This can
readily be done by earthing the mid-point of the resistor as shown
in Fig. 11.4. This gives what might be termed a ** balanced » form
of ratio detector which gives zero output voltage at the correct
tuning point: the d.c. output of such a detector varies with tuning
in the same manner as that of a Foster-Seeley discriminator and R,
can then be returned to the detector as shown in Fig. 13.4. The
junction diode bias must not be affected by a.f. signals in the
detector output and these are therefore prevented from reaching
the diode by the capacitor C; which forms with R, a potential
divider which considerably attenuates all audio frequency signals.

Af.c. circuits of this type can be extremely effective, reducing
mistuning effects by a factor of as much as 10 : 1. Manual tuning
can be very difficult with a.f.c. and it is desirable to have some
means of switching a.f.c. off whilst tuning is being carried out. As
soon as the wanted signal is tuned in, a.f.c. is switched on to minimise
subsequent tuning drift. Fig. 13.4 indicates one method of switching
a.f.c. off. The resistor R; is approximately equal to the d.c. resistance
of the ratio detector. Such a resistor is necessary to enable the
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a.f.c. to be switched off and on when the receiver is accurately in
tune, without alteration of the bias across the capacitance diode.

Use of Transistor to increase Relay Sensitivity

Electromagnetic relays enable one or more circuits to be switched
on and off by a controlling current much smaller than the
controlled current. For example a relay requiring 5 mA of input
current can control a circuit carrying 5 amperes.

RELAY Fig. 13.5. Use of a transistor to increase
SuPPLY relay sensitivity

g : o+

By use of a transistor as a current amplifier, the sensitivity of a
relay can be greatly increased. As we have seen, a common-
emitter amplifier can easily give a current gain of 50 and by using
such an amplifier with the relay mentioned above only 100 pA of
input current is needed to control the 5-ampere circuit.

A suitable circuit diagram is given in Fig. 13.5. The base of
the transistor is returned to the emitter via Ry causing a collector
current too small to operate the relay. A small input current
causes the transistor to conduct and the relay to operate,

A desirable practical precaution is to connect a diode across the
relay winding to prevent generation of large collector voltages
across the relay coil when the transistor input is removed and the
collector current is cut off. Such voltages can exceed the collector
breakdown voltage and can damage the transistor.

The use of a transistor with a relay is a convenient circuit
arrangement because the transistor requires no supplies other than
that required for the relay and takes up very little space.

D.C. Converters

Transistors are particularly useful in the construction of d.c.
converters, units which can be made remarkably compact and
which can convert power from a low voltage source (e.g., 6 volts)
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to a higher voltage (e.g., 120 volts) with an efficiency which can
approach 85 per cent and is seldom less than 60 per cent.

The transistor in such a converter is used as a switch which
interrupts the d.c. supply from the low-voltage source to produce
alternating current. ‘This is stepped up in voltage by a transformer
or resonant circuit to give a high-voltage supply which is rectified
and smoothed to obtain the high-voltage output. For high
efficiency the power dissipated in the transistor itself must be small.
The power dissipated in a transistor is of course given by the
product of the collector current and the collector-emitter voltage.
The power is therefore small when the collector current is nearly
zero, that is to say when the transistor is cut off and also when
the collector-emitter voltage is nearly zero, that is to say, when
the transistor is fully conducting. Thus the design of the d.c.
convertor must be such that the transistor is at all times either
fully conducting or cut off. This is achieved by using the transistor
as an astable relaxation oscillator which generates rectangular
waves.

The basic principles of one type of d.c. converter circuit can be
illustrated as shown in Fig. 13.6 in which the transistor is shown
for simplicity as a switch. When the switch is closed a2 magnetic
field begins to grow in the transformer core. This takes a little
time to reach its maximum value and whilst it is still growing a
voltage equal to nV} is generated in the secondary winding where
1 : n is the step-up turns ratio of the transformer. The polarity
of the rectifier is such that this secondary e.m.f. drives a current
through the load. If the switch were left closed the magnetic

I:n
—” o—
+ 1
Fig. 13.6. Basic circuit of one type of =
transistor d.c. converter = T LOAD

field would in time reach its maximum value and become static:
there would then be no secondary voltage. However, before this
instant is reached, the switch is opened and the magnetic field
collapses suddenly, setting up a secondary e.m.f. with a polarity
opposite to that set up on closing the switch. This e.m.f. does
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not cause current to be delivered to the load because the polarity
is in the opposite direction to that necessary to drive current
through the rectifier.

A simple circuit such as this will behave as a d.c. converter and
has the merit of good regulation but the efficiency is low primarily
because of the loss of power associated with the e.m.f. generated
when the switch is opened. To achieve high efficiency this power

Fig. 13.7. Basic converter circuit with provision
Jor returning reverse secondary em.f. to the
low-tension battery

LOAD

—

must be put to use and one of the methods used is to return the
power to the low-tension source as indicated in Fig. 13.7. By
replacing the switch by a transistor we obtain the complete circuit
of a d.c. converter shown in Fig. 13.8. The collector and base

P,

{ujufe
1N
1 1)

1

§LOAD
R

>

Fig. 13.8. Complete circuit of transistor d.c. converter

circuits of the transistor are coupled to give positive feedback and
consequent oscillation. Considerable feedback is necessary to
drive the transistor hard into conduction and cut off. The ratio
of the periods of conduction and non-conduction can be controlled
by adjustment of the value of the resistor R;, which determines
the base bias of the transistor. Frequently d.c. converters of this
type (termed the transformer type) employ two transistors operating
in push-pull.

In an alternative (ringing-choke) form of d.c. converter, power
is delivered to the load during the period of cut off of the switching
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transistor. As before, the transistor switches the low-tension source
across an inductor, thus establishing a magnetic field as before, and
then breaks the primary circuit. The e.m.f. generated across the
inductor by the collapse of current on breaking the battery circuit
causes the rectifier to conduct and thus supplies power to the load.
The circuit diagram is thus similar to that of a transformer converter
but employs an inductor instead of a transformer. The ringing-
choke circuit can be as efficient as the transformer type but the
regulation is inferior.

Oscillation frequencies in d.c. converters may lie between 500 c/s
and 10 kefs.  If a converter is required to be particularly compact
the transformer and smoothing capacitor must be small. This is
practicable, provided the wcrking frequency is high, and the
tendency is therefore to have high working frequencies in compact
converters.

Photo-diode

It is shown in Chapter 1 that the current which flows across a
reverse-biased pn junction is carried by minority carriers, i.e., by

\9;

LIGHT \\‘\‘( LA
Fig. 13.9. Simple circuit using a photo-diode @9 -.T.:
+

the electrons and holes liberated by breakdown of the covalent
bonds of the intrinsic semiconducting material. This current is
substantially independent of the reverse bias voltage, provided this
exceeds approximately 1 volt, but can be increased by heating the
material or by allowing light to fall on it: both give the semi-
conductor atoms more energy and cause more covalent bonds to
break. Where sensitivity to light is undesirable junction diodes and
transistors are sealed in opaque containers: if sensitivity to light is
required a transparent container is employed.

A junction diode in a transparent container is known as a photo-
diode and can be used to indicate the presence of light. An
obvious form of circuit is that illustrated in Fig. 13.9. The current
which flows in such a circuit when the diode is in darkness is due
entirely to thermal dissociation of covalent bonds and increases
rapidly as temperature rises. It was known as the reverse current
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in Chapter 1 but in photo-diodes is usually known as the dark
current. The ratio of light to dark current thus decreases as
temperature rises.

The output power from a photo-diode is limited and amplification
is essential if greater power is required, e.g., to operate a milli-
ammeter or a relay. Amplification can be provided by a transistor
direct-coupled to the photo-diode as shown in Fig. 13.10. In this

~0 =6V

10kfly SET ZERO
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<
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Fig. 13.10. Light-meter circuit employing two photo-diodes
and two transistors

LIGHT\\*}\\( LIGHT\\\“

(a) (b)

Fig. 13.11. Photo-sensitivity of a transistor arranged as at (b)
is considerably greater than when arranged as at (a)

circuit two photo-diodes and two transistors are used in a balanced
circuit which largely eliminates the effects of temperature changes
and gives a meter reading which depends only on the illumination
falling on one of the photo-diodes.

To set up the circuit the two photo-diodes are screened from light
and the potentiometer is adjusted to give zero meter reading. When
one of the photo-diodes is now exposed to light the meter gives an
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indication proportional to the illumination and the meter can, in
fact, be calibrated in terms of illumination.

Photo-transistors

A photo-transistor may alternatively be used to produce an output
greater than is possible from a photo-diode. The mechanism of
the amplification inherent in a photo-transistor can be explained in
the following way.

First consider a transistor connected to a supply as indicated in
Fig. 13.11 (a). It was pointed out at the beginning of Chapter 6
that the small leakage current I, which flows in such a circuit arises
from dissociation of covalent bonds and increases rapidly as tem-
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Fig. 13.12. Characteristics of a photo-transistor

perature rises. This current also increases if light falls on the
transistor because this also breaks up covalent bonds. The leakage
current in this circuit is that of the reverse-biased collector-base
junction and is of the same order as that of a photo-diode. Such a
transistor circuit therefore provides no greater output than is
available from a photo-diode.

Now consider the transistor connected to the supply as shown in
Fig. 13.11 (b). Chapter 6 shows that the leakage current I, for
such a circuitis (1 + o) times Iy, i.e., is much greater than that of
the transistor connected as in Fig. 13.11 (a). It is in fact the
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magnitude of this leakage current which necessitates the use of pro-
tective circuits for bias stabilisation in common-emitter amplifiers.
The leakage current may be due to hole-electron pairs released by
heat or released by light and thus a transistor used in a circuit
arrangement such as that of Fig. 13.11 (b) can produce a considerable
increase in collector current when light falls on the base region.
This is illustrated in Fig. 13.12 which gives the collector current-
collector voltage characteristics for a photo-transistor plotted with

LIGHT
\\
AN LIGHT\>‘

5kl T+
e o l
Fig. 13.13. A resistor T %
connected between base and
emitter of a photo-iransis-
tor can be used to improve Fig. 13.14. Circuit using a photo-
the ratio of light current transistor with an interrupted light

to dark current input

incident light as the parameter. The characteristics are similar in
shape to those of a common-emitter amplifier. The curves show
that a change of collector current of 0-:5 mA can be produced by
a change in light input of 20 ft-candles.

If the base circuit of the photo-transistor is open-circuited as
shown in Fig. 13.11 (b), the variations in collector current due to
temperature changes are considerable. Thus the ratio of light
current to dark current is limited and may vary in practice from 100
at25°Cto 10at 45° C. Provided the photo-transistor is not required
to work in surroundings where wide variations in temperature are
likely to occur the very simple circuit of Fig. 13.11 (b) may be
satisfactory.

Where wide variations in temperature are inevitable it is preferable
to have a larger ratio of light current to dark current. This can be
achieved by use of a resistor connected between base and emitter
as shown in Fig. 13.13. With a resistor of approximately 5 kQ
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the ratio of light current to dark current is now increased to 400
at 25° C falling to 20 at 45° C.

There are some applications of photo-electric devices where the
light input is “ chopped ”’; this occurs, for example, where the
device is used for counting articles moving along a conveyor belt.
A photo-transistor circuit suitable for such an application is illus-
trated in Fig. 13.14. This employs the potential-divider method
(see Chapter 6) of dark-current stabilisation but to avoid reduction
in light current an inductor is included in series with the base lead
to the photo-transistor. To give maximum output this inductor
should be parallel-resonant at the frequency of the light variation.

197



14

FURTHER SEMICONDUCTOR DEVICES

Introduction

HE preceding text has shown the usefulness and the versatility of

transistors and has also mentioned their chief disadvantages,
namely the temperature-dependence of their characteristics and the
restricted upper limit to their working frequencies. Of these
limitations the last-mentioned is probably the most serious and
efforts are constantly being made to improve the high-frequency
performance. There are a number of new techniques under
development which seem to offer great promise and there is no
doubt that the next few years will see increases in the working
frequencies of transistors. In conclusion we shall list what appear

+ -
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L Fig. 14.1. Basic features of
EMITTER [ p n P ] COLLECTOR tetrode transistor
BASE
INPUT SIGNAL

to be the most important new types of transistor. In some of these,
improvements in the high-frequency performance are obtained by
reducing the base resistance rpp’, the collector capacitance ¢p’¢ or both.

Tetrode Transistor

The tetrode transistor is similar to a conventional pnp or npn
triode transistor but has two base connections arranged as shown
in Fig. 14.1. One connection is treated as the input terminal
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as in a conventional transistor and the other is connected to a
source of steady potential, negative with respect to the emitter
potential in a pnp tetrode transistor. This steady base bias
reduces the effective area of the base-emitter junction by forcing
the current carriers towards the input connection, thus reducing
the effective area of the emitter-base junction and hence the base
resistance 7pp’ and the collector capacitance ¢p’e. The transverse
bias of the base region increases the length of path the injected
carriers have to travel to reach the collector, increases their
chances of neutralisation and thus reduces the value of « and «'.

Surface-barrier Transistor

This type of transistor employs a thin slab of semi-conducting
material to the opposite faces of which metal electrodes are attached
to form the emitter and collector connections. Two circular
recesses are etched in the semi-conducting material until the wall

\—* n I————O
Fig. 14.2. Basic features of = . 4
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is thin enough to give the required high-frequency performance.
Electrodes are then deposited in the recesses by electrolytic action,
this being essential to obtain the necessary perfection of contact
between the electrodes and semi-conducting material. By this
means it is possible to produce transistors with cut-off frequencies

of the order of 50 Mc/s and with collector capacitances as small
as 3 pF.
Field-effect Transistor

This is a form of transistor operating on principles entirely
different from those of point-contact and junction transistors.
Provided the manufacturing difficulties can be overcome, this type
of transistor offers great possibilities as a v.h.f. amplifier. It
consists of a thin slab of high-resistance germanium (say n-type)
through which a longitudinal current is passed as indicated in
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Fig. 14.2. On either face of the slab are two thin layers of low-
resistance (p-type) germanium., The pn junction formed between
the p-type and n-type material is biased in the reverse direction
to produce areas adjacent to the junction where there are very
few current carriers.

Thus the longitudinal current flowing in the centre slab is
confined to a region near the centre of the slab where current
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Fig. 14.3. Characteristic of a tunnel diode (solid) compared with that
of a normal junction diode (dashed)

carriers still exist. By increasing the reverse bias, the longitudinal
current can be reduced and if a signal to be amplified is connected
in series with the bias, the longitudinal current can be modulated
and an amplified output can be obtained by passing this current
through a suitable impedance. The input resistance of such a
transistor is that of a reverse-biased diode and is therefore much
higher than that of a conventional transistor the input resistance of
which is that of a forward-biased diode.

Tecnetron

This is a semi-conducting device of French design which may be
regarded as a development of the field-effect transistor. It consists
of a crystal of] say, n-type germanium in the form of a cylindrical
rod with a narrow neck near the centre surrounded by an indium
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ring. A current is sent along the rod via electrodes at the ends
and a negative control voltage is applied between the ring and
one end of the rod. This control voltage produces an electric field
within the rod which deflects current carriers towards the centre
of the rod. The conducting cross-section and hence the resistance
of the rod thus depend on the applied signal. The device is
claimed to have a mutual conductance of over 0-5 mA/V at
200 Mc/s with an input resistance of the order of 1 MQ shunted
by 0-2 pF.

Tunnel Diode

A pn junction with a very thin junction region has a characteristic
shaped as shown in the solid line in Fig. 14.3: for comparison the
characteristic for a diode with a thicker junction region is given in
dotted lines. As would be expected breakdown for the thin-
junction diode occurs at a very low value of reverse bias and indeed
there is in effect no region of high reverse resistance. An unexpected
feature of the characteristic is, however, the region of negative slope
which occurs at a forward bias: this was first reported by Esaki

CONTROL
ELECTRODE

—T-TYPE

. = W=

Fig, 14.4. Construction of a conirolled rectifier

in 1958. Such a pn junction can be manufactured with very low
capacitance and oscillators making use of the negative-resistance
kink can function at frequencies as high as thousands of Mc/s.
These diodes are termed tunnel diodes and offer great promise as
very high-frequency oscillators although the power output is very
limited. They can also be used as high-frequency amplifiers but
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because the tunnel diode has only two terminals there is no isolation
between the input and output circuits and it is very difficult to
construct a cascaded amplifier.

PNPN Transistor (Trinistor or Controlled Rectifier)

This is a four-layer semiconductor device with a structure of the
form shown in Fig. 14.4, which can be represented more simply
as in Fig. 14.5. It has two stable states, one in which the resistance
is very low (the conductive state) and the other in which the resist-
ance is very high (the non-conductive state). The device can be
switched very rapidly from non-conduction to conduction and very
little power is needed to bring about this change of state. Thus the

—a = Fig. 14.5. Reverse-biased
ool controlled rectifier
+ —
P |nlp| » JUHL
PIM P

Fig. 14.6. Forward-
biased rectifier represented
as  two  direct-coupled nip| "

transistors

pnpn transistor has properties similar to those of a thyratron (gas-
filled valve) but it is far more efficient; the device is used mainly for
switching and power control purposes, e.g., as a controlled rectifier.

To understand the mode of action of the pnpn transistor, the
device can be regarded as made up of two triode transistors, one of
pnp type and the other of npn type, direct-coupled as shown in
Fig. 14.6. Suppose a voltage is applied to the outermost regions of
the device, as shown in Fig. 14.5. The polarity of this voltage is
such as to reverse bias the two outer junctions of the device: these
are the base-emitter junctions of the two triode transistors and both
triodes are thus cut off. Very little current can flow through the
device and with this polarity of applied voltage the pnpn transistor
is in its non-conductive state.

Now suppose the polarity of the applied voltage is reversed: the
positive terminal of the supply is now connected to the outermost
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p-region and the negative terminal to the outermost n-region. The
applied voltage now biases the two outer junctions in the forward
direction and the outermost p- and n-regions can now act as
emitters in the two triode transistors. The centre junction (which
is the base-collector junction for both triodes) is reverse-biased and
most of the applied voltage acts across this junction.

Let the current which flows through the device be I. This
current is carried in the pnp transistor by holes which originate in
the emitter region, cross the base region and enter the collector
region. The fraction of the total number of holes emitted which
reach the collector region is «,, the current amplification factor
of the pnp transistor. The fraction (I — «;) represents the number
of holes which combine with electrons in the base region and so
fail to reach the collector. The holes which are lost by combination
with electrons constitute a current of (I — oy)l.

Now the base region of the pnp transistor is also the collector
region of the npn transistor and the electrons which combine with
the holes in this region are obtained from the emitter of the npn
transistor. Electrons are, of course, the current carriers in an
npn transistor and the fraction of those leaving the emitter which
arrive at the collector is ay, the current amplification factor of the
npn transistor. Electrons reaching the collector thus carry a
current of o,l. If this current equals that carried by the holes from
the pnp transistor, we have

(I —a) =01
giving
o + ag =1

This relationship could also be deduced by considering the inner
p-region of the pnpn device. This can be regarded as the collector
of the pnp transistor or the base of the npn transistor. By equating
the number of holes entering the collector region with the number
of electrons lost by combination in the base region, we can again
deduce the same result.

This result expresses a limiting condition: provided the sum
of a; and ay is less than unity, the device is stable even though
it is forward-biased. If, however, the alphas total unity (each
equal to 0-5, say) the transistor is on the verge of instability.
Any current amplification occurring in the reverse-biased centre
Jjunction (due to ionisation by collision, for example) increases both
a; and ay,, causing their sum to exceed unity. Equilibrium is then
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impossible and the current I rises rapidly to a very high value. The
process is regenerative because any increase in I causes enhanced
ionisation, which in turn increases I. Such breakdown occurs
naturally if the applied voltage is raised to a high value (causing a
sufficiently intense electric field across the centre junction) and in a
controlled rectifier the design might be such that breakdown occurs
at an applied voltage of 350 volts.

So far we have assumed that there is no external connection to
the inner p- or n-region. Suppose that such a connection is used
to apply a negative voltage to the inner n-region (relative to the

20AH
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Fig. 14.7. Characteristics of a controlled rectifier

outermost p-region) that this supplies a current of I electrons to the
device. Itis a property of transistors, particularly those employing
silicon, that the current gain « depends on the emitter current,
being small for small emitter currents and increasing as the emitter
current is increased. The application of a forward bias current
to the inner n-region increases the emitter current from the outer
p-region, so increasing the current gain «, of the pnp transistor
and the sum of the two alphas. Breakdown now occurs more
casily, i.e., at a lower applied voltage than in the absence of external
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bias. Moreover, by increasing Ip, the breakdown voltage can be
reduced as low as desired: in practice, the breakdown voltage can
be reduced to a few volts only. Itis, of course, alternatively possible
to control the breakdown voltage by a bias applied to the inner
p-region and this has to be made positive with respect to the
outermost n-region to reduce the breakdown voltage.

The characteristics of the controlled rectifier are given in Fig.
14.7: they are similar to those of a gas-filled triode valve (thyratron).
The greatest control power required is only 5 volts at 100 mA:
this can control a current of 50 A at 250 volts. With no control
signal the rectifier presents a very high resistance and an applied

ANODE CATHODE
Fig. 14.8.  Symbol for conirolled rectifier

CONTROL TERMINAL

voltage of 350 volts is required to cause breakdown. The resis-
tance then falls to a very low value and currents of up to
50 A can flow through the rectifier with less than 2 volts
drop across it. Once breakdown has occurred, the control
signal may be removed but the low resistance will remain until the
forward current in the rectifier has fallen to a low value. Thus
the device can be fired by very short-duration pulses applied to the
control terminal. When firing occurs the build-up of current in
the rectifier can be very rapid: rise times of 1 microsecond can be
achieved.

The controlled rectifier can be used in a.c. power control circuits,
in d.c. converters and in voltage-regulated d.c. supply circuits.

The symbol for a controlled rectifier is given in Fig. 14.8.
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ACCEPTOR IMPURITIES, 9, 10-11, 12
Active network, 39
Additive mixers, 161, 162
Aerial, dipole, 168
a.f. amplifiers
large signal, 13649
small signal, 94-105
af.c., 18, 188-90
a.g.c., 153-8, 165
a.g.c. voltage, 116
Alloy-junction transistor, 21, 25
Alpha cut-off frequency, 35, 36, 106,
108, 128
a.m.
detector, 1534, 156, 157, 165, 168
receivers, 150, 164, 165-8
rejection, 159, 161
Amplifier. See af.; Class-A; Class-B;
Common-base; Common-collec-
tor; Common-emitter; Current;
if.; Large-signal; Multi-stage;
Public-address; Pulse; r.f.; Small-
signal; Voltage
Antimony, 21
Arsenic, 7, 8, 21
Atomic number, 4, 5, 6
Atomic theory of semiconductors, 4
Automatic gain control. See a.g.c.
Avalanche diodes, 16
Avalanche effect, 15-16

BASE RESISTANCE, 41
Binary counters, 172, 174

CAPACITANCE DIODE, 188, 189, 190
Capacitors, speed-up, 172, 173
Car radio receiver, 2
thermal runaway, 2
Cell, solar, 3
Class-A amplifier, 13640, 145, 146
Class-B amplifier, 136, 140-9, 165, 167,
170
asymmetric, 148
symmetrical, 146
Collector resistance, 41
Colpitts oscillator, 151, 152, 164
Common-base amplifier, 37, 41, 170
characteristics, 51
circuit, 41, 50
electrical equivalent, 41
input resistance, 42

Common-base amplifier—continued
leakage current, 78
output resistance, 44
power gain, 52
thermal stability, 79
voltage gain, 47
Common-collector amplifier, 38, 67
circuit, 76
current gain, 74
input resistance, 68
output resistance, 70
voltage gain, 73
Common-emitter amplifier, 38, 53
characteristics, 65
circuit, 53, 64
current gain, 63
input resistance, 54
leakage current, 79
output resistance, 56
power gain, 66
thermal stability, 80, 82
voltage gain, 59
Controlled rectifier, 201-5
Conversion gain, 162-3
Converters, d.c., 190-3
Coupling capacitor, 98
Covalent bonds, 6
breakdown, 193, 195
formation, 8, 9
in crystal of pure germanium, 7
p-type semiconductor, 10
pn-junction, 12
thermal breakdown, 10, 14, 23, 78
Cross-over distortion, 145
Current amplification factor, 27-28
common-collector amplifier, 39
common-emitter amplifier, 39
junction transistors, 41
pnpn transistor, 203, 204
transistor amplifier, 29
variation with frequency, 32-36, 106
Current amplifiers, 95, 96
two-stage, 1024
design, 132
negative feedback, 133
Current gain
common-collector amplifier, 74
common-emitter amplifier, 63

Darx currenT, 194, 196, 197

d.c. converters, 190-3

d.c. stability, 82-93
207



INDEX

Deaf-aid equipment, 2
Decoupling, 124-5, 167, 173
Delay generator, 177, 180
Detectors

a.m., 153-4, 156, 157

f.m., 158-61

ratio, 158, 160, 168, 170, 189
Diffusion, 23, 25, 27
Diode gate, 175
Dipole aerial, 168
Direct coupling, 131-2, 171, 202
Dispersion, 33
Donor impurities, 7, 8, 10, 12
Drift transistors

alpha cut-off frequency, 35, 127-9

as 1.f amplifier, 118

as r.f. amplifier, 118

in f.m. receiver, 170

input resistance, 118-9

Mesa, 27

mutual conductance, 118-9

unilateralisation, 120~1

use, 1, 26

use at 465 kcfs, 119

use at 10-7 Mc/s, 1204
Driver stage, 144-8

EMITTER RESISTANCE, 41
Emitter resistor, 86
temperature-dependent, 92
Equivalent circuit of transistor, 38-40,
107-10
Extrinsic semiconductor, 10, 11

FIELD-EFFECT TRANSISTOR, 199--200
f.m. detectors, 158-61
f.m. receivers,
design, 168-70
drift transistors in, 120, 121, 123
junction diode for, 188
self-oscillating mixer for, 164
Forward bias
a.m. detector, 168
controlled rectifier, 202
in pn junction, 14-15
in transistor, 20, 23, 24
tunnel diode, 201
Foster-Seeley discriminator, 158-60,
189
Frequency changer, 162, 167, 170
Frequency dividers, 172, 184
Frequency f1, 35, 129, 1334

GAIN-BANDWIDTH PRODUCT, 129, 131
Gaussian distribution, 33
Germanium, 5, 6

atomic number, 5

atomic structure, 6
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Germanium—continued
covalent bonds in crystals of, 6, 7, 8,9
extrinsic, 10
intrinsic, 10

Group III element, 10, 12

Group V element, 7, 8, 12, 21

HARTLEY OSCILLATOR, 151, 152

Hole storage, 184

Holes
definition of, 9
electron pairs, 16, 17
in forward-biased junction, 23
in npn-junction transistor, 24, 25
in p-type semiconductor, 10
in pn junction, 12
in pnp-junction transistor, 22
in reverse-biased junction, 23
subjected to electric fields, 32
velocities, 33

Hybrid radio receiver, 2

L.F. AMPLIFIERS, 106-25
drift transistor as, 118
Ignition interference, 168
Impurities, 4
acceptor, 9, 10-11, 12
donor, 7, 8, 10, 12
Indium, 9, 21
Input resistance, 2, 23, 28, 29, 30
class-B amplifier, 144-6
common-base amplifier, 42
common-collector amplifier, 68
common-emitter amplifier, 54, 154,
156
current amplifier, 132
drift transistor, 118, 120, 121
f.m. receiver, 170
i.f. amplifier, 108
negative, 151
negative feedback effect, 100-3, 130,
134, 135
ratio detector, 123
relaxation oscillator, 151
r.f. transistor, 110-2
small-signal a.f. amplifier, 97
Insertion loss, 111, 113-5, 119, 121, 124
Interference
ignition, 168
second-channel, 167
Intrinsic semiconductor, 10

JuncrioN piopEs, 15, 16
forward-biased, 1415
reverse-biased, 17-18

LARGE-SIGNAL AMPLIFIERS, 136—49
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Lead, 21

Leakage current, 78, 171, 175, 179
common-base amplifier, 78
common-emitter amplifier, 79
photo-transistor, 196

MAJORITY CARRIERS, 11-15, 17
Mesa transistor, 27
Minority carriers, 11-16, 193
Mixers, 161-5
additive, 161, 162
multiplicative, 162
self-oscillating, 163, 164, 165
Multi-path reception, 159
Multi-stage amplifier, 94
Multiplicative mixer, 162
Multivibrators, 171-84
astable, 181-3, 184
bi-stable, 1716
monostable, 176-81
synchronisation, 183-4
Mutual conductance, 40, 98,
118-9, 120
Mutual resistance, 40, 102

102,

N-TYPE SEMICONDUCTOR
definition, 8, 9, 11
in alloy junction transistor, 21
in drift transistor, 27
in pn-junction, 11, 12, 13, 14, 16
in pnp-junction transistor, 22
Negative feedback, 100-5, 107
in class-B amplifier, 147
minimising, 147
self-oscillating mixer, 165
use of, 129-31, 146
Neutralisation, 107, 108, 110, 112, 119,
156, 157
npn transistor
behaviour of, 25
circuit diagram symbol, 20
definition of, 19
electron and hole paths in, 25
operation of, 24
preparation of, 21

OSCILLATOR RERADIATION, 168

Ogcillators, 150-3
Colpitts, 151, 152, 164
Hartley, 151, 152
Reinartz, 152, 164
relaxation, 150

Output resistance, 2, 23, 29, 32
common-base amplifier, 44
common-collector amplifier, 70
common-emitter amplifier, 56
current amplifier, 132

Output resistance—continued
drift transistor, 118-9, 120, 121
if. amplifier, 108
negative feedback effect, 100-3, 130,
134, 135
relaxation oscillators, 151
r.f. transistor, 110-2

P-TYPE SEMICONDUCTOR
current flow, 10
definition of, 9, 11
in pn junction, 11, 12, 13, 14, 16
in pnp-junction transistor, 22
Passive network, 39
Phase response, 127
Photo-diode, 193, 194, 195
Photo-transistors, 195-7
pn junction, 11
behaviour of, 12
forward-biased, 14, 15
reverse-biased, 13, 15, 16, 17
reverse current, 16
pnp transistor
as amplifier, 23, 24
circuit diagram symbol, 20
definition of, 19
operation of] 22
pnpn transistor, 201-05
Positive feedback, 150-2, 171, 172, 192
Potential barrier, 1215, 22
Potential divider, 86
circuit, 89
Power-gain
common-base amplifier, 31-32, 52
common-emitter amplifier, 66
Primary capacitance, 116-7
Public-address amplifier, 2
Pulse amplifiers, 126-35

RaATI0 DETECTOR, 158, 160, 163, 170,
189
RC-coupling, 96
Receiver
a.m., 150, 164, 165-8
car, 2
f.m., 120, 121, 123, 150, 164, 168-70,
188

hybrid, 2
portable, 2
Rectifier, controlled, 201-5
Reinartz oscillator, 152, 164
Relaxation oscillators, 150
Reverse bias, 13-18
base-collector junction, 20, 22, 23, 24
controlled rectifier, 202, 203
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Reverse bias—continued
field-effect transistor, 200
photo-transistor, 195
Reverse current, 14
r.f. amplifier, 112
drift transistor as, 118
r.f. transistor, 110
Rise time
definition, 33
inpulse amplifier, 127
monostable multivibrators, 180, 181
relationship with upper frequency
limit, 34, 126
speed-up capacitors, 172, 173

Sag, 126
Second-channel interference, 167
Self-oscillating mixers, 163, 164, 165
Semiconducting materials

properties of, 3, 4
Semiconductor

atomic theory of, 4

definition and properties .3

extrinsic, 10, 11

intrinsic, 10

see also n-type; p-type
Signal-to-noise ratio, 168
Silicon, 4

atomic number, 5, 6

atomic structure, 6

crystals, 7

diode, 15, 16

transistors, thermal runaway in, 1
Small-signal amplifiers, 94

negative feedback, 100

RC-coupled a.f, 96
Solar cell, 3
Speed-up capacitors, 172, 173
Square waves, 183
Stability factor, 81-93, 100, 132, 147
Step signal, 33
Surface-barrier transistor, 199
Synchronisation of multivibrators, 181,

1834

TECNETRON, 200-1
Television
syritg}%ronisation of multivibrator for,

video amplifier for, 127
Tetrode transistor, 198-9
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Thermal runaway
in car radio, 2
definition, 1
prevention, 78-93, 157
TRermal stability, 66
mmon-base amplifier, 79
common-emitter amplifier, 80, 82
Thyratron, 202, 205
Time constants, 180, 184
in multivibrators, 181
oscillation period determined by, 150
ratio detector, 160
relationship with duration of un-
stable state, 179
speed-up capacitor, 173
Transfer resistance, 40
Transistors
amplifier, 38
equivalent circuit of, 3840, 107, 110
high-frequency performance of, 25
see also Alloy-junction; Drift; Field-
effect; Germanium; Mesa; npn;
pnp; pnpn; Silicon; Surface-
barrier; Tetrode; Uniform-base
Transit time, 25
effects of, 106
reduction of, 26
Triggering signals, 173-4, 177
Trinistor, 201-5
Tunnel diode, 201

UNIFORM-BASE TRANSISTOR, 26
Unilateralisation, 109-11, 113, 117-21

VALENCE ELECTRON

definition of, 5

function of, 6

in covalent bonds, 7

in crystal of pure germanium, 7, 8, 9
Valence ring

definition of, 5

electrons in, 7, 8
Voltage amplifier, 28, 47, 59, 73, 94

two-stage, 1045

with negative feedback, 134-5

Voltage gain

common-base amplifier, 28-31, 47

common-collector amplifier, 73

common-emitter amplifier, 59
Voltage reference diode, 18, 185-7
Voltage stabiliser, 16, 18

ZENER DIODES, 16, 185-7
Zener effect, 17



