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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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\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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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)
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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;,.

44



COMMON-BASE AMPLIFIERS
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

78



BIAS STABILISATION

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, re