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FOREWORD

Ten years after the announcement of its discovery, the transistor has
ensured for itself an extremely important place in electronic techniques.
This is due, to no small extent, to its special characteristics, which in
many cases make the use of the transistor preferable to that of the
thermionic valve. There are even applications in which the transistor has
already completely or partially displaced the thermionic valve, in portable
radio receivers, computers and satellites for example. The result is that a
continually increasing number of technicians are being confronted with
the transistor, either directly or indirectly.

The principal object of this book is thus to introduce technicians and
students to the transistor, its specific characteristics and the present state
of circuit techniques. With this object in view, the material is -approached
from the practical angle, so that the reader will find a number of hints
on the construction and repair of transistor circuits, but no detailed
mathematical treatment.

I should like to express my gratitude to Mr. P. J. Arthern for his

English translation. D. J. W. SIOBBEMA

November 1959.

FOREWORD TO THE FOURTH EDITION

In the light of the rapid development of transistor techniques, I have not only
revised the examples of chapter IX but also included an appendix giving a
survey of certain other much used electronic components and a sketch of the
manufacturing techniques in use at present.

D. J. W. SIOBBEMA
September 1964.
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CHAPTER 1

INTRODUCTION

In 1947, the American physicists Bardeen and Brattain, both working in
the Bell Telephone Company’s laboratories, demonstrated a new method
of amplifying an electric signal. They employed a new circuit element with
three connections — a crystal amplifier which they called a “transistor”.
The word “transistor”” was obtained by combining the italicised parts of
the words transformer and resistor. The reader will appreciate the signi-
ficance of this in the following chapters.

The operation of these amplifiers is based on certain properties of
semiconductors. Up to the present, the materials selected for this purpose
have, apart from a few exceptions, been particular types of germanium
and silicon.

The first type of crystal amplifier, as made public
by the above physicists, was a so-called point-contact

transistor. A transistor of this type is shown in Fig. 1 £ €

and consists of a wafer of N-germanium (B) to which

two contact springs (E and C) are applied. (The A B
H “ 1 » e - L) /// /

meaning of “N-germanium” will be explained in the — —]

next chapter). These contacts must be extremely thin
(diameter approximately 50 microns) and resilient,
and must be spaced about 200 microns apart. The complete arrangement
looks like two germanium diodes at a very small distance from each other,
constructed with the germanium wafer in common. From this point-
contact transistor, which hardly any transistor manufacturer still produces,
the junction transistor has been developed. The transistors being used for
various purposes at the present time are all junction transistors. (The point
contact transistor was able to maintain its position as an r.f. amplifier
for some time, but with the arrival of the drift transistor it has had to
retire from this field too.)

Fig. 1
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The construction of the junction transistor

Fig. 2a shows a cross-section of a junction transistor. The actual transistor
element, in which the signal is amplified, consists of a thin wafer of N-
germanium (A4 in Fig. 2a), about 0.2 mm thick, which is soldered to a
support. N-germanium is very pure germanium which has been conta-
minated to a certain degree by means of a particular material. There are
pellets of indium (B and C) attached to each side of this germanium wafer.
When the assembly, that is, the indium pellets and the wafer of N-
germanium, is raised to a certain temperature, some of the indium
penetrates into the germanium, producing another type of germanium—
P-germanium. The N-germanium in fact becomes contaminated by the
indium. The thickness of these layers of P-germanium depends, amongst
other things, on the temperature at which the diffusion process takes place,
and the time for which it continues. The layers of P-germanium will
clearly become thicker with increasing temperature, and with longer
diffusion times.

A — N-Germanium (base)
B — Indium pellet (collector)

C — Indium pellet (emitter)
— Contacts

— P-germaniwn

— P-germanium

— Glass bulb

— Silicon grease

NS Y (AN SNNY
A BN XA §

LY

— Soldered joints

— Glass bead

— Red dot

A L__ — Black lacquer coating

Collector ----|-

MR~ Qmm T

IN —

Fig. 2
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Both types of germanium will be examined in more detail in chapter II.

Working from left to right, the actual transistor element (Fig. 2b)
thus consists of a pellet of indium (B), an extremely thin layer of
P-germanium (E), a layer of N-germanium (A4), another layer of P-
germanium (F) and finally another indium pellet (C). This type of
transistor is known as a PNP transistor, as it consists of the three layers,
P-germanium, N-germanium and P-germanium.

For the sake of completeness, it should be mentioned that there are
also transistors in which the sequence is different. There is first a layer
of N-germanium, then a layer of P-germanium and finally a layer of
N-germanium. This type of transistor is known as an NPN transistor.

The actual operation of the transistor takes place in this PNP- or
NPN-element, which is housed in a glass bulb (G) or a metal cap, in
order to protect it against damage, and the effects of moisture. The glass
bulb or metal cap is filled with silicon grease (H), which has a three-fold
function, i.e.

a) To remove the heat developed in the transistor element.
b) To ensure a firm construction.
c) To protect the transistor element against humidity.

The various properties of semiconductors, and therefore of germa-
nium, change with changes in the amount of energy being conveyed to
the material. Heat and light are forms of energy, so the characteristics of a
transistor will vary with the amount of light and heat conveyed to it.

The first effect, that of sensitivity to light, means that if the transistor
element is housed in a glass bulb, the bulb must be coated with black
lacquer, in order to prevent the entry of light.

The second effect, that of sensitivity to heat, also concerns the heat
developed in the transistor, and the removal of this heat, and so depends,
amongst other things, on the operating conditions, position and method
of mounting of the transistor, and on the ambient temperature.

The transistor compared with the thermionic valve

If a transistor is compared with a thermionic valve, the following differen-
ces are at once seen to be in the transistor’s favour:
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1. A transistor does not have a heater for producing thermal emission.
This means a not inconsiderable increase in the efficiency of the circuit.
As a guide, it may be mentioned that in some types of valve, the heater
power constitutes almost 80 % of the total power consumption.

2. As a transistor does not make use of thermal emission, it will
operate immediately the circuit is switched on (No heating-up time, as is
the case with thermionic valves).

3. Because of its compact construction, a transistor is much more
resistant than a thermionic valve to shock and vibrations. (Think of the
vacuum inside a thermionic valve, which makes it very vulnerable).

4. A transistor works with low operating voltages, which means that
no high-tension source is required, as is the case for most thermionic
valves.

5. The dimensions. Many types of transistor have a volume less
than 1 c.c.

6. The weight, which is often less than 1 gram.

7. The operating life of a transistor is practically unlimited.

Against all these points, which favour the transistor, there are also
a number of points where the transistor is at a disadvantage in comparison
with the classical thermionic valve. These are:

1. The transistor’s high sensitivity to temperature, with reference to
temperature fluctuations as well as to the maximum permissible tempe-
rature. For germanium transistors, the maximum temperature is about
75° C.

2. Noise, which is louder in a transistor than in a thermionic valve
under the same conditions.

The above points show that a transistor is particularly suitable for
apparatus which is exposed to shocks and vibrations (airborne equipment,
and car radios, for example), which has to have an economical power
consumption (hearing aids and mobile apparatus), and which must be
easily transportable. In connection with the last point, think of the saving
in the weight of heavy batteries, due to operation with low voltages.
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Following the above summary of only a few of the possible applica-
tions of the transistor (in which it has already wholly or partially displaced
the thermionic valve), we will make a more detailed study of the different
types of germanium.




CHAPTER 1I

BASIC PHYSICAL IDEAS

The concept of “semiconductors”

In the previous chapter, we have already mentioned semiconductors a
number of times, including germanium in particular, which is one of these
semiconductors.
We are now going to investigate what is in fact meant by a semi-
conductor, and what the specific characteristics of these substances are.

If the resistivities of a large number of substances were measured,
and the results were plotted in order of magnitude, the graph which would
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be obtained would be like Fig. 3 which also
shows a division into conductors, semiconduc-
tors and insulators. It will be seen at once that
the resistivities of the materials classified as con-
ductors (metals), do not differ very much. The
resistivity of mercury, the worst conductor, is
only 100 times that of silver, the best con-
ductor. This is in contrast to the region occupied
by the insulators, where the resistivity of quartz
is 10° times that of marble. The first question
which arises is whether the division into con-
ductors, semiconductors and insulators is arbi-
trary, or whether it is based on specific charac-
teristics of the different substances. In order to

answer this question, the resistivity of the different substances is measured
again, but with this difference, that the temperature of each substance
is increased during the measurement. It is found that the conductors all
have a common characteristic, i.e. that the resistivity increases in direct
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proportion to the temperature (extremely high and extremely low tempe-
ratures being left out of consideration
here). Fig. 4 shows this relationship in
graphical form.

Insulators, on the other hand, are /
found to react quite differently. If the
temperature is increased, the resistivity
of the material does not change at all
until a certain temperature is reached,
when its value suddenly drops sharply. See Fig. 5. These tests with
insulators also show that an insulator of better quality, i.e. one which has
a higher resistivity, requires a higher temperature to bring about the sharp
drop in resistivity. As a result, this temperature is considerably lower
for marble than it is for quartz (about 1000 to 2000 °C). Semiconductors,
as the name indicates, act partly as insulators and partly as conductors.

Fig. 6 shows the connection between resistivity and temperature for
the type of material used for making transistors. It can be seen from the
figure that the material behaves as an insulator at first, then takes on
the character of a conductor and after that, at a still higher temperature,
behaves as an insulator again. It may be noted that there are also semi-
conductors which behave exactly like insulators, except that the tempera-
ture at which the resistivity drops steeply is much lower than the corres-
ponding temperature for insulators. Pure germanium is an example of this
type of semiconductor, sometimes termed an intrinsic semiconductor.

In order to be able to explain the above behaviour of conductors, semi-

e Jdlem

T(°C)
Fig. 4

p.ﬂ.cm (JJLcm

T(eC) T(C)
Fig. § Fig. 6
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conductors and insulators, we must study the structure of the various
substances in more detail.

Atomic linkages

It is assumed that the reader knows that all materials are built up from
molecules. A molecule is the smallest particle of a given substance which
still has the properties of that substance. A molecule of water, therefore,
is the smallest particle of water which still has the properties of water.
Such a molecule is composed of still smaller particles, called atoms. The
molecule of water, for example, is built up from two hydrogen atoms
and one oxygen atom, i.e. a total of three atoms.

Research has shown that all the substances known to man are built up
from 93 different types of atom. (Modern nuclear physics has succeeded
in producing a few additional types of atom, but these do not appear
naturally on the earth).

Atoms of all types have one common characteristic however: they all
consist of a positively charged nucleus, round which one or more electrons
move with very high velocity.

Fig. 7 shows a hydrogen atom. This atom. the

RSN simplest which there is, consists of a positively charged

/ i nucleus (the proton) with one electron moving round

/ v it. The hydrogen atom is electrically neutral, which

@ ! means that the positive charge of the nucleus must

\ / equal the negative charge of the electron moving
S g round it.

Fig, 7 The structure of the germanium atom is much

more complicated, with 32 electrons moving round

the nucleus. Consequently, the nucleus has a positive charge equal to that

of 32 electrons, because the germanium atom, like every intact atom,

is electrically neutral.

In what follows, we shall confine our attention to the electrons which
move round the nucleus, as it is found that thesc electrons are responsible,
to a considerable extent, for the effects noted in the previous section.

The electrons in question, which move round the nucleus of the
germanium (Ge) atom, can be grouped according to the energy which they
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possess. In the Ge-atom, the 32 electrons are divided into 4 groups,

usually known as shells.

The first group (the K shell), comprising the electrons with the least
energy, contains 2 electrons. The second group (the L shell) contains

8 electrons, the third group
(the M shell) 18 electrons
and the fourth group (N shell)
4 electrons. These points are
illustrated in Fig. 8.

The hydrogen atom which
we have already discussed
possesses one electron, whose
energy puts it in the K shell.
Considerations outside the
scope of this book show that
the K shell is complete with
two electrons, and further,
that a shell which lacks one
or more electrons (an “in-
complete” shell), will try to
make up the number from

outside. There are a number of ways in which this can be done, but we
are only interested in one possibility, that of the covalent bond. We have
already seen that the hydrogen atom only has one electron missing from
the K shell. One way of completing the shell is by a covalent bond i.e. the
hydrogen atom combines with another hydrogen atom, giving the situation
illustrated in Fig. 9. There are now two electrons moving round each
hydrogen nucleus, its own electron and the electron frem the atom with

//@"\
-~ ~
Pt X

/

/
/
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which it has combined. For both
atoms, the K shell is now full,
resulting in a stable bond. Neither
of the atoms feels any tendency to
enter into combination with other
atoms.

A complete shell is also termed
a “rare gas” shell, as an atom whose
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shells are complete shows, like an atom of one of the rare gases, no
tendency to combine with other atoms.

Some examples of these rare gases are:

Helium, which possesses 2 electrons (complete K shell);

Neon, possessing 10 electrons (2 + 8), (complete K and L shells);
Argon, with 18 electrons (2 + 8 + 8); and

Crypton, with 36 electrons (2 + 8 + 18 + 8).

Germanium has 32 electrons, and is thus 4 electrons short of having
a rare gas structure in the N shell. This means that the germanium atom
will combine with 4 neighbouring atoms, in order to reach the stable
condition with 36 electrons.

It is found that germanium
atoms combine together in a cer-
tain pattern, as shown in Fig. 10.
In this figure, the germanium
atoms are represented by small
spheres, while the bonds between
atoms, represented by rods, are
each formed by two electrons,
i.e. one from each germanium
atom. In this way, atom A is
connected to atoms B, C, D and
L, lying one at each corner of
an imaginary cube. Atom 4 itself
is at the centre of gravity of the
cube. The crystal structure of
germanium consists of a similar regularly repeated pattern of atoms.

At the absolute zero of temperature (—273 °C), all the valency elec-
trons, i.e. the electrons which bring about the bonds between atoms (in the
Ge atom, the four electrons in the outer or N shell) are attached to their
respective atoms. This means that there are no free electrons present in
the crystal, or in other words, that the material is a perfect insulator. Thus
germanium too is a perfect insulator at —273 °C. If the germanium
crystal is now supplied with energy in the form of heat or light, the
atoms will start to vibrate, and the bonds between them can be weakened.
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Fig. 11 shows a Ge atom connected to 4 other Ge atoms, and is in
fact Fig. 10 again, with the difference that the atoms are now represented
in one plane, instead of in space. Each of the bonds between atom A
and the four atoms round it is maintained by 2 valency electrons, one
from atom A4, and one from the other atom. If energy is now supplied
to the crystal, a number of electrons (i.e. electrons from the outer shell,
which maintain the mutual bonds between atoms) will break loose from
the bond, and move about in the crystal as free electrons. The resulting
situation is shown in Fig. 12. This means that the conductivity of germa-
nium will increase when more electrons are released, as more energy, in
the form of heat for example, is supplied to the crystal.

In Fig. 12, one electron has left the bond between atoms A and B,
with the result that this bond is maintained by only one valency electron.
Suppose that the liberated electron belonged to the N shell of atcm A.
This means that an electron gap, usually termed a “hole”, appears in the
N shell. The Ge atom is no longer electrically neutral but has a positive
charge equal to that of one electron. Consequently, the hole acts as if
it was positively charged and attracts free electrons. If a free electron,
moving about in the crystal, fills the hole again (recombination) the atom
becomes neutral once more, and returns to its original condition. Since
the number of electrons being liberated in a given period of time equals
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the number of recombinations which takes place, a thermal equilibrium
is established. This means that for any given temperature, the number of
free electrons is constant; if the temperature is increased, the number of
free electrons will also increase. As the conductivity. of the material
depends on the number of free electrons, it too will also depend on the
temperature. If the temperature of very pure germanium is raised, its
conductivity will increase, or, in other words, the resistivity will decrease
in agreement with the experimental results mentioned earlier.

The holes behave in the same way as electrons, that is, as free mobile
particles, but with the difference that a hole represents a positive charge,
and the electrons move through the crystal more quickly than holes. This
can be understood when we realize that an electron is a completely
independent particle, while a hole can only move when it is filled by an
electron from a neighbouring atom. In this way, the hole moves to the
neighbouring atom, and depends for its movement on the “willingness”
of an electron in a neighbouring atom to break its bond with this atom.
At room temperature the resistance of pure germanium is high, but it can
be considerably reduced by alloying the germanium with certain substances.

N germanium and P germanium

~Arsenic is an element whose atoms
ﬁ)/ \Q /(# ] ﬁg have 5 electrons in the outer shell. The
' @ - /é situation which results when germa-

\Ek/a\\ nium is alloyed with an element like

N ,
NS

5 ’ arsenic, is shown in Fig. 13.

oo 4 .
\/ér ] The arsenic atoms, which are very
\ . SLDHE, ¥ :

@\/d much in the minority in comparison

-

with the germanium atoms (usually,

s NN
N 4 N
’ SN
N N
| 2 NN

M 7 -2 - there is 1 arsenic atom to every
P4 ps - -
‘ . ‘ 100,000,000 germanium atoms), will

é\ ﬁ%\\ {-3\ /— thus be incorporated in the crystal

N A ~  structure of the germanium. 4 of the 5
Fig. 13 electrons in the outer shell of the
arsenic atom will link with an electron
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from the outer shell of adjacent germanium atom, but the fifth electron
is left unattached.

It is found that only a little energy is required to remove this fifth
electron from the shell of the arsenic atom, so that electrons are liberated
even at low tgmperatures, resulting in a steep drop in the resistance of the
germanium. If the temperature is raised, the resistance increases, due to
the Brownian movement of the liberated electrons, and then drops steeply
once more when a certain limit is exceeded. The amount of energy. being
supplied to the material is now so great that the electrons which constitute
the bonds between the germanium atoms can leave their shells under
certain conditions, so that the number of free electrons will again increase
sharply. This explains the behaviour of certain types of semiconductors,
which we have already noted (see Fig. 6).

Germanium which is alloyed with arsenic in this manner is known as
N germanium. The letter N stands for “negative”, because even at room
temperature, this type of germanium already possesses a very large number
of free electrons. The arsenic atoms, which have lost

an electron and are usually termed “donors”, thus have H-Ge

a positive charge which is equal in magnitude to that of é—; e‘;ee

the lost electron. s @‘_9;_2
Fig. 14 is a schematic drawing of a piece of N g, 14

germanium. In this material there are:
1. Donors (arsenic atoms), which are positively charged. (@)
2. A large number of free electrons. (—)
3. A number of holes, very small in relation to the number of free

electrons. (+)

These holes have been produced by the liberation (due to the supply
of energy in the form of heat, for example) of some of the electrons
forming the mutual bonds between the germanium atoms.

We can represent this diagramatically:




14 BASIC PHYSICAL IDEAS [11

donors (+ charge)
alloying with arsenic
gives rise to

free electrons (—)
N germanium
free electrons (—)
supplying energy
gives rise to

holes (+)

It should be noted that the donors are “anchored” in the crystal
structure, and so cannot move, in contrast to the free electrons and holes,
which can move about.

3 Indium is an element whose atoms
& have 3 electrons in the outer shell. If

\3\@ /d\ \e\ “d germanium is alloyed with an element

AT g like indium, the resulting situation is
) B S / as shown in Fig. 15. As the indium
ﬁ/ 1 atoms are very much in the minority
\e\ )ei in relation to the germanium atoms,
) " they will be taken up into the germa-

?/\Q nium crystal lattice. This means that
5\@ . an indium atom will be linked with

o
24
o

three germanium atoms in the familiar
manner, while the fourth germanium
Fig. 15 atom is only linked to the indium atom

by one electron, as the latter atom

only has 3 valency electrons. This link is one electron short, or, in other
words, alloying the germanium has given rise to a hole. The hole becomes
filled by a valency electron from a neighbouring germanium atom, and
so moves about in the material. The indium atom, usually termed an
“acceptor” now possesses 4 electrons in its -outer shell, and will thus be
negatively charged, since it is neutral when it has 3 electrons in the
outer shell. Germanium which is alloyed with atoms having 3 electrons
in their outer shell (e.g. indium or gallium) is termed P germanium.
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The letter P stands for “positive” and indicates that P-Ge
large numbers of holes are present in this type of ger-- ot ot
manium. 4 e:e@ + eg
Fig. 16 is a schematic drawing of a piece of P ger- Pt
manium. In this material there are: Fig. 16

1. Acceptors (indium atoms), which are negatively charged. (©)

2. A large number of holes. (+)

3. A number of free electrons, very small in relation to the number
of holes. (—)

These free electrons are due to some germanium atoms losing one
valency electron from their shell; the depleted links are maintained by
only one electron.

We can represent P germanium diagramatically:

acceptors (— charge)
alloying with indium
gives rise to

holes (+)
P germanium
holes (+)
supplying energy
gives rise to

free electrons (—)

It should be noted that both N germanium and P germanium as a
whole are electrically neutral, because the sum of the electrical charges
on the various charge carriers, both mobile and static, equals zero.

The PN junction

A “PN junction” is formed when N germanium and P germanium are
brought into contact with each other in such a way that the atoms in the
N germanium combine, across the surface of contact, with the atoms
in the P germanium, and vice versa.
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N-Ge P-Ge Fig. 17 shows such a PN junction. The
= - = donors, free electrons and holes in the N
-9 O 1 oto4 ]
6 o o-24.9% * 6 germanium are represented by the symbols
[ .
-—e_® 7 Y G:g ee+ & @, — and +, respectively. The acceptors,
P S| | Dl + . .
& 8% sl 5+ b5 9| holes and free electrons in the P germanium

| are represented by the symbols ©,. + and —
+‘| oy At first sight, the situation looks quite
simple. The holes from the P germanium will
move towards the free electrons in the N
germanium, and vice versa, after which most
of the holes and free electrons in both types of germanium will recombine.
A closer examination, however, shows that this reasoning is not valid,
because it neglects the presence of the donors and acceptors, which are
also charge carriers.

At the instant when a PN junction is formed, it is true that a number
of electrons will move from the N germanium to the P germanium,
where there is a shortage of electrons. As a result, a negative charge is
built up in the P germanium, because it is not only the electrons, but also
the acceptors anchored in the crystal structure, which are negatively
charged. In exactly the same way, a positive charge is built up in the
N germanium (the donors in the N germanium and holes coming from
the P germanium).

This shift of charges causes a voltage difference (contact potential)
at the PN junction, whereby the P germanium becomes negative with
respect to the N germanium. The contact potential impedes any further
flow of electrons and holes. For example, in the transition zone, the free
electrons in the N germanium are repelled by the negative charge con-
centrated in the boundary zone of the P germanium. Consequently, only
electrons and holes having greater energy, and thus greater velocity, can
still break through the barrier, and so there is an extremely thin zone
between the two types of germanium, in which no mobile charge-carriers
are present. This zone thus behaves as an insulator, and is about 1 micron
thick.

For the sake of convenience in the following discussion, we will
represent the contact potential across the PN junction by a battery, shown
dotted in Fig. 17 and subsequent figures, to indicate that it is only
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imaginary. We will now investigate what happens when a PN junction
is connected to a voltage source. Fig. 18 shows a PN junction connected
to a battery with the same polarity as the potential difference across the
junction itself. The drop of potential across the PN junction now equals
the sum of the battery voltage and the original contact potential. This
means that still fewer electrons and holes are able to pass across the
junction, and that the PN junction zone, in which there are no mobile
charge carriers, will be wider than it was without the applied battery
voltage. The PN junction can now be regarded as a diode in the blocked
condition.

i b

Fig. 18 Fig. 19

The situation changes if the battery is connected the other way round.
In this case, the battery voltage will oppose the potential difference
across the PN junction, which means that more electrons and holes can
pass through the junction, and their numbers rise as the applied voltage
is increased (see Fig. 19). The zone in which there are no mobile
charge-carriers is much narrower than 1 micron, and its width also depends
on the applied voltage. In this situation, the PN junction can be regarded
as a diode in the conducting state. We thus see that a PN junction behaves
like a diode, and that the polarity of the applied voltage decides whether
the junction blocks or conducts the flow of current. This characteristic is
used in germanium diodes, amongst other applications.

How a transistor works

We saw in the first chapter that a transistor consists of three.layers of
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germanium placed together like a sandwich. Depending on the order in
which the layers are placed, we have either a PNP transistor or an NPN
transistor. Fig. 20 shows a PNP transistor, formed by two layers of
P germanium which are separated by a layer of N germanium, giving two
PN junctions. The left-hand junction is connected to a battery whose
voltage V. is of opposite polarity to the contact potential at the junction.

As a result, a greater number of mobile charge-carriers can pass this
junction. A number of holes from the P germanium will move into the
N germanium, where there is a shortage of holes, and a number of free
electrons from the N germanium will move into the left-hand P ger-
manium layer.

The right-hand PN junction is also connected to a battery, but this
time the battery voltage V. reinforces the contact potential across the
junction. For all practical purposes, the holes in the P germanium (right-
hand layer of P germanium) and the free electrons in the N germanium
can no longer cross this junction. Things are different, however, for the
holes in the N germanium and the free electrons in the P germanium,
which are termed “minority carriers”. This name is due to the fact that the
holes in N germanium are very much in the minority in relation to the
number of free electrons, and that the free electrons in P germanium
are very much in the minority in relation to the number of holes in this
type of germanium.

The holes in the N germanium, most of which have come from the
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left-hand P germanium, and only a small number of which have been
produced by the supply of energy in the form of heat (at least at
temperatures which are not too high), experience a force of attraction
coming from the right-hand P germanium. At the right-hand PN junction
there is a potential difference equal to the sum of the contact potential
(which is due to the charges built up in the P germanium and the
N germanium) and the applied battery voltage V., making the P germa-
nium negative with respect to the N germanium. As a result of this force
of attraction, a number of holes will move into the right-hand germanium
layer. The size of this hole current is determined by two factors:

a. The number of holes present in the N germanium.

b. The size of the applied battery voltage V.. It is assumed here
that the temperature remains constant.

For the same reasons as described above, the free electrons in the
right-hand P germanium will move towards the N germanium.

A hole current I, (emitter current) flows in the left-hand current circuit
(+ Vse, €, P germanium, PN junction, N germanium, b, —V;,) as indicated
in Fig. 20. The PN junction in this circuit functions as a diode in the
conducting state. It is as if the battery was pumping holes into the germa-
nium at point e, and so this point is called the “emitter”.

Some of the holes now flow back to the battery via point b (the
“base”), some will recombine with free electrons in the N germanium,
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but the majority will flow into the right-hand P germanium layer, under
the influence of the force of attraction which this layer exercises on them.
These holes are collected at point ¢ (the “collector”) and conveyed to the
battery in the right-hand current circuit (4 V., b, N germanium, PN
junction, P germanium, ¢, —V,,). It follows that the current I, is smaller
than the current /,. For the OC71, for example, I. = 0.98 I..

If the battery voltage V', remains constant, a change in the size of the
hole current I, results in a proportionate change in /., because I, depends
on the number of holes fed to the N germanium, and the latter in turn
depends on the size of /..

Fig. 21 shows an NPN transistor.

After the above explanation, the method of operation of this transistor
will at once be clear. It need only be noted that it operates by means of an
electron current, in contrast to the PNP transistor, which operates by
means of a hole current. This means that the polarity of the batteries which
supply the voltages V4. and V. must be reversed.

_e__/ & e (53
b b
|
PNP NPN
Fig. 22 Fig. 23

Figs. 22 and 23 are the symbols for a PNP transistor and an NPN
transistor respectively. With the exception of the arrow at the emitter,
the two symbols are identical; this is quite logical, as the methods of
operation, and thus the characteristics, of the two types of transistor are
identical. The direction of the arrow in the symbol indicates the direction
of the hole current. In the PNP transistor, this hole current flows into
the transistor (see Fig. 20) so that the arrow in the symbol for the PNP
transistor points towards the base. In the NPN transistor, the hole current
flows in the opposite direction, so that the arrow points away from the base.

The symbol thus indicates straightaway if the transistor in question is
of PNP or NPN construction.



CHAPTER III

TRANSISTOR CHARACTERISTICS

In this chapter we shall take a close look at the electrical characteristics of
the transistor, so as to be able to understand the circuit techniques which
are discussed later on.

The three basic circuits

From the point of view of circuitry the transistor is very similar to the
triode valve, as both have three electrodes. The emitter, the base and the
collector of the transistor correspond respectively to the cathode, the grid
and the anode of the triode. As we have seen in the previous chapter,
a PNP transistor has a hole current flowing from emitter to collector, while
in the triode, a corresponding electron current flows from cathode to anode.

In the transistor, the size of this hole current depends on the variation
of the voltage between emitter and base, while in the triode the electron
current is controlled by voltage variations between grid and cathode.

As with valve circuits, transistor circuits can be divided into three basic
classes. These are the grounded-base circuit, the grounded-emitter circuit,
and the grounded-collector circuit. These circuits are often referred to as
the common-base circuit, the common-emitter circuit and the common-
collector circuit

Fig. 24 shows a triode in the grounded-grid circuit, with the corres-
ponding transistor circuit, the grounded-base circuit, beside it. In both
circuits, the central electrode, i.e. the grid or the base, is earthed. In the
valve circuit, the job of the battery between cathode and grid, is to give
the grid a definite negative bias (V,) relative to the cathode, while the
battery between grid and anode ensures the correct voltage difference
between cathode and anode (V.-V).
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3. _M(

Fig. 24a

The purpose of both batteries is thus to fix the correct operating
conditions for the valve.

In the transistor circuit, the correct operating conditions are obtained
in exactly the same way, by means of batteries between base and emitter
and base and collector.

Fig. 24a shows that the emitter has a positive bias of ¥V, volts with
respect to the base, while the collector is V. volts negative relative to
the base.

The current /. flows in the input or emitter circuit, and the current I,
flows in the output or collector circuit. The arrows indicate the direction
of the current (the hole current) in the two circuits. It is found that a
small increase in the emitter current, represented by Al,, produces a small
increase in the collector current (Al.). This assumes that the voltage V.,
remains constant. The quotient of Al. and A/, is termed the current ampli-
fication factor a.

a = %:* (Ve = constant).

The value of this current amplification factor is generally less than 1,
so that the collector current is smaller than the emitter current. The
current amplification factor of the OC71 is 0.98.

In Fig. 25, the first electrode in both circuits is earthed, i.e. the emitter
and the cathode respectively. The valve circuit is referred to as the
grounded-cathode circuit, while the equivalent transistor circuit is known
as the grounded-emitter circuit. Once again, the direct voltages V3, and
V.. supplied by the batteries, serve to fix the correct operating conditions
for the transistor.
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Fig. 25b

The base current I;, flows in the input or base circuit, and the collector
current /. flows in the output or collector circuit. The arrows in Fig. 25a
indicate the direction of the hole currents. In this circuit, a small increase
in the base current (represented by Al,) results in an increase in the
collector current (Al.). The current amplification factor o’ for the
grounded-emitter circuit is defined as the quotient of Al. and Al,.

o = %:— (V.. = constant).

The dash on the « indicates that it is the current amplification factor
for a transistor in the grounded-emitter circuit.

There is a definite relationship between the amplification factor «
(grounded-base circuit) and the amplification factor o’ (grounded-emitter
circuit). This is

This expression may be deduced by applying Kirchhoff’s first law to
the current circuit of Fig. 25a, when we obtain:

I. =1 4+ I.
Now:
v A A AL
Alb - A(Ie—lc) o AIe_AIc
1 Al—AL: Al 1

o Al o Al ki a =k
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7 1—a
For the OC71, the published "value of « for particular operating
conditions is.0.98, but if this transistor is connected with a common
emitter, the amplification factor is:

,_  a 098 .
“ 1—e  1—0.98 =

Finally, Fig. 26 shows the third basic circuit, in which the third
electrode, that is, the collector or the anode respectively, is earthed. The
basic valve circuit is known as the grounded-anode circuit (cathode
follower), and the equivalent transistor circuit is known as the grounded-
collector circuit. This circuit is seldom encountered, and practically its
only application is as a matching element.

In the following discussion, only the grounded-base circuit and the
grounded-emitter circuit will be examined in further detail. We shall pay
particular attention to the grounded-emitter circuit, as it is the most
frequently used arrangement. The reason for this will become clear in
the course of this chapter.

R
e
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The I.-V .. characteristic

In order to become more familiar with the characteristics of any circuit
element, and thus of a transistor too, we must make a number of measure-
ments on that element.

As Fig. 27 indicates, a transistor circuit
involves four important quantities which can
be measured by simple methods, i.e. the
voltage between emitter and base (V.), the
voltage between emitter and collector (Ve)
and the currents I, and /. which flow in the
base circuit and collector circuit respectively. (The transistor is connected
with grounded emitter.)

The various characteristics of the transistor can be derived from
mutual relationships between these currents and voltages, which can be
partially recorded in the form of characteristic curves.

The two most important are .the /.-V .. characteristic and the I,-V,,
characteristic.

First of all, let us examine the behaviour of the collector current /.
as a function of the voltage V. and the base current /,. This relationship,
which can be recorded in the form of a family of curves, is the I.-V.
characteristic.

Fig. 28 shows a circuit
for measuring this charac-
teristic. The current I, .is
set to a given value, say
10 pA, by means of the
potentiometer R,;. (Of
course, the choice of this
value depends on the type Fig. 28
of transistor being investi-
gated). The slide of potentiometer R,. is now moved upwards in stages,
and the values of the voltage V.. are read, together with the corresponding
values of /.. When this -has been done, I, is adjusted to another value,
say 20 pA, and I, is once more measured as a function of V., and so on.

The experimental results are plotted in Fig. 29 in the form of a family

Fig. 27
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of curves. These characteristics, which are very similar to the I;-V,
curves of a pentode, can be divided into three important sections, these
being successively:

/ A) The curved region
5 at the left-hand end. This

/L,=30uA is the range within which
i a small increase in the volt-
__Iy=20ua  age V., produces a consi-
| __-%,=1opa  derable increase in the cur-

HGmb rent /.. For many transis-

; - tors, this is the region in

5 5 5 M e BV which ¥,, is less than 0.2
-

volts.
Fig. 29

B) The range within
which an increase in the voltage V.. hardly produces any change in I..
This region is usually known as the linear range.

C) The curved region at the right-hand end. In this range, ‘an increase
in V.. again results in a sharp rise in /., this being due to breakdown of
the PN junction. So that a transistor should not be operated in this region,
the manufacturer always indicates the maximum permissible value of V.
For the OC16, the maximum permissible value of V. is 16 V for a load
resistance of 10 kQ, while the knee voltage is 0.4 V at I, = 3 A.

The 1~V characteristic

The I,-V;. characteristic, also termed the input characteristic, records the
connection between the current I, and the voltage V,. for a constant
value of V. It can be
measured with the aid of
the circuit shown in fig. 30.

The value of V., is set
by means of the potentio-
meter R,.. If the slide of
potentiometer R,; is oppo-
site the tapping on the
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resistance, the voltage V. = 0 volts. If the slide is moved downwards,
the base becomes positive relative to the emitter. This means that the
input circuit will behave like a diode in the blocked condition, and thus
an increase of the voltage V. will make practically no difference to 1.

On the other hand, if the slide is moved upwards, the emitter becomes
positive in relation to the base. This means that with even a small

increase of V., the current I
will increase considerably.

The input characteristic of a
transistor is shown in Fig. 31.
It will at once be seen from the
curve, which shows considerable
agreement with the characteristic
of a germanium diode, that the
influence of V. is extremely
slight. It is only the voltage in-
crease from O to 1 V which has
any effect on the size of I,.

Current amplification

+Ip (UA) - Voo =0
60 8 I’
'V e=1-23V
4ok /I ce
- /
7
20+ /
| 4
1 1 1
__________ =~ 0.5 v
~Vbe +Wbe
-Ib
Fig. 31
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Fig. 32

Various magnitudes which de-
termine the behaviour of the
transistor in a circuit can be
deduced from the I.-V.. and
[,-Vy. characteristics. The
first one is the current ampli-
fication, by which is meant
the relationship between I,
and I, at a constant value
of Vee.

For this purpose, Fig. 32
shows a family of /.-V . char-
acteristics. The relationship
between I, and I, for V. =

2 V is drawn to the left of these characteristics. It will at once be noted
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that this relationship is non-linear, or in other words, it depends on the
operating conditions of the transistor.

The current amplification factor &’ is defined as the relationship
between the direct current I, and the direct current /., while the current
amplification factor o, which has already been mentioned, indicates the
relationship between an alternating current /5~ of small amplitude, and
the corresponding alternating current /..., also of small amplitude.

We will now examine &', and then o/, in more detail.

The connection between the direct collector current and the direct

base current can be determined from the I.-I; characteristic of Fig. 32.
IC = ICO’ + &’ Ib-

In this expression, I, represents the current flowing in the collector

circuit when I, = 0. Again the dash indicates that the transistor is
connected with grounded emitter. The quantity @’ thus indicates the
; N { :
relationship —°—
Ip

As an example, let us determine the factor a’ for a transistor whose
collector voltage in set at 2 V, with I, = 120 uA, I, = 1.9 mA. The
I~V . characteristic shows that for V., = 2 V, the current I,,’ = 100 pA.

Now:
I =1 + @I
or
— Ie— 1.’ 1900 — 100
a

- I, — 120 =

As can be seen from the characteristic, the factor a’ is not constant,
but depends on the transistor operating conditions.

For the factor o/, the situation is different, as we are now working
with an alternating current /,~. of small amplitude. This means that only
a small section of the characteristic plays a part in the current ampli-
fication, and it can be assumed as an approximation, that this small section
is straight. There is thus a linear relationship between /... and I;~., that is

len. = dTpn..
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o’ is also known as the small-signal current amplification factor, in
contrast to a’, which only refers to direct current and to alternating
currents of greater amplitude (as in an output stage, for example).

As an example, let us determine o for a given set of operating condi-
tions. The chosen working pointis V.. = 2V, I, = 1.65 mA, I, = 90 pA.

A tangent is drawn to the I, = f(I;) characteristic at this point. Then
o is the ratio between the increase in I, and the resulting increase in I,
or in other words, equals the slope of the tangent to the curve. An
increase of 20 MA in I, produces an increase of 250 HA in /., so that

, 250
* T 20
than o’. The factor « (without a dash), is understood to indicate the current
amplification factor for the transistor in the grounded-base configuration.

= 12.5. For the chosen operating conditions, & is thus greater

For most transistors, the value of «” varies between 30 and 80. For
the OC71, for example, the average o is 50.

Voltage amplification

Fig. 33 shows the circuit diagram of an
amplifier incorporating a transistor con-
nected with common emitter. The batte-
ries which supply the voltages V. and
Ve, required for setting the operating con- 4 o4 -
ditions of the transistor, are considered v,,.|_=5'_"f—|'_
as short circuits for alternating current.
The load resistor Ry forms part of the
collector circuit, while a voltage source of e.m.f. e, volts and internal
resistance R, Q is connected across the input. The voltage amplification,
abbreviated as V.A. is defined as the ratio of the voltage across the
resistance Ry, to the voltage between base and emitter (Ep.).

The voltage across Ry equals I... X Rj, while the voltage between
base and emitter equals I~ X R; (R; is the input resistance of the
transistor) or e; — Iy~ Ry.

/‘E" ’rlERL

Fig. 33

Consequently the voltage amplification is:
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I.~R; I.~ R
VA = el SRR R e
11,,.,R,' e,,—I;,NR,,
As the ratio {fl = o the expression can also be written as
b
Ry
VA = o —=
a R;

In this expression, it is assumed that the alternating voltage is of low
frequency. (Most measurements are made with a 1000 c/s signal.)

Fig. 33 also shows that when the instantaneous value of e, increases

in the positive sense, the current /; becomes smaller, in proportion to the
increase of e,. This is because the voltage difference between base and
emitter (Ep.) equals (V- the instantaneous value of e,) and this becomes
smaller as the instantaneous value of e,
increases, so that I, also becomes smaller.
Consequently the current /., which equals
2 oI, will also decrease, so that the voltage
4~ - - . :
; I——| : across Ry, drops. This shows that in the
o Vhe TT  We grounded-emitter circuit, the voltage
across the load resistance (i.e. the output
voltage of the transistor) is shifted 180°
in phase, relative to the input voltage of the transistor.

R

In the grounded-base circuit (see Fig. 34), the situation is rather diffe-
rent. The voltage amplification is now:

I.~RL Ry,

Pd, = =L = R

and the transistor output voltage is in phase with the input voltage, as is
immediately obvious from Fig. 34.

If the two basic circuits are compared, we can say, that the grounded-
emitter circuit produces a phase difference of 180° between the input
and output voltages, while in the grounded-base circuit the two voltages
are in phase.
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It follows from the expression Ve=2V; L=3mA

for the voltage amplification, that 8 R 11 S ,T,jl..,, ) I ) 1 01
il B{ I O R S8 = AR

this amplification depends very 7000f ———+it
much on the size of the load resis- ;
tance. Fig. 35 indicates the relation- 500
ship betweemn the voltage amplifica-

tion and the load resistance, for an 0
OC71 transistor under specified
operating conditions. This charac-
teristic shows that the voltage ampli-
fication alters only slightly in size at small values and at very high values
of R;. This is partly because the factors ¢’ and R; are also dependent
on R;; o decreasing, for example, with increasing R;. The characteristic
illustrated in Fig. 35 is valid for both the grounded-emitter circuit and the
grounded-base circuit, if it is assumed that the voltage source incorporated
in the input circuit of the transistor has no internal resistance, or only
a very small internal resistance.

Power amplification

The power amplification of a transistor indicates the relationship between
the power taken up by the transistor, and the power it gives out. For the
grounded-emitter circuit the output power is I*.. R, watts, while the input
power is I*~R; watts (see Fig. 33). The power amplification or gain
(abbreviated as P.G.) is thus:

pc~RL R

= —_——— = 2 L
PG. P R, (@) R,

from which it follows that P.G. = V.4. X <.

For the grounded-base circuit the relationship is P.G. = V.4A. X a.
This expression can be established by the method used for the grounded-
emitter circuit.

Fig. 36 shows the power gain plotted as a function of the load
resistance for the OC71. The continuous line indicates the relationship
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Vo=2V

1 2 5 0 2 5 w02 5 pi
—— Grounded emitter —R, (ki)
=== Grounded base

Fig. 36

for the grounded-emitter circuit, while the broken line indicates the
relationship for the same transistor connected with grounded base.

These characteristics show at once that a much greater power gain
can be achieved with the grounded-emitter circuit, with more convenient
values of the load resistance (think, for example, of matching to a sub-
sequent amplifying stage) than for the grounded-base circuit. This is cne
of the reasons why the first circuit is generally preferred to the second.
The shape of the curve can be explained from the variation of the product
o X V.A. At a low value of Ry, o’ is large while V.A. is small, and the
reverse is true for a high value of Ry, when o is small and V.4. is large.

The input resistance

The input resistance of a transistor is defined as the quotient of V4, and
Iy. We must immediately distinguish between the d.c. resistance, which is

Vbe
R, =
Iy
and the a.c. resistance, which is
Viex
Ri. = ¢

T e
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In the latter case, a small section of the I,-V, characteristic is assumed
to be linear (i.e. in exactly the same way as in the determination of o
from the characteristic).

In what follows, the term “input resistance” always refers to the a.c.
resistance.

For the input circuit

ey = 1b~ (Rl + Rg)
or

Ri~ = e - RQ

Iy

It found that the input resistance depends to a great extent on the
load resistance Ry.

Fig. 37 shows the input resistance as a function of the load resistance.
The continuous curve again refers to a transistor connected with grounded-
emitter, while the broken line refers to the same transistor in the grounded-
base circuit.

1000,
5
Rin LAl e=2v
D2, 17 I =3mA
7
. .

17 2 5 10 2 5 w2 5 10
—>Ry (kL2)

Fig. 37

It follows immediately from this graph that the input resistance is
considerably greater for the grounded-emitter configuration than it is for
the grounded-base configuration with the same value of R;. The value
of R; in the grounded-base configuration is particularly small at relatively
low values of Ry, so that matching to the next stage is very difficult, if
not impossible.
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The output resistance
The output resistance is defined as the quotient of current and voltage

in the output circuit. Here too, we refer to alternating voltages and currents
of small amplitude. For a transistor in the grounded-emitter configuration

; Vocerc g ’ :
this means that R, =—1—“—, while for a transistor with grounded base,
Cr~
i VbCN o . . .
R, = . Consequently, the output resistance at a given point of the
Ce~

1.~V .. characteristic (the /.-V;. characteristic for the grounded-base confi-
guration) can again be determined by drawing the tangent to the curve,
in exactly the same way as has already been described in detail in deter-
mining o« from the I.-I; characteristic.

The output resistance then

I TN equals the quotient %I:e (see
' fig. 38).

It .is found that the output
resistance depends very much on
the internal resistance of the voltage

Vee source which is connected to the
Fig. 38

input circuit of the transistor.

Fig. 39 shows R, plotted as a function of R, (the above-mentioned
internal resistance).
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Fig. 39
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The top curve refers to a transistor with grounded base, while the
lower curve indicates the relationship for the grounded-emitter con-

figuration. It can be seen from these curves that the output resistance

is considerably greater for the grounded-base circuit than it is for the
grounded-emitter circuit, so that the former will again require special
precautions to obtain good matching to the following amplifier stage.




CHAPTER IV

THE INFLUENCE OF TEMPERATURE CHANGES
ON THE BEHAVIOUR OF TRANSISTORS

We have already seen, in chapter II, that germanium is very sensitive to
changes in temperature. An increase in temperature causes more outer-
shell electrons to break the bonds holding them to the germanium atoms.

In P-germanium this means that, in addition to an increase in the
number of holes (majority carriers in P-germanium) more free electrons
(minority carriers in P-germanium) are produced, while the number of
free electrons and holes in N-germanium will also increase. An increase
in ‘the number of minority carriers (holes in N-germanium and free
electrons in P-germanium) however, means an increase in the current of
mobile charge-carriers, which pass the right-hand PN junction (see
chapter II, Fig. 20).

If the input circuit (the emitter circuit in the grounded-base arrange-
ment) is broken, so that I, = 0 (see Fig. 40), the current /., flowing
through the collector circuit consists of minority carriers, and consequently
depends very much on the temperature. Measurements have shown that,
on the average, this I, doubles in value for a temperature increase of
about 10 °C. For the OC71, the average value of I, at 25 °C is 4.5 pA;
at 35 °C it has increased to 9 A and at 45 °C it equals about 18 pA.

Beie
Y I
I

Fig. 40
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(These currents are measured with a battery voltage V. of 4.5 V between
base and collector.)

As the value of I. is expressed in milliamperes (I, = al, + Ic),
these variations in /., can be neglected, which means that a grounded-base
circuit is generally insensitive to temperature changes and so does not
usually require any special precautions to keep the collector current
constant. We will now examine the situation which obtains when a
transistor is connected with common emitter (see Fig. 41).

It follows from the circuit diagram that

I. =1, + I, . . . . . . . . . (l)
In addition, we already know that
L=al,+Ilo. . . « « « « + .+ (2)

As the above expression refers to direct current, it employs the current-
amplification factor a and not the factor « (see chapter III).
Substitution of (1) in (2) gives
Io=a (Ip + L) + I
or
Io = aly + al. + I
Ic—‘alc = &Ib + Ico
I. (1 —a) =aly + I
I = @ 1

Ib"r‘T—

1—a —a

S )|

We already know from chapter III that —% _ can be replaced by @,
a

so that equation (3) can also be written in the form

1. = &I, + Li . « - o oo & & = (4)

The factor can also be written as

l—a

1 l—a+a @
= =1+’1;a"=(1+&'). N )|

1—a 1—a
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Substituting (5) in (4), we have
I. = &Iy + (& + 1) I.

The expression (&' + 1) I, is referred to as I, .

For the OC71, @ = 49 (for V., = 4.5 V).

At a temperature of 25 °C, I, is thus (49 + 1) X 4.5 pA = 225 pA.
At 35 °C this current is 450 pA and at 45 °C it equals 900 uA.

This means that I.,” now has a considerable influence on the magni-
tude of ., so that steps have to be taken to keep the latter constant (by
using compensating circuits). A number of different circuits have been
developed for this purpose, and we shall deal with some of them in the
next chapter.

It should be noted that the quantities « and R; are also temperature-
dependent, although to a much smaller extent than /., so that any
changes in these quantities, resulting from temperature variations, can
generally be neglected.

The temperature of the PN junction in the germanium is determined
by the difference between the heat developed in the germanium, and the
heat which is removed. The former refers to the power which is converted
into heat in the transistor, while the latter depends on the degree of cooling.

Suppose that the temperature of the germanium is @; °C when a
power of P. mW is being converted into heat in the transistor and let the
ambient temperature, i.e. the temperature outside the glass bulb (or
metal cap), be Oamp °C.

This means that heat flows from the germanium to the outside of
the bulb, at a rate depending on the difference of temperature between
the two, i.e. on (0;-O.my) °C, and on the resistance which it meets on
the way. This resistance, usually indicated by K; depends on the construc-
tion of the transistor, including its dimensions and the silicone grease
which it contains, and thus constitutes one of the transistor characteristics
which is given by the manufacturer.

Consequently, the thermal current which flows through the transistor is

G)j = @amb
e 8 6
K (6)

This thermal current is proportional to the power converted into heat

thermal current =
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in the transistor, so that equation (6) may be written as follows

Q;— @al\:b‘

P, = S T T :
: - (7
In this expression, P, is expressed in mW

@,‘ in °C,

@amb in OC;

K in °C/mW.

Example: An OC44 has K = 0.6 °C/mW. The maximum per-
missible temperature of the germanium in this transistor is ©; = 75 °C.
What is the maximum permissible power P.n.x which may be converted
into heat in this transistor if the ambient temperature is Qamp = 25 °C?

From equation (7)

75 =25
- 06

If the transistor is mounted on the chassis, as is the case in output
amplifiers, the thermal resistance K is composed of several components.
For the OC16, for example, these are K,, between germanium and mount,
K; between mount and chassis, and K, between chassis and surroundings,
so that K = K,, + K; + K. The respective published values for the
OC16 are 1.8 °C/W, 0.7 °C/W and 3.75 °C/W. (It is obvious that the
last value will depend to a great extent on the size and shape of the
chassis, and also on the way in which the chassis is fitted in the cabinet.)

~ 80 mW.

Penax =

Example: An OC16 transistor has a collector dissipation of 4 W,
and the ambient temperature is 50 °C. What is the temperature of the
germanium?

Now O, = Oamy + Kr + Ki + Kp) Pe.

or

ambient temperature = 50 °C
chassis temperature 50 + 3.75 X 4 = 65 °C
temperature of the mount 65 + 0.7 X 4 = 67.8 °C

temperature of the germanium 67.8 + 1.8 X 4 = 75 °C




CHAPTER V

CIRCUIT TECHNIQUES

Circuits which operate with transistors can be classified as follows,
in the same way as circuits in which the amplifying element is a ther-
mionic valve.

1) Amplifier circuits for audio-frequency signals.
2) Amplifier circuits for radio-frequency signals.
3) Oscillator circuits.

4) Mixer circuits.

5) Detector circuits.

We will now examine the various circuits more closely, in the above
order.

I Amplifier circuits for audio-frequency signals

Ts2 Fig. 42 is the circuit dia-
"1 gram of an audio-frequency am-
plifier, in which the successive

stages of amplification are cou-

pled by means of transformers.

S The operating conditions of the
transistor 7S1 are determined
by the two batteries which supply
the voltages V. for the input
circuit, and V. for the output circuit. When there is no alternating
voltage being fed to transformer T, the battery voltages will cause direct
currents /, and /. to flow in the input and output circuits respectively,
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in the directions indicated by the arrows. If an alternating voltage is now
fed to transformer T, the current flowing in the base circuit will equal
the sum of the direct current /;, and the alternating current I,.. This
alternating current I, is amplified «" times by the transistor (the value
of o’ depends on the operating conditions of the transistor, i.e. on Vp,
and V) so that I... = o’I,... We assume here that the ‘batteries which
supply the voltages V. and V., have an extremely low internal resistance
to the passage of alternating current. It follows from these considerations
that a transistor is an energy amplifier, in contrast to the thermionic valve,
which is a voltage amplifier. There is no current flowing in the input
circuit (control grid circuit) of a thermionic valve (except in oscillation),
as there is in a transistor input circuit.

To obtain the maximum transfer of energy from one amplifier stage
to another, the two stages must be matched. In the circuit of Fig. 42, this
is attained by a proper choice of the ratie between the primary and
secondary windings of the transformer T,. For example, if the output
resistance of transistor 7S1 is 100 kQ and the input resistance of transistor
TS2 is 1 kQ, this ratio is

100,000 .
V_—moo = 10:1,

that is to say, that if good matching is to be obtained, the primary
winding of transformer 7, must have 10 times as many turns as the
secondary winding.

Another possible method of coupling two amplifier stages is illustrated
in Fig. 43. In this circuit, the two stages are coupled by an RC network,
as is often done with thermionic valves. It will be obvious that this method
does not give maximum transfer of energy, but on the other hand, a
correctly-dimensioned RC network gives less distortion than the circuit
already described. Think, for example, of the linear and non-linear
distortion caused by the coupling transformer.

If the input circuit of TS1 incorporates a voltage source which
generates an alternating voltage e,, an alternating voltage also appears
between the collector and emitter of 7SI, but this voltage is 180° out
of phase with the voltage e, (see chapter III, page 30). The alternating
voltage which is fed to 72 is part of this collector-emitter voltage, and
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Vbe Vce Vbe

Fig. 43 Fig. 44

is drawn from the potentiometer circuit formed by the coupling capacitor
Cy and the parallel resistance R; and R; (the latter is the input resistance
of TS2), as illustrated in fig. 44. The values of the capacitances and resist-
ances included in the input circuit of 752 depend on two requirements.
The first refers to distortion of the current in the input circuit and the
other to the so-called cross-over frequency. With reference to the first
requirement, it will be obvious that the values of the resistances and
capacitances in the input circuit of 7S2 must be chosen so that distortion
of the current I, in the input circuit is a minimum, because this distor-
tion is amplified, together with I,.., by a factor .

The term “cross-over frequency” refers to the frequency at which the
voltage across the coupling capacitor becomes equal to the voltage across
the parallel circuit of R, and R;. In Fig. 44, this is the frequency at which
Vk = Vi’, or

1
——— = R/

oCp '
(where R/ is the equivalent resistance of the parallel circuit of R; and
R)), as the same current flows through C; and the parallel circuit of R,

and Ri.

Consequently, the cross-over frequency is equal to

1

s = R

The choice of the cross-over frequency depends on the frequency
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characteristic required of the amplifier. To examine this question in more
detail would take us too far from our subject, particularly as the problems
involved are the same as those encountered in amplifiers equipped with
thermionic valves.

Example: Suppose that the input resistance of the amplifier stage,
R/ equals 1000 @, and that the chosen cross-over frequency is fx = 50 c/s.
The value of the coupling capacitor, Ci, can be calculated from

oo L
¥ 2 Cx Ry
or
1
A = 27 Cr X 1006

Cr = 32 X 10-6 F = 3.2 vF.

(A value which is very frequently met).

It should be noted that neither the circuit of Fig. 42 nor that of Fig. 43
are temperature stabilized, and so they can only be used if thg temperature
remains constant.

In the above discussion, it was assumed that the transistor was
working under the optimum operating conditions, or, in other words, was
giving the best possible amplification with the least distortion. We will
now examine the factors which influence the choice of the operating
conditions for a transistor.

The choice of the working point depends on a number of factors,
the principal ones being:

1) The permissible thermal dissipation,
2) The available battery voltage,
3) The size of the load resistance,

4) The nature of the load (whether it is purely resistive, or is
inductive),

5) The permissible distortion.
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Fig. 45 shows a family of
I.-V. characteristics for a
transistor in the grounded-
emitter configuration. The
maximum permissible dissipa-
tion at the PN junctions is
published by the transistor
manufacturer. Suppose that it
is 100 mW at 25 °C (ambient

Fig. 45

temperature) for the type of transistor selected. This means that P, =
I. X Ve = 100 mW, and that in no circumstances must this value be

exceeded at 25 °C. If this relationship, i.e. I X V¢ =

P, is plotted

on a graph, we obtain a hyperbola, as represented by the broken line in
Fig. 45. For each point on this curve, the value of I. X V.. is constant,

so that

Pc = 11V1 = I2V2 etc.

If the point A4 is chosen as the working point, it will be seen at once

I |mA
Il‘mox
AN
! -
e -
' | <
I : ~
I 1
E ! T
1 "
Vi Va Wo —>Vee (V)

Fig. 46

Fig. 43) while I;pmax = Vee
R,

line, that is, the line connecting the two points V. and

relationship

R;

Vce - Ece

that the d.c. power which is
converted into heat under
these operating conditions is
smaller than the maximum
permissible value.

The family of IV
characteristics is plotted again
in Fig. 46. Suppose that the
battery voltage is V. volts. If
the collector current I, = 0,
we have E,. = V. (see

when E.. = 0. For every point on the load

Vce

R, the
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is valid. Consequently, the slope of this load line depends on the value
of RL.

The working point, which lies on the load line, depends on the value
chosen for the direct voltage V... A closer examination of Fig. 46 shows
that the working-point must be at the centre of the voltage range between
Vo'~V if minimum distortion is to be obtained. (For very small values of
I.~ and Iy, this condition is not valid, and another position may be
selected for the working point.)

The voltage ranges (0-V;) and (V.,'-V.) cannot be used for amplifying
an alternating current. In the first voltage range (below the knee voltage)
there will be very considerable distortion because of the non-linear nature
of the I./V . characteristics. The voltage range (V’-V.) cannot be used
because, when I, = 0 we have I. = I,/ and V. = I.,” X R;. The
direct voltage to which the output circuit is adjusted is thus

Vk + Vco’

Vg = 2

because, in this case, (V. — V) is equal (V4— V). The working
point A is thus that point on the load line at which the voltage equals V 4.
The direct currents /., and I;, (the quiescent currents corresponding to
this working point) can be determined graphically from the family of
I~V .. characteristics and the I.-I; characteristic respectively, so that the
operating conditions of the transistor are now completely determined.

Fig. 47 shows the mutual relationships between I;, I, Ry and V.
in the form of a numerical example for a type OC71 transistor, involving
the use of a family of I.-V,. characteristics. After the above discussion,
the example will be self-explanatory.

As it is preferable to use one battery instead of two, the circuit of
Fig. 43 may be replaced by that of Fig. 48. The bias voltage on the base,
which is essential to the operation of the transistor, is now obtained by
means of the resistor Rp. The size of R, is determined from

Vo — Ebe

Ry = I

The direct current I, is a constant which depends on the chosen
operating conditions.




46 CIRCUIT TECHNIQUES [V

&
13
>

Iy=
i I R=25mWl | | A—T40uA

« - =120

X
\

- 90

\
\WATAYAY

VAUV

hiige

VAl
\
8

FAl
Y
1

|

|
]

— -4
|
-~
o

@A) 100 p 0 ‘ %

Fig. 47

As E,, is small in relation to V, it may be neglected, giving the
approximation

Vs
R, = A

In oractice, the value of R, usually lies between 100 kQ and
1 MqQ. It should be noted that the function of the coupling capacitor Cp
is to block the direct current i,. Otherwise, the input circuit might be
short-circuited by the source of alternating current, in which case the
operating conditions of the transistor would be changed.

It has already been explained that the operation of a transistor with
grounded emitter is very dependent on variations in the temperature of
the germanium. These temperature variations manifest themselves in a
variation of the direct collector current (I, = &Iy + I’). Generally
speaking, a transistor circuit can only be used if provision is made for
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compensating these variations of /., due to temperature changes. In the
circuit of Fig. 48, this is achieved by connecting the resistor R; between
base and collector, so that the circuit is changed to that of Fig. 49.

The resistor R, is now

Ece - Ebe . Vb - IcRc
Ib Ib

Ry, =

1

In the second expression the terms IR, and E;. have been neglected,
as I is very small in relation to /., while Ey. is also very small in relation
to Ec..

In the expression

Ve — IR,

Rb ~ Ib

Ry, R; and V), are constant, which means that when I, increases, the term
(Vs —I.R.) decreases, so that I, will also decrease, as the quotient of
(Vy —I.R.) and I, remains constant.

The consequence of this reduction in 7, is that I, will also decrease
as is indicated by the expression

Io = &l + Lo,

In this way, every variation in I, in the circuit of Fig. 49, is com-
pletely or partially compensated, whether it is due to temperature varia-
tions, or to an applied alternating voltage. This negative feedback means
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that the total amplification of the stage will decrease, but the feedback
itself can be reduced by splitting the resistor R, into two resistances,

—I;E'—-, and decoupling one of them (see Fig. 50).

The circuit of Fig. 51 offers another possibility of compensating for
variations in the collector current. In it, a resistor R, is connected in
series with the emitter.

Consideration cf the input or base circuit shows that

each of the value

V4= Epe + I.R: N (i O
(Kirchhoff’s second law).

The current I, equals the sum of I, and I., so that expression (1)
becomes

Vi=Epe + Up + IR, . . . . . . . . . (2)

As I, is many times greater than I, (at least &’ times as large), /5 can
be neglected in expression (2) which then becomes

Vi= Epe + I.R..

In this expression, V4 and R, are constant, while E;, and [, are
variable.

If I, increases, due to a rise in the temperature of the germanium,
for example, the voltage across the resistor R, will also increase
(I. X R.). This means that E;, will drop, because the battery voltage V 4
does not change. In its turn, a drop in Ej. results in a decrease in I
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B &
(see the I,-V3. characteristic), so that I, is once more reduced. In order to
prevent variations in /., which result from the alternating current I,..,
from being completely or partially compensated, the resistance R, is
decoupled. In practice, the value of R, usually varies from 10 Q to
2 k@ and that of C, from 25 to 100 uF. As a number of disadvantages
are attached to the use of a second battery, the circuit of Fig. 51 may
be replaced by that of Fig. 52. The

:

|

voltage V 4, which in Fig. 51 is sup-
plied by a battery, is now obtained
by means of a potentiometer circuit

of resistors R; and R,. {VB
If I, is left out of consideration, -‘-+
R
P 2 = ¥y
§ R, +R, °

To obtain good compensation,
V 4 must remain constant under all
circumstances, or in other words,
must be independent of variations in the current I, which flows through
the resistor R, in addition to /.

Fig. 52

This means that the current I/, which flows through resistors R,
and R,, must be large in relation to /,. In practice, I, is usually 5 to
10 times as large as /,. It must not be too large, as an excessive current
consumption would affect the life of the battery adversely. Circuits which
are operated from a large enough source, such as in car radios, are an
exception to this rule.

As already stated, then, the above potentiometer circuit only gives
good compensation when the current /, is large in relation to /5, and
the resistor R, is not too small. If it is required to work with a low
battery voltage, or with batteries of small capacity, which entail small
values of R, and I; respectively, the circuit will have to be modified
somewhat if sufficiently effective compensation is to be obtained.

Any increase in /, must be compensated by a decrease in ,, that is, by
a decrease in the voltage between base and emitter (V).
This voltage is:
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)
Y

it

i

Va=Veg—(l + L) Ry
Neglecting 1, we have:

V.=V

V , will decrease if the resistance of R, becomes smaller with increasing
temperature. This means that R, must be a resistor with a negative tem-
perature coefficient. (NTC resistor or thermistor). We shall return
to this point later, when discussing the push-pull circuit. Finally, two
amplifier circuits with temperature compensation are drawn in Figs. 53
and 54. In the circuit of Fig. 53 the two amplifier stages are coupled by
means of a transformer, and in Fig. 54 by means of an RC network.
After the above explanations neither circuit should require any further
comment.

b

o

'___

—
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Volume control

‘The choice of the position of the volume control in an a.f. amplifier usually

depends on two factors; the noise and the amplification. If the volume
control is included in the input circuit of the amplifier, as is often the
case when connecting to a cristal pick-up, etc. the noise caused by the
volume-control potentiometer is amplified together with the signal, so
that the signal-to-noise ratio is adversely affected. On the other hand,
if the volume control is not included in one of the first stages of the
amplifier, it is possible that one of the stages preceding it may be over-
loaded without any remedy being possible (such as turning the volume
control down). Consequently, the position of the volume control is usually
a compromise between the requirements concerning the signal-to-noise
ratio, and the desirability of being able to prevent over-loading of the
preceding stages.

We have already seen that a transistor has a low input resistance and
this at once poses a problem if the amplifier is to be connected to a
microphone or a crystal pick-up. These circuit elements behave like a
voltage source with a high internal resistance, which means that, in order
to obtain good matching, the load must also be high. This is certainly
true for the two signal sources in question, because the signal is small,
and there is quite a possibility that it may be influenced by an interfering
signal (e.g. hum) of approximately the same strength. (The magnetic field
of a gramophone motor, for example.)

Fig. 55

One solution is shown in Fig. 55 where the pick-up is loaded by a
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high-resistance potentiometer, which also serves as the volume control.
To prevent the low input resistance of the transistor being connected in
parallel to the potentiometer resistance R, when the slide is in the
maximum'position, thus resulting in loss of matching, an additional
resistor R, is connected in series with the input resistance. The coupling
capacitor C; prevents the operating conditions of the transistor from being
influenced by the movement of the potentiometer slide.

R

__:".______ll_l___l

__j}_______"l__




\4! AMPLIFIER CIRCUITS FOR AUDIO-FREQUENCY SIGNALS 53

If the potentiometer is not placed at the input of the amplifier, a
number of different circuits are possible. The three commonest circuits
are illustrated in Figs. 56, 57 and 58. The circuit of Fig. 56 has the
disadvantage that the potentiometer R, carries a direct current, which may
give rise to increased ‘-noise. The circuit of Fig. 57, which is an improve-
ment on Fig. 56, does not have this disadvantage, as the collector direct
current is blocked by the capacitor Cg. In the circuit of Fig. 58 the volume
control is included in the direct-current circuit which determines the
working point of the transistor TS,. This means that the potentiometer
does carry direct current, but this circuit is to be preferred to that of
Fig. 56, because /. is many times greater than /,.

The Output Stage

The job of the output stage is to supply energy to the loudspeaker, either
directly or via a transformer. The most frequently used arrangements in
transistor circuitry are:

1) The class A output circuit.
2) The push-pull circuit with transistors operating in class B or AB.
3) The single-ended push-pull circuit.

The class A output circuit

Fig. 59 is the circuit diagram of an output stage with the transistor
connected for class A operation. At first sight, the circuit appears identical
with that of a normal a.f. amplifier. (Compare Fig. 59 with Fig. 53.)
This is quite logical, as we have already seen that the transistor is not
a voltage amplifier, but an energy amplifier. The most important difference
between a normal a.f. amplifier and an output amplifier is that the
a.f. amplifier is driven by a signal of much smaller amplitude than
the output amplifier. As a result, most of the distortion in a
transistor amplifier is generally produced in the output stage, as is also
true for amplifiers with thermionic valves. Consequently, a distinction is
made in the literature, between small-signal amplifiers and large-signal
amplifiers.
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In these output stages in particular, it is of the utmost importance
that the transistor should operate at maximum efficiency, partly on
account of the permissible thermal dissipation, which is generally smaller
than for thermionic valves. For this reason, the working point is chosen
so that it lies on the dissipation hyperbola (see Fig. 45). The maximum
permissible voltage between collector.and emitter depends on two factors:

Fig. 59

a) The manufacturer’s maximum collector-emitter voltage rating.

b) The nature of the load. If the collector circuit is purely resistive,
the supply voltage can be made equal to the published voltage value,
without any risk.

The situation changes, however, if an inductance is included in the col-
lector circuit, as the voltage arising across the inductance when there is a

5 8 5 di
sudden decrease in the current flowing through it (E = -L 'd: ) must

now be taken into account. In this case, the voltage across the transistor
equals the sum of the supply voltage and the voltage across the inductance,
which may be many times the size of the supply voltage.The size of I. is
also limited because, at higher values of this current, the current-
amplification factor o’ drops steeply (see the sharp bend in the character-
istic), so that the correct load resistance is a compromise between the two
limits which refer to voltage and current respectively.
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Fig. 60 shows a family of 35— —

55

I.-V. characteristics, with

the dissipation hyperbola also

plotted. The voltage

range available for amplifying T L P

purposes is thus (E./— Vy),

where V is the knee voltage.

[5)

This treatment neglects

both the voltage loss across i —90

the emitter resistor (R, X { '

I)) and the voltage drop t 60

caused by I./”. The voltage %

E.y, is chosen so that (E. — !

Ecw) = (Ecw == Vk).

e i e e

The selection of the volt- A

P 2

age E., determines the posi-

tion of the working point W, I : —

and the load line 4B can BN

now be drawn (see Fig. 60). 0
In this example, the collec-
tor load is Fig. 60

R _ Ec’ - Ecw e Ec’ . Ecw
. Icw—lco, -

and the voltage E./ = 12 V.

20 Vce

Vi = 1V,sothat E.,, = 6.5V and the corresponding /., = 300 mA.

Consequently

12—16,5

Ri = 350 % 10

~ 18 a (I., is neglected here).

The efficiency of the output stage is theoretically determined as

follows:
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The d.c. power taken up by the transistor is

Pi=Ew XLig - . - . 5 « s o o« 5 « 1)
The a.c. power given out by the transistor is

Po = 3 Eco—Vi) Uw—10) . . . . . . (2
Now n= L2 X 100%.

i
Substituting (1) and (2) in this expression, we have

% (Ecw - Vk) (Icw - Ic‘o’)
Ecw X Icw

In the ideal case, when there is no distortion, and thus the transistor
is operating with linear characteristics, and when in addition, I.,” is very
small in relation to I.,, the maximum attainable efficiency is 50 %. In
practice, of course, the efficiency will be lower. The value of the load
resistance may be calculated from

E; cw _AKL‘

Tew—Ied

X 100 %.

n =

RL:

The push-pull circuit with two transistors in class B

The output stage which finds the most application in practice is the push-
pull circuit with two transistors operating under class B or AB conditions.
This configuration is used to obtain maximum efficiency, as the transistors

are usually fed from batteries.
— Fig. 61 shows the circuit dia-
gram of such a push-pull
stage, which can at once be
split into the actual push-pull
circuit itself, and the d.c. cir-
cuit which provides the right
operating conditions and tem-
+ perature stabilization. We will

examine the d.c. circuit first.




V] AMPLIFIER CIRCUITS FOR AUDIO-FREQUENCY SIGNALS 57

For both transistors, the negative bias of the base relative to the
emitter is obtained by means of the potentiometer circuit of resistors
R, and R,, and can be adjusted by means of R;. The resistor R,,
which forms part of the emitter circuit of both transistors, provides the
necessary temperature stabilization. On closer examination of the circuit,
we notice that the resistor R, is not decoupled. This is because a
decoupling capacitor would become charged, and would cause considerable
distortion.

Suppose that the instantaneous value of the alternating voltage induced
in the secondary winding of the input transformer has a polarity as
indicated in the diagram. The base of transistor 7'S1 is negative in relation
to the emitter, so that the input circuit of this transistor carries a current.
If the resistor R, was bridged by a capacitor, the latter would become
charged, and point 4 would become negative relative to point B. During
the other half cycle of the alternating voltage, the input circuit of the top
transistor (7S1) is blocked, while that of the bottom transistor (7'S2)
carries a current. Consequently, full-wave rectification takes place in
the input circuit of the two transistors, and point 4 would become
negatively charged in relation to point B. The resultant voltage difference
between points 4 and B would affect the operating conditions of both
transistors, so that a large amount of distortion would be introduced.
For the same reasons, the resistor R, is kept small (usually less than 20 Q),
or else is omitted altogether. In the latter' case, shown in Fig. 62, the
resistor R, is usually shunted by an NTC resistor or thermistor.

Having dealt with the d.c. circuit, which serves principally for the
determination of the working point of the transistor, and for temperature
stabilization, we will now
consider the a.c. circuit, the =
principle of which is shown in R %’

Fig. 63. The input circuit of _ 7 T
this push-pull stage consists of ’

‘the secondary winding of the LS
transformer 7, and the base-

emitter junctions (equivalent Ry o

to diodes) of transistors TS1 4

and T7S2. It will at once be Fig. 62
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seen from the input character-
istics shown in Fig. 64, that a
given bias V. (supplied by
the battery) may result in
fairly large differences in I,
for the two transistors. A first
requirement for good push-
pull operation, however, is
that the current in the collec-
tor circuit should be the same
for both transistors. In order
to achieve this, the input
characteristic and the current
amplification factor of the two
transistors must be identical,
within certain limits. For this
reason, transistors for push-
pull output stages are often
supplied in “matched” pairs,

v

x| RS -
Klg

Fig. 64

i.e. the two transistors are selected in the factory, so as to have similar
input characteristics and current-amplification factors. If one of the two
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output transistors becomes defective, the good one must also be removed,
and the pair of them replaced. The working point of the two new
transistors is then adjusted by means of the variable resistor R, (see
Fig. 61). This adjustment will be discussed in more detail, later on.

Fig. 65a shows the input characteristics of the transistors 7S1 and
TS2, both operating in class B. The two characteristics, which are com-
pletely identical, are drawn in.the manner normally employed for ther-
mionic valves. If the amplitude of the alternating voltage induced in the
secondary of the input transformer T is A volts, a current 7, will flow in
the input circuit of the transistors, as plotted once more in Fig. 65b. With
a voltage of smaller amplitude, the current /; flowing in the input circuit
has the form shown in Fig. 65c.
Consideration of Figs. 65b and
65¢ shows that the distortion in-
creases as the current I, becomes
smaller, so that the current I,
shown in Fig. 65c, is already un-
acceptably deformed. This is the
reason why two transistors are
never operated purely in class B,
but rather in class AB; in class
AB, the percentage distortion
decreases sharply, as may be seen
from Fig. 66. The operating Fig. 66
conditions cannot be changed
in this way, however, without taking other considerations into account,
because the current I, increases considerably, and increases the chance
of overloading. In practice, a compromise has to Be made between
the permissible distortion on one hand, and the maximum permissible
value of I, on the other, the latter in connection with the maximum
permissible collector dissipation. Remember that the collector current, which
has the same form as I, is o’ times the size of the latter. Receiver manu-
facturers therefore indicate a maximum permissible value (mentioned in
the servicing literature), which must not be exceeded. If the transistors
are replaced, a milliammeter is included in the collector circuit, as shown
in Fig. 61, and the working point of the new transistors is adjusted by

ISl /. ..

|
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means of the potentiometer R,, until this value is reached, as indicated
by the meter.

The efficiency of a class B push-pull circuit, with two transistors, may
be calculated as follows. The a.c. power developed by each transistor is

Vi In
= i 7 = e
RElsE * o

The 3 is due to the fact that each transistor supplies only half of each
cycle of alternating current, and is blocked during the other half-cycle,
i.e. TS1 supplies one half of the cycle and 7'S2 supplies the other half.
The d.c. power taken up by each transistor during one a.c. cycle is

= & Vil

By L WA SCL =V R
™
1
P g Vlm .
So that n = Po = 1 — 2 = 0.78 or 78 %.
I

Because of requirements connected with the permissible distortion,
however, the efficiency attainable in practice is lower, usually being from
60 to 68 %.

The single-ended push-pull circuit

Where a higher supply voltage is available (public address systems, car
radios, for example) the normal push-pull circuit is sometimes replaced
by the single-ended push-pull circuit. This circuit can easily be derived
from the classical push-pull circuit as follows.

The basic push-pull circuit is shown again in Fig. 67, but with the
difference that the output transformer has been replaced by a resistor R,.
This is justified by the fact that the output transformer is loaded by a
loudspeaker, which for all practical purposes, behaves like a resistive load.
The same circuit is redrawn in Fig. 68, but with the resistor R, split
into two equal parts.
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The two circuits comprising the push-pull circuit are now shown
separately in Fig. 69. Fig. 70 is the same as Fig. 69, except that the lower
circuit has been turned upside down, and the resistors § R, have changed
place with the batteries. The single-ended push-pull circuit is obtained
by joining the collector circuits of transistors 7S1 and T'S2 together (dotted
lines in Fig. 70) and is thus as shown in Fig. 71. It is at once obvious that
in contrast to the classical push-pull circuit, the two transistors are now
connected in series for direct current, but in parallel for alternating current.
In the new circuit, the load resistance is reduced to one quarter of its
value in the normal push-pull circuit, while the voltage between the
collector of TS1 and the emitter of 72 is twice the corresponding voltage
in the latter. This last point is particularly important in circuits operating
with relatively high power (2 X OCI16 in push-pull, for example) where
currents of 2 to 3 A are required, because of the low voltages. (Bear in
mind the rectifier or batteries which have to supply these heavy currents.)
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Fig. 71 also indicates that no direct current is flowing through the

: R ; = s
load resistance, ( 4" ), but only alternating current. As it is rather incon-

venient to use a battery with a centre-tap, Fig. 71 may be replaced by
Fig. 72. As far as alternating current is concerned, the circuit has not
changed at all, as the battery is practically a short circuit for alternating
current. This is not so for direct current, however, as the resistor

(I:") is now connected in parallel with

—L . .

T R & T the transistor 752, and a capacitor has
LS \ to be included in series with the
X7  |2%e resistor, in order to block the direct

I
I
I
I
|
I
I
I

current. Finally, Fig. 73 shows another

practical example of this type of cir-
Loe cuit, in which the working point of
A L both transistors is adjusted by means
2 T
[

of the resistors R; and R,.

Fig. 73

Tone control

A transistor amplifier will require correction of its frequency charac-
teristic at a lower frequency than a similar amplifier using thermionic
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valves. In a grounded-emitter transistor circuit, for example, it may no
longer be possible to ignore the phase shift between collector current and
base current at even such a relatively low frequency as 5000 c/s. (This
phase shift is never exactly 180° but changes with changing frequency.)
We shall consider these phase displacements in more detail when we
discuss r.f. transistors. The resulting linear distortion also depends on the
number of transistors connected in cascade.

Consequently, it may be necessary or desirable to have additional
means of tone control for the higher frequencies. Fig. 74 shows some
of the many possible ways of achieving this. First of all, there is a series
circuit of resistor and capacitor, connected to a fixed tap on the volume
control at the input of the amplifier. The resulting effect on the frequency
depends on the position of the volume control and this is known as
“physiological” volume control. The object of this circuit is to provide
some compensation for the ear’s insensitivity to high-and low frequencies
at Jow volume.

Another type of tone control (C5 and Rg), which is independent of
the volume control, is applied between base and emitter of the transistor
TS2. In addition, the primary of the output transformer is often shunted
by a series circuit of resistor and capacitor (R;; and Cg).

However, very effective adjustment of the frequency characteristic

of the amplifier can be obtained by means of frequency-dependent negative
feedback.
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Negative feedback

The degsee of distortion experienced by the amplified signal depends on
the choice of the working point and on the amplitude of the input signal.
The influence of this second factor is due to the more or less curved form
of the various transistor characteristics. Most of the non-linear distortion
in the output signal arises in the output stage, since this operates with
large signal amplitudes. This means that in a transistor amplifier it is
often sufficient to apply feedback across the output stage, and possibly
the preceding driver stage as well.

The feedback voltage may be taken from either the primary or the
secondary side of the loudspeaker transformer. In the second case, the
distortion due to the transformer itself is also reduced but against this,
the extra phase displacement caused by the transformer may make the
circuit unstable. The feedback voltage derived from the output is
conveyed, in the correct phase, to the input circuit of the transistor in
the driver stage. The circuit is shown in Fig. 75. The capacitor C; functions
as a blocking capacitor, with the object of preventing any disturbance of
the operating conditions of the driver stage (7S1). A phase-shift network
is often included in the feedback circuit, so as to prevent excessive phase
shift of the feedback voltage at the higher frequencies, which could lead
to instability. In Fig. 75 this is the parallel circuit of R; and C,. As
already mentioned in connection with tone control, the frequency charac-

" X
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teristic of the amplifier can often be influenced to a considerable extent
by proper dimensioning of the negative-feedback circuit. For example,
if the value of the blocking capacitor in Fig. 75 is kept low, there will
be less feedback for the low frequencies than for the high frequencies.

Practically the only applications of negative feedback to the first stages
of an' amplifier are

a) to influence the frequency characteristic of the amplifier,
b) to reduce variations in o’

The commonest arrangement in a resistance-coupled amplifier, is to
take the feedback from the collector to the base, either directly or via a
frequency-dependent network. An alternative to this voltage feedback is
current feedback bbtained by not decoupling the emitter resistor, or by
only partial decoupling.

Ry Re R, Ry
— +
Fig. 76 Fig. 77

Fig. 76 shows a simple circuit which is frequently employed to reduce
the spread in amplification resulting from variations in «’. This circuit
has the additional advantage that it increases the stability of the transistor
operating conditions (d.c. stabilisation). Finally, Fig. 77 shows a frequency-
dependent feedback circuit, by means of which an extra boost can be
given to the low frequencies, to an extent depending on the choice of

capacitor C,.
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II Amplifier circuits for radio-frequency signals

So far, we have only discussed circuits in which the transistor has operated
as an amplifier for audio-frequency signals. It was tacitly assumed that the
transistor was purely resistive in its behaviour or, in other words, that
any capacitances and self-inductances could be neglected. This is indeed
true for the circuits we have already considered, but it is not true for the
circuits to be discussed now. Before we start examining the various r.f.
circuits, however, we must take a closer look at the transistor itseir.

Fig. 78 shows a transistor connected with common or grounded
emitter. The input circuit consists of the voltage generator supplying an
alternating voltage e,, the resistance which the alternating current experi-
ences in the N germanium, and the resistance of the PN junction between
base and emitter. This PN junction, however, also behaves as a capacitor,
because it consists of two types of germanium, separated by an insulator
(see chapter II). Consequently, the input circuit can be represented by
the equivalent circuit of Fig. 79.

1
c b Re b c
b )
% e Ree == <% Ree -I- R
¥ f ” =
; e s ;

Fig. 78 Fig. 79 Fig. 80

£I

A similar equivalent circuit can be derived for the output, or collector-
circuit, and consists, as in Fig. 80, of a current generator supplying an
alternating current o', followed by the resistance due to the collector and
emitter PN junctions, with its parallel capacitance, and finally the load

resistance R;. The two

’ Coie circuits are coupled to-

p o g L | R _ gether by the PN junction
-[ Rs. -J- between base and collec-
Rbe Ree RL  tor, so that the whole trans-
-Fc'e T -Fce istor circuit of Fig. 78 can

b ~ B ¢ be replaced by the equi-

Fig. 81 valent circuit of Fig. 81.
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The published values of these resistances and capacitances for the
r.f. transistor type OC44 are as follows:

Ry’ 110 Q

Ri'e 2.6 ko Crle 410 pF
Rye 2 Ma Cil'e 10.5 pF
R 25 ka Cee 9 pF

Another transistor parameter which
plays an important role in r.f. opera-
tion is the cut-off frequency fce. It is
found that the current-amplification !
factor « decreases in value at higher !
frequency, and the cut-off frequency is :
defined as the frequency at which « e —f
has dropped 3 dB (see Fig. 82). In Fig. 82
addition, the cut-off frequency for a
transistor in the grounded-emitter configuration is found to be o times
as low as the equivalent frequency for the grounded-base configuration.

Thus fca' = f::

After this general examination of the behaviour of the transistor at
higher frequencies, we will proceed to discuss 1.f. amplifiers.

Intermediate-frequency amplifiers

The i.f. amplifier has two functions:

1) To supply the necessary amplification.
2) To provide the requisite selectivity.

In this application, the load impedance of the transistor consists of
one or more tuned circuits, depending on the selectivity and bandwidth
which are required of the amplifier. We have already seen that in r.f.
operation, the input and output circuits of a transistor are internally
coupled by means of a resistance (R,’.) and a capacitance (C,’.). This
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means that there is a certain interaction of the collector circuit with the
base circuit. This interaction takes place partly via the resistance Rj'.
and partly via the capacitance C,’.. The interaction via the resistance is

purely resistive, so that it shows

= itself as feedback, and thus
15 \\ 7 causes a loss in amplification.
a \ / The interaction via C’. however,
T'o X 7 is not resistive, which means that
L part of the collector voltage fed

7/] to the input circuit experiences a

5 \ \" P phase shift. As a result, the band-

‘ \‘ y pass curve of the i.f. amplifier

\ Y / will lose its symmetrical character

3 ) K (see Fig: 83) while in certain

\‘ | / cases, instability may occur. It is

g N | g thus desirable to compensate for
15 ‘- this interaction as far as possible,

\ by applying neutrodyning. The

_’,2_,0 8642 0 2 4 6 8 1 r2xys method employed is the one
Without interaction via Cyc which is used with triode valves.
T w’fh (el oS ke Part of the collector voltage
Fig. 83 . oot
is conveyed to the base circuit
in the correct phase to compensate for the voltage which is fed back
internally. Sometimes, only the interaction via the capacitance Cp’c is
compensated, the interaction via R,’., which means a loss of amplification,
being accepted.
Fig. 84 shows two
frequently-used neutrodyne 1 Ci
circuits. In' the circuit of L"Ll-'lg
Fig. 84a, the compensating 181 R | 152
voltage is taken from the 5 52
untuned coupling coil S,, = ..L—
and is fed to the input
circuit of the transistor via TT
the parallel circuit consist- ' ' -
ing of R, and C, (neutro- Fig. 84 a
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dyne circuit). Care must be taken to obtain the right phase relationship
for this feedback voltage. If it does not oscillate, an incompletely or
incorrectly polarized circuit
can be recognised from the
asymmetrical form of the
band-pass curve.

In the circuit of Fig.
84b, the two transistors are
coupled together by means
of a band-pass filter. This
means that the voltage
across the secondary circuit
is not 180° out of phase, but 90° out of phase with the voltage across
the primary circuit. Consequently the veltage required for neutrodyning
cannot now be taken from the secondary circuit of the filter. In the circuit
illustrated, this problem is solved by extending the coil S; (the primary
winding of the r.f. transformer) by a few turns. The voltage induced in
this extra winding (S3) is 180° out of phase with the voltage across the
winding S, and is fed back to the input circuit of the transistor T'S1 via
R, and C, in series. If the interaction is completely compensated by the
neutrodyning, the circuit of Fig. 84b is equivalent to that of Fig. 85, in
which the transistor is replaced by the corresponding network of capa-
citances and resistances. The resistance R,’. and the capacitance C;’. are
omitted, because their influence has been compensated by the neutrodyning
circuit.

S S2

7s2

S3
T , &

Fig. 84 b

Rp
S Roe l Che ~ lcce
1 FT° 92 R
Input circuit Output circuit

Fig. 85

From Fig. 85 we see that the capacitances Cp’. and C.., which are
respectively the input and output capacitance of the transistor, are con-
nected in parallel with the tuning capacitors of the band-pass filters, and
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thus form part of the tuning capacitance of the coupled circuits. In addition,
the input and output resistances R;’. and R, cause a certain damping of
the tuned circuits. This damping reduces the Q factor, usually to such
an extent that matching has to be employed via a tap on the r.f. trans-
former. Fig. 86 shows the circuit diagram of a complete i.f. amplifier.

Fig. 86

III Oscillator circuits

In principle, every oscillator circuit may be reduced to an energy-
amplifying element, a source of supply, and a feedback circuit. The
function of this last circuit is to feed part of the output energy back to
the input circuit in the correct phase, and with the right magnitude. This
means that little difference in circuit technique is to be expected between
oscillator circuits employing thermionic valves as the amplifying element,
and those in which amplification is provided by transistors. /|

Transistor oscillator circuits, however, must always take into account
the thermal sensitivity of the transistors, as this thermal sensitivity
influences the working point of the transistor, and thus the frequency.
Consequently, special attention must be paid to thermal sensitivity if a
stable and reproducible operating frequency is to be obtained.

In the circuit of Fig. 87, the feedback from output circuit to input
circuit is obtained by means of the coupling coil S,, which is tuned by Cs.
The input circuit (considering only the a.c. circuit for the time being)
is formed by the series circuit of base-emitter junction, coil S3, C, and C,
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while the output circuit consists of the base-collector junction, S; and R;.
The two circuits have the base in common, and are coupled together
inductively, so that part of the collector a.c. voltage is fed inductively
into the emitter circuit. The correct relationship between the a.c. voltages
in the two circuits is obtained by selection of the mutual winding ratios
of coils Sy, S, and S3. The d.c. circuit which sets the working point of the
transistor, and provides the temperature stabilization, consists of the
potential-divider R; and R,, and the emitter resistor R3. As far as
alternating current is concerned, the transistor in this oscillator circuit is
thus connected with common base, but for direct current, it is connected
with common emitter.

5EG

Fig. 87 Fig. 88

Fig. 88 shows another oscillator circuit, in which the transistor is
connected with common emitter for both -alternating and direct currents.
Part of the collector alternating voltage is injected into the base circuit
via the coupling capacitor C;. No further explanation will be required,
but it should be noted that the choice of which oscillator circuit‘to use
depends largely on the frequency range, and on any temperature variations
which may occur. This is the reason why the circuit of Fig. 87 finds more
application than that of Fig. 88. (Higher cut-off frequency and greater
thermal stability.)

IV Mixer circuits

As a transistor has only three electrodes, mixing can only take place
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according to the principle indicated in Fig. 89. Vig
The aerial signal is usually fed to the base (the

most sensitive electrode in the grounded-emitter T
configuration), while the oscillator signal is injected Vi'_"".’

into either the emitter or the base. The i.f. signal
is then taken from the collector.

The current flowing in the input ‘circuit of the T%sc'
transistor will depend on both the aerial signal and
the oscillator signal, and on the curvature of the
input characteristic (additive mixing). Consequently, the collector current,
which is o« times as large, also contains components at both the sum and
difference frequencies of the aerial and oscillator signals. The tuned circuits
of the i.f. band-pass filters are set to one of these frequencies, in practice
always the difference frequency, so that onl'y the difference produces a
voltage across the filters. As in i.f. amplifiers, there is here too a certain
interaction of the collector circuit on the base circuit, via C;’. and Ry..
In connection with the mixing process, however, this interaction is much
more complicated, and can be devided into two catagories, namely:

1) Interaction under the influence of the mixing process.

2) Mixer interaction.

In the latter process, the i.f. signal is fed back to the aerial circuit
via C/., and is then mixed with the oscillator signal back to the aerial

frequency.

Fig. 89

The oscillator voltage re-
quired for the mixing process
can either be supplied by a
separate oscillator, or can be
produced by the mixer itself.
In the first case we speak of a
pure mixer circuit, while the
second type of circuit is usu-
ally known as a combined
mixer circuit.

Fig. 90 shows a pure
mixer circuit. The oscillator
signal from a separate oscil-
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lator is injected into the input circuit of the mixer transistor via the r.f.
transformer S3-S4, while the aerial signal is fed into this circuit by means
of the transformer S,-S,.

By means of the potentiometer R;-R,, the working point of the
mixer transistor is set on the bend of the input characteristic, so that the
two signals are additively mixed. The i.f. signal is then taken from the
tuned circuit C3-S5. This circuit has a disadvantage which is common to

all additive mixer circuits, <
5

namely that the oscillator _| 5

signal can reach the aerial, |, G _:% €F
which then radiates it . 7SI -

The combined mixer- '

oscillator circuit of Fig. 91
has the advantage over the
circuit of Fig. 90, that it
saves one transistor, i.e. the
one in the separate oscil-
lator. From the above dis-
cussion, the method of
operation of this circuit
should not require any
further explanation. Fig. 91

I+

V Detector circuits

As a general rule, receivers which have transistors as amplifying elements
employ a crystal diode (a germanium or silicon diode) to detect the i.f.
signal. If we temporarily neglect the much lower detection resistance,
due to the low input resistance of the first a.f. transistor, we see that the
detector circuit is exactly the same as the one employed in conventional
circuits with thermionic valves. Fig. 92 shows a detector circuit in which
the i.f. signal to be detected is taken from the secondary of the i.f.
transformer, S,-S,. In order to prevent the detector circuit from damping
the preceding i.f. circuit too much, the voltage to be detected is stepped
down (The winding S, contains more turns than the winding S.), but this
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means that the efficiency

%pz e éﬁg of the diode will drop.
S X The direct voltage pro-
G & L duced across the detector
- = ? resistor R, which is usu-
- —|—t—A46c ally a potentiometer, dep-
“% ends on the amplitude of

R, G =C; R, Rs AF the unmodulated i.f. carrier
T 4+ Wwave and, just as in appa-
ratus which wuses ther-
mionic valves, this voltage

is used to control the operating conditions of one or more of the preceding

amplifier stages (automatic gain control). This a.g.c. results in extra
damping of the last i.f. circuit, and the a.g.c. voltage results in the diode
being slightly biased in the forward direction. In order to keep the bias
voltage very small, on account of detector distortion, it is partially com-
pensated by the series circuit of resistors Rz and Ry.

In the circuit of
Fig. 93 the PN juncti9n "?2 %R3
between base and emit- Is2 e

ter of the transistor 752

functions as a detector

diode. This circuit may TSI -

be compared with a T —_—
I |_

thermionic valve grid- 1f
detector circuit, as tran- j_‘
sistor TS2 both detects Ry G C3 Ry Rg Cs
the i.f. signal and am- T T % %
plifies it. It has the
disadvantage, that the
detected i.f. signal is only slightly amplified, because the choice of the
working point is partly determined by the fact that the transistor is
functioning as a diode, and for this reason it is kept low.

Fig. 92

Fig. 93



PR A -
O
V] AUTOMATIC GAIN CONTROL U T IS

C

VI Automatic gain control

The high sensitivity demanded of receivers on the one hand and the
strong signals received from nearby transmitters on the other hand, mean
that there must be some way of controlling the r.f. section, in order to
prevent the last i.f. amplifier from being overdriven. In most transistor
receivers, only one i.f. stage is regulated. Considerations of stability mean
that the mixer stage is hardly ever regulated.
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Fig. 94

For both transistors and thermionic valves, the amplification is
regulated by shifting the working point. A change in the working point
means a change in the values of the various transistor quantities such
as o/, R; and R,, to mention only a few, which affect the amplification and
bandwidth of the amplifier. The disadvantage of this regulation is, that
when the signal strength increases, the values of R; and R, also increase,
so that the bandwidth becomes smaller. The movement of the working
point is achieved by changing the base-emitter voltage. In the circuit of
Fig. 94, the control voltage to bring about this change is taken from
potentiometer R;3, which serves as volume control. The filter R,-C; is
inserted in order to prevent the a.f. signal from being superimposed on
the control voltage, and so reaching the i.f. transistor which is being
regulated. As a sensitive a.g.c. is usually obtained at the -expense of
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stability, practical circuits have to make a compromise between a sensitive
a.g.c. on one hand and, on the other hand, considerations of stability
with reference to temperature variations and to spreads in the transistor
characteristics.



CHAPTER VI

PRACTICAL HINTS FOR MOUNTING AND SERVICING

As far as size and robustness are concerned, a transistor is much more
like components such as resistors, capacitors, etc. than the conventional
radio valve. This difference is at once apparent in the method of mounting,
as a radio valve is nearly always plugged into the circuit via a valve holder,
while, apart from a few exceptions, a transistor is soldered directly to the
wiring: In itself, this gives rise to one of the problems of mounting
transistors, that is, thermal dissipation.

It has already been pointed out several times that transistors are very
sensitive to temperature fluctuations, and also that the temperature of
the PN junctions in the crystal must not exceed a specified maximum
value. As explained in chapters IV and V, the first of these problems
is solved by the use of special circuits. The extent of the second problem
depends on the amount of heat developed in the transistor, and the
amount of heat removed in unit time, or, in other words, on the thermal
dissipation on one hand, and the position and method of mounting of
the transistor on the other.

The maximum junction temperature is always
published by the manufacturer and for Philips tran-
sistors it is 75° C (except for subminiature transistors
such as the OC57, OC58, OC59 and OC60). If this
temperature is exceeded, the transistor may suffer
permanent damage. For example:

a) The soldered joints of the emitter and collector
connections to the indium pellets may become loose
(see Fig. 95)

b) The indium may diffuse too far into the N
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germanium, causing a change in the value of ¢/, and, in many cases an
increase in noise.

The effect of a) can be traced at once since the circuit stops working,
but the second effect is much more difficult to localize. The first require-
ment which a transistor mounting has to satisfy thus refers to the transfer
of heat to its surroundings. This transfer may take place either by
conduction or by convection (transfer of heat to air flowing past the
transistor).

Convection is usually sufficient for r.f. transistors, as the power
involved is small, and there are considerable advantages in soldering the
transistor directly into the wiring (short connections).

This is not so, however, for a.f. amplification, and in particular for
output stages (OC16 and OC72A), as the power converted into heat
in these transistors is much greater, and must be removed by conduction.
Accordingly, the OC72A transistor is fitted with a mounting bracket which
is clamped round the glass bulb, so that it can be screwed on to the
chassis.

It should be noted that metals are the best conductors of heat, so
transistors should be mounted on metal parts which are welded or screwed
together. For example, do not mount an output transistor on a tagboard,
as the metal parts are separated from each other by resin-bonded paper,
which is a thermal insulator. In addition, the position of the transistors
must also be carefully chosen, so that they do not receive heat from
other components such as supply resistors, dial lamps, etc.

Whether the transistor is separately mounted or not, it must be soldered
into the electric circuit, but if a good soldered connection is to be obtained,
the point at which the connection is made must be hotter than the
maximum temperature permissible for the PN junctions. Consequently,
special precautions must be taken to prevent this heat from reaching the
actual transistor element via the lead-in wires, as this could damage the
transistor.

For this reason, the following three points must be observed:

a) The connection must be soldered quickly.
b) Flux-cored solder with a low melting point should be used.
c¢) The lead-in wires of the transistor must be held between the
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jaws of a pair of flat-nosed pliers while soldering, as shown in Fig. 96.
Excess heat is largely removed by the pliers, and so does not reach the
transistor element. .

Transistors are sensitive to light, as well
as to heat. For this reason, transistors having
glass bulbs are always painted with black
lacquer. After mounting a transistor, always
check to see that the coating of lacquer has not
been damaged during the process. If it has, paint
over the scratch with black lacquer, or fit a
length of black, or black-painted, insulation
sleeving on to the transistor. To give only one
example, damaged lacquer on a transistor in a
radio set may cause an annoying hum, as the
brightness of both incandescent and fluorescent lamps, particularly the
latter, usually varies at a frequency of 100 c/s.

Always check that the leads of a transistor have been connected in
the right way (i.e. that the collector and emitter connections have not
been interchanged). If these connections have been interchanged, the
apparatus will still work, but the circuit will be much less sensitive, while
the emitter, now operating as collecter, will quickly become overloaded.
(With a.f. and output transistors, this will occur under normal operating
conditions.)

Overvoltage, that is, an excessive voltage between collector and emitter,
may badly damage a transistor, even if it does not destroy it. This
depends on the collector load, so it is very important to prevent this load
being short-circuited while soldering or making measurements. If any
soldering is to be done, the apparatus should be switchend off first, and
if measurements are being made with a bare probe, special care must be
taken to avoid causing short circuits.

Voltage measurements on transistor circuits must be made with meters
having a high internal resistance (about 10,000 Q/volt or more) as
otherwise the sum of the current drawn by the instrument, and the normal
load current, may exceed the maximum permissible current for the parti-
cular operating conditions in question, and may damage the transistor.

In receivers having a high supply voltage (e.g. 12 V, as in a car radio)

Fig. 96
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the loudspeaker must not be disconnected from the secondary of the
output transformer without taking special precautions. If these precau-
tions are neglected, the alternating voltage between collector and emitter
will become tvo great, and the PN junctions in the crystal may break
down. If it is essential to remove the loudspeaker for some reason, the
volume control of the receiver must first be turned right down.

Reducing the load resistance, or short-circuiting it, which is still
worse, results in overloading of the output transistor(s), and is practically
certain to damage them sooner or later. Consequently, the secondary of
the output transformer must never be made smaller than the size calculated
for efficient operation of the circuit. For example, no extra loudspeakers
may be connected directly to the output. If it is required to connect an
external speaker, it is recommended that this should be done in such a
way that the internal loudspeaker is automatically disconnected when
the external plug is inserted in the set.

Summarizing the above points, we can state the following 5 rules:
1) Before carrying out repairs, or doing any soldering, the apparatus
should be switched off.

2) Voltage measurements should be made with a meter which has a
sufficiently high internal resistance.

3) When deciding the position of a transistor, and the method of
mounting to be employed, always take its thermal sensitivity into account.

4) Never short-circuit or disconnect the load without taking suitable
precautions. In both cases, the transistor may be seriously damaged if
these are neglected.

5) If a transistor appears to be faulty, always check that this is not
due to a fault in another component, e.g. in the decoupling capacitor across
the emitter resistor.

Designation systems

Transistor manufacturers have developed a number of codes for desig-
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nating any given type of transistor. The following tables ') give the key to:
a. the old European code

b. the new European code.

The old European code

OCP 70
IJ[ |
) { |
Third letter
First letter Second letter (o'n.ly for spe- Numbers
cific charac-
teristics)
The first letter | A Diode P Photo- One or more
is. aliape an O | © Transistor sensitive numbers rc?latmg
Z Zener diode o the design
R Diode with
resistor
character-
istics

1)  Th. Kroes, Tube and semi-conductor selection guide 1960/61, Philips Technical
Library, Centrex Publishing Company, Eindhoven, 1960.
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AF 102

-
v

The new European code

ol

[VI

First letter

Second letter

Serial number

iGermanium

Silicon

Diode

Transistor for a.f.
amplification

Power transistor (for
a.f. amplification)
Tunnel diode
Transistor for r.f.
amplification

Power transistor (for
r.f. amplification)
Photosensitive semi-
conductor

Switching transistor
Thyristor, Shockley

diode, controlled
rectifier

Power switching
transistor

Power diode
Zener diode

For com-
mercial
applica-
tions, this
is between

100 and 999

For other
than com-
mercial ap-
plications,
the serial
number
consists of
a letter and
two figures,
e.g.

Z 10

Y 12

ete.

t
1]

AT Z 10




CHAPTER VII

MEASUREMENTS

As with thermionic valves, the various characteristics of transistors can
be determined by measurement. In this chapter we shall see how a number
of the quantities described in previous chapters can be measured. Although
the measurements are described for a transistor connected with grounded
emitter, it will be obvious that they are also applicable to the other basic
configurations provided that the polarities of the batteries are changed.

The descriptions cover the measurements of:

1) The I.-V.. characteristic.

2) The value of «’.

3) The I,-V},. characteristic.

4) The input resistance.

5) The output resistance.

6) The value of 1., .

7) The value of the cut-off frequency f.. .

1) Determination of the /.-V .. characteristic

This characteristic is determined by means of the test circuit illustrated
in Fig. 97. It gives the relationship between the voltage V.. (between
collector and emitter) and the collector current /. for different values of
the base current /,. As there is a full discussion of the characteristic in
Chapter III, we shall not go into any further details here.

Switch §; is first closed, and the base current 7, is adjusted to the
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required value by means of the potentiometer R,;. The current may be

read from meter /; (For some
mA types of transistor, this mA
T meter must be replaced by a
#A meter). Switch S, is now
closed, and the collector volt-
age is increased by means of
potentiometer R,., noting the
corresponding values of I,
and V.. at intervals. The base
:} T IF-—--- current must not vary during
7 Vy this operation, and so must

Fig. 97 be readjusted as necessary.

Ie
R
Ip
b=
o mA
I {7
I s
\fv b3
o

B

2) Determination of o’

The same test circuit is also used for this measurement. The transistor
manufacturer usually quotes the value of o’ for particular values of V.,
and I,. In order to check the current amplification factor «’ of a transistor,
the operating conditions must first be adjusted (by means of potentio-
meters R,, and R,;) so that the current I, is, say, 100 uA above the
published value, while the collector voltage is adjusted to the published
value. The current which now flows in the collector circuit may be termed
I.; and the corresponding base current, I,;. The base current is now
set at 100 WA below the published value while the collector voltage is
kept constant. In this case, the current in the collector circuit will be /.,
and the corresponding base current, Ipo. )
The current amplification factor o’ can be calculated from:

’ Ic1—1c2
a —

Ibl _I;

It should be remembered that the selected variation in /5 depends
on the type of transistor which is being tested. Although a variation of
100 pA has been quoted in this description, the figure may need to be
considerably smaller, say 20 A, for some types of transistor.
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3) The [,-V;. characteristic

This characteristic, which gives the relationship between the voltage V.
(between base and emitter) and the base current I, for various values of
the collector voltage V., has already been discussed in full in Chapter III.
Consequently, we shall not examine the characteristic itself at this point.

The I,-V. characteristic can also be measured with the circuit of
Fig. 97. The procedure is as follows. Switch S, is closed, and the voltage
V. is adjusted to the required value. Switch §; is now closed and
voltage V. is increased, the corresponding values of current and voltage
(Iy and V. respectively) being noted at intervals. The value of V., must
not be allowed to vary during this operation; if necessary, it must be
readjusted by means of the potentiometer R,..

If it is also required to determine the portion of the characteristic for
which the emitter is negative in relation to the base, the battery which
supplies voltage V; must be reversed.

4) The input resistance

If the input resistance is mentioned, the first thing to-do is to find out
whether it is the d.c. resistance or the a.c. resistance which is intended.
The d.c. resistance is determined from the quotient of the voltage V.
and the current [, at a constant value of V..

Vbe

Ri- = —— " (V. = constant).
Iy

and can thus be determined with the circuit of Fig. 97. By contrast the
determination of the a.c. resistance is rather more complicated. It can
be determined with the circuit of Fig. 97, in the form of the quotient of
the difference between two voltages and the difference between the
corresponding currents or mathematically

Vbe] - Vbez_

Ri~ =
Ibl _1b2

(V. = constant).



86 MEASUREMENTS [VII

For example if the R; of a transistor is to be determined for V;, =
100 mV and I, = 100 pA, the d.c. resistance is

100,000
Ri- = 100 = 1000 Q.

while the a.c. resistance is given by

(100 mV + 1 mV) — (100 mV — 1 mV)

Rin = i
Iy — Ino

where I,, is the current corresponding to the voltage (100 mV + 1 mV)
and I, is the current corresponding to (100 mV — 1 mV).

After the description of the measurement of o, no further informa-
tion will be required on the measurement of 'R;., itself.

5) The output resistance

The output resistance is defined as the quotient

l;i (for I, = constant).

c

Like the input resistance, this resistance may be either an a.c. resistance
or a d.c. resistance.

The d.c. resistance is

R_ = Ye
I,

(with 7, adjusted to a constant value).

The a.c. resistance is

Veer — Veea
R, = — 0
I(-I—I(u_)

and can be determined without difficulty by using the circuit of Fig. 97
and the procedure described for the determination of o’.
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6) Determination of /.’

87

A knowledge of the size of 1., is of great importance in connection with

the temperature stability of the circuit.
Chapter IV, so no further reference need
be made to it here. The transistor manu-
facturer usually quotes the value of 1.’
for a particular value of V., and a parti-
cular temperature, say 25° C.

Fig. 98 shows a test circuit for deter-
mining the value of I.,’. The voltage V.
is adjusted to the manufacturer’s publi-
shed value by means of the potentio-
meter R,., and the value of I.,’, can then
be read from the LA meter.

7) The cut-off frequency f..’

This has been discussed in

HA

The cut-off frequency is defined as the frequency at which the current
amplification factor o’ has dropped 3 dB. It was mentioned in Chapter V

Ec
Ep
R, (I00.0)
Ry (1000
Signal %)l
generator
i
Cyﬂ25pF CpH25uF
HA mA(#
'pb Rpc
ik
— i 5o
v[, + ﬂ b

in connection with circuits
incorporating r.f. transis-
tors. Fig. 99 shows a test
circuit for determining this
cut-off frequency. First of
all, the working point of
the transistor is established
by adjusting I, I. and V.
to the published values by
means of potentiometers
R,, and R,.. Next a 1000
c¢/s signal, provided by the
signal generator, is fed to
the input circuit of the
transistor. The current-
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sw g ; : 5 .
amplification factor ¢’ is now given by the ratio IL and is also equal to

b
Ecn
Epn
frequency is now increased, the value of o’ will begin to decrease after a
certain frequency is reached (see Fig. 82 of Chapter V). The frequency

, as the two resistances are equal (R; = R, = 100 Q). If the

at which the ratio §c~ drops to 0.7 (3 dB down) of its normal value
b

is the cut-off frequency.

It will be obvious that the measurements described here cannot give
exact results, but only an approximate idea of the characteristics of the
transistor.

To obtain accurate results, special laboratory measurements must be
carried out, but any discussion of these measurements would be outside
the scope of this booklet.

Finally, it should be mentioned that a transistor can quickly be
examined for short circuits or open circuits by means of an ohmmeter

F— (see Fig. 100). This measurement is based

=high+ on the fact that a transistor allows current

E ¢ to pass in one direction with ease, but acts
N ;6‘\ ‘.\v/x as a high resistance to current flowing in the
o X/ opposite direction. This test cannot be ap-

5 plied to miniature transistors, and the ohm-

meter must operate with a current less than
Fig. 100 2 mA and a terminal voltage below 3 volts.



CHAPTER VIII

PULSE TECHNIQUES

Current and voltage pulses are usually produced by the sudden opening
and closing of switches. These switches are almost always electronic,
because the circuit must usually be closed or opened in a very short
time, and mechanical switches are too slow. Both the thermionic valve
and the transistor can be used as an electronic switch, but within the
scope of this book we shall only deal with circuits in which a transistor
functions as switch. However, before we proceed to study the various
possible methods of switching, we must first investigate how current and
voltage pulses are produced.

1) Circuit with battery and resistor

Fig. 101 shows a circuit consisting of a battery, a switch S and a resistor
R. If the switch is open, no current flows through the circuit and the

o
+] ]
i
E Ve R |Vr
T v v
Fig. 101

voltage across the resistor 1s zero. If the switch is closed, a voltage V',
equal to the battery voltage V,, appears across the resistor at the instant
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. ;o : 14
when the switch closes the circuit, while a current of 1

amperes

flows through the circuit. (It is assumed that the battery has no internal
resistance).

It is as if the voltage across the resistor jumped from zero to V' volts
at the instant when the circuit was closed, and for this reason we refer
here to the occurence of a voltage step. If the switch is opened again
after a certain time, the circuit is opened once more and the voltage
across the resistor drops from ¥V, volts to 0 volt. Fig 102a indicates the
voltage across the resistor, plotted against time. At instant t,, switch § is

‘A

VBL’ """ =

8]

& & -

[
—

I - b

t 2 - -

Fig. 102

closed, and at instant f, it is opened. The variation of the current in the
circuit is indicated in Fig. 102b, and will need no further explanation.

2) Circuit with battery, resistor and capacitor

Fig. 103 shows a circuit consisfing of a battery, a resistor and a capacitor.
If the switch S is open, both the voltage across the resistor (V') and the
voltage across the capacitor (V) are equal to zero. (It being assumed
that there is no charge on the capacitor). At the instant of closing switch



o0 ~
4 3\ { )

VIII]  CIRCUIT WITH BATTERY, RESISTOR AND CAPACITOR 9% |

Ve

N =

Fig. 103

S, there is a voltage V (the battery voltage) present across the series
circuit of resistor and capacitor. The variation of this voltage is illustrated
in Fig. 104a. The voltage thus increases from O to V; volts at the instant
of closing the switch (z;) and this voltage V' will cause a current to flow
in the circuit, and to charge the capacitor C. The current is maximum
directly after the switch is closed, because there is then no charge on the
capacitor, which consequently behaves as a short circuit. At the instant
of switching on, therefore, V- = 0 so that V3 = V, and the current
which flows in the circuit is equal to l;f" = l;”

A short time later, (¢ seconds), the charge on the capacitor is Q,
coulombs (because the current which has been flowing in the circuit
during this time has charged the capacitor (Q, = i/ x ). This means that
the voltage across the capacitor has risen from O volt to V., volts

Ve =-g—'). As a result, the current in the circuit has decreased, because
this current depends on two factors, i.e. :

a) The voltage difference between the battery voltage ¥z and the voltage
across the capacitor V.

b) The value of the resistor R.
or in mathematical form,

Ve -Ve Vi
R R
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Consequently, the voltage across resistor R has also dropped, which
goes without saying, because V, = V, — V.. After a certain time a

q
b
d
) f’“T‘“““ e
N rr)
31 c
¢

Fig. 104

state of equilibrium is established, when the capacitor is completely
charged, so that V., = V, and V, = 0, with the result that no more
current flows in the circuit. Figs. 104b and 104c show the voltage
variation across the resistor and the capacitor respectively.

It follows from the above that a certain time is required to charge
the capacitor. This time depends on two factors, i.e. the size of the
capacitor and the size of the resistor. If the resistance and/or the
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capacitance of the capacitor are increased, it will require longer to
charge the capacitor completely. Mathematical considerations which fall
outside the scope of this book show that there is a certain relationship
between the value of the current which flows through the circuit t seconds
after switch S has been closed, and, on the other hand, the size of the
resistor and the capacitor. Expressed mathematically, this relationship is

— —Vy a

(1

il = lyax € RC = R e
In this expression V' is the battery voltage in volts.

R is the resistance in ohms.

C is the capacitance in farads.

¢t is the time in seconds.

i is the current flowing in the circuit, in amperes.
e is the base of natural logarithms.

(e = 2:72).

Before going any further, we must explain what is meant by the
RC time of & circuit. Equation (1) indicates that the current flowing in
this circuit ¢ seconds after the switch is closed, is equal to the maximum

t
. Now mathema-

RC

ticians tell us that an exponent is always a pure number, (for example,

value of the current, divided by e to the power

t
“RC must also be a pure number.
This means that the product of R and C must have the dimension of
time, since ¢ also has this dimension. Like ¢ therefore, the quantity RC

is expressed in seconds. If we refer to the RC time of a circuit, we mean

a* equals a X a X a x a), so that

t
the time at which ¢t = RC or, in other words, when R = L

Example: a) Suppose that R has a resistance of 1 MQ and C has
a capacitance of 0.1 yF.
The RC time of the circuit is therefore : R (in ohms)
x C (in farads) = ¢ (in seconds) = 105 x 0.1 x 10-6
= 0.1 seconds.



94

b)

c)

d)
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Assume also that the battery voltage V', = 100 volts.
The maximum current which flows through the circuit
(at the instant of closing the switch) is equal to:

. Vg 100 _é -

lm — -R— == W — 100 X 10 A — 100 /.LA
After 0.1 seconds, equation (1) indicates that the
current is equal to

—i -0.1
i=i e = 100x 10-6x 0 = 100 x 10-6x e-1

m

Fig. 105 shows us that e-1 = 0.37, so that the current
flowing through the circuit 0.1 sec after the switch is
closed, is equal to 0.37 x 100 x 10-6 A = 37 JA.

At that instant, the voltage across the resistor is :
Vep=ixR =37x10-6x 105 = 37 V, and the voltage
across the capacitor 100—37 = 63 V.

44+

05 15 25 28
Yre

Fig. 105

In Fig. 106, curve A is the voltage across the series circuit of R and C
plotted as a function of time. Switch S is closed at instant ¢, and opened
at instant t,. At instant t,, therefore, this voltage drops to V. ;. (Which
is logical, because the circuit is interrupted at that instant). Curve B
represents the voltage across the resistor as a function of time, while curve
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C represents the voltage across the capacitor as a function of time. At
instant t,, tHe voltage across the capacitor is V. ,, and the voltage across
the resistof is Viewpsbut Ve o, + Vi = Vi, because Vi + Vi = Vy
for every intermediate instant.

1

A

¢
L Ko
B

7 e—— ——

t t;, —t

Fig. 106 Fig. 107

Up to the present, we have only dealt with the effects which occur
when a capacitor is being charged. When a capacitor is discharged
through a resistor, however, the situation is different. Fig. 107 shows
a circuit consisting of a capacitor C, a switch S and a resistor R. If the
switch is open, no current flows, and the voltage between points 4 and B
will be equal to the voltage across the capacitor, V. If the switch is
closed, the voltage between points A and B drops from V. to zero. A
current now flows in the circuit, discharging the capacitor. The current is
a maximum at the instant of closing the switch, and then decreases as the
capacitor discharges.

The discharge can again be expressed as a time function, in the form
of an equation. The current flowing through the circuit is then equal to :

=i e®= & 2)

To sum up, therefore, we can state that the current in an RC network
varies as an exponential function of time, for both charging and dis-
charging the capacitor, but with this difference, that wher the capacitor
is discharging, the direction of the current is opposite to that of the
charging current.
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v,,l

Fig. 108 shows the voltage across the resistor (V) as a function of time,
when the capacitor is discharging. If Fig. 104b is compared with Fig.
108, it will immediately be seen that in Fig. 104b the voltage across
the resistor R is plotted above the time axis, while for the discharge
the voltage is plotted below the time axis. The reason for this is the
difference in the polarity of V' for charging and discharging. In this
connection, compare Figs. 103 and 107, where this polarity is also
indicated.

Fig. 108 Fig. 109

3) The differentiator network

Fig. 109 shows the RC circuit of Fig. 107 drawn in a slightly different
manner. Circuits of this type, which are frequently employed in pulse
techniques, are termed differentiator networks. We will now investigate
the variation of the voltage across the resistor R, if a pulse voltage, as
illustrated in Fig. 110a, is conveyed to the input of the differentiator
network, for the two cases RC>¢ and RC L 1.

RC>t.

At the instant when the first voltage step occurs, (f,), the voltage
across the resistor will be V' volts. This voltage then decreases in value,
due to capacitor C becoming charged. Since RC>t, the capacitor will
only be charged to a small extent, or in other words V', will have dropped
little, when the second voltage step occurs (at instant z,). At that instant,
the capacitor starts to discharge through resistor R, so that the polarity
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of the voltage across this resistor reverses. The voltage variation across
the resistor is indicated in Fig. 110b.

¥ fomeomemre

Fig. 110
RC L.

At the instant at which the first voltage step occurs, (¢,), the voltage
across the resistor will increase from O to V volts. This voltage then
decreases rapidly, because the capacitor becomes charged very quickly,
so that V. rapidly increases in value. At instant f,, at which the second
voltage step occurs, the capacitor is already completely charged, so that
V is zero. After the new voltage step, the capacitor, across which the
voltage V. = V volts, will again discharge rapidly. For this case, the
variation of the voltage across the resistor is as indicated in Fig. 110c.

In the above considerations, it was tacitly assumed that the switch



98 PULSE TECHNIQUES [VIII

opens and closes the circuit instantaneously or, in other words, the
switch is opened and closed in an infinitely short time. It will be obvious
that this cannot be obtained with mechanical switches, so that electronic
switches must be employed. These electronic switches are usually based
on certain characteristics of thermionic valves or transistors. In the
following discussion, we shall deal particularly with switches in which
the switching element is a transistor.

4) The transistor as a switch

Fig. 111 shows a circuit in which a transistor functions as a switch.
The transistor is connected in such a way that the collector has a
negative potential relative to the emitter. In the base circuit of this

Fig. 111

transistor (the transistor is connected in grounded emitter), the base
has a small positive bias relative to the emitter, so that no current flows,
either in this circuit or in the collector circuit. The transistor is thus
cut off, and behaves as an open switch. The situation changes, however,
if a voltage pulse appears in the base circuit, so that the base suddenly
becomes negative in relation to the emitter. At that instant, a current
will start to flow in the base circuit and, as a direct result of this,
a current will also start to flow in the collector circuit. The transistor
is now operating as a closed switch.

So far, we have described the principle of operation of a transistor
when used as a switch, but we have only discussed the actual switch, and
not the device which operates the switch, i.e. which opens and closes
it. This device, which is also electronic, consists of a circuit which supplies
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the voltage or current pulses required in order to make the transistor
conductive, or to cut it off. In the course of time, a number of such
circuits have been developed, a few of which we shall now discuss.

5) The astable multivibrator

Fig. 112 is the circuit diagram of a two stage resistance-coupled amplifier,
in which the collector a.c. voltage of transistor 752 is conveyed to the

1 -
-1
R R
Rj d R‘ S 4 i
o 1s1 ¢ 7S2 :
|
I
i
C)
T
Fig. 112

base circuit of transistor 7S1 via a capacitor. In Fig. 113, the circuit
of Fig. 112 is re-drawn in a more familiar manner. It is assumed that
the two transistors are completely identical, and also that R, = R,;
C, = Cyand Ry = R,.

Fig. 113
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We start with both the transisors conductive. The symmetry of the
circuit will mean that /. ,, is equal to I, ;¢ and V, g, is equal to V, g,.
A small dist}lrbance of this symmetry, for example an increase in /, g,
causes the voltage across R,, (I, ¢ X R;), to increase and the collector
voltage of TS1 to decrease. This voltage variation is passed on to the base
of 752, because V. ;g = Vo + V750 The result is that the base
becomes less negative, so that I, ;4 drops in value, causing an increase
in V. r¢. In turn, the change in V, ;g is conveyed to the base of
TS1, because V. rgo = V3 141 + Voo The direct result of the increase
in V, ;¢ is thus that the base of 7S1 becomes more negative, and this in
turn causes an increase in I, ,g,. This process, which is cumulative,
finishes with the base of 752 becoming positive. The immediate result
is that this transistor cuts off, while the collector current of transistor 7'S1
reaches its maximum value. We now have a stable condition in which
TS1 is “on” and TS82 is “off”.

During this process, which is completed in an extremely short time,
the charge on capacitors C, and C, hardly alters at all. However, when
the stable condition referred to above is reached, capacitor C,; becomes
charged, because it is included in the series circuit R, — C; — R, ;4.

y

—f

ch

o 3
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This means that the base voltage of 752 becomes negative again after a
certain time (depending on the values of R, and C,), which in turn causes
transistor 7'S2 to become conductive once more, so that V, ;. decreases.
The change in V. ;. is again passed on to the base of transistor 7S1,
since V. y¢o = Vo + V4 141, With the result that the base of 7'S1 becomes
less negative. This means that the process described above commences
once more, and ends with 7S2 being conductive and 7S1 cut off.

"The time for which this stable condition is maintained depends on the
size of R; and C,. Fig. 114 shows the variation of the collector voltage
as a function of time. After the above explanation, the reasons for the
shape of this curve will be obvious, but it should be mentioned that, as a
general rule, the voltage steps are not so steep as indicated in the figure.

6) The bistable multivibrator

Another type of multivibrator circuit is the bistable multivibrator, also
termed the flip-flop. A multivibrator of this type has a number of stable
conditions, i.e. :

a) Transistor 7S1 on and 752 off.
b) TS1 off and TS2 on.

c) Both transistors on.

d) Both transistors off.

In this case, an external voltage pulse is required to make the transistor
in the off condition become conductive, and vice versa.

Fig. 115 shows the circuit diagram of an arrangement of this type.
When the circuit is connected to the batteries, it may adopt any one of
the possible states, depending on the dimensioning of the resistances
R, — R, — Ry and R, — R; — R;, i.e. on the working points of the
two transistors. For example, if we assume that both transistors are
conductive, and that a positive voltage pulse is conveyed to the base of
TS1 at a given instant, this transistor will cut off, or in other words, /. ,,
will become zero. This means that V. ,, suddenly increases. This increase
in V., is conveyed via C, to the base of 752, which therefore suddenly
becomes more negative, causing an increase in /. ;¢ and a decrease in
V. 5. This condition is maintained until capacitor C, has discharged,
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Fig. 115

after which V,, ,, again becomes less negative ; I. ;g, drops in value and
V. 1 increases. This last change is passed on to the base of 751 via C,,
after which the original stable condition is restored. As these voltage
variations are again cumulative, they will take place very rapidly, as with
the astable multivibrator.

7) The blocking oscillator

The blocking oscillator, the circuit of which is shown in Fig. 116, is a
completely different type of relaxation oscillator. The primary winding
of transformer 7, which provides the coupling between the base and
collector circuits, is included in the collector circuit, while the secondary
winding forms part of the base circuit.

Let us assume that the capacitor is charged, and also that the voltage
resulting from this charge has the polarity which is indicated in the circuit
of Fig. 116. The voltage between base and emitter, (E,, ), is then E,, =
(—V4. + V) volts. In this expression, V,, is the battery voltage and
V. is the voltage across the capacitor. Let us assume for the time being
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that V. is greater than V,,, which means that E,, is positive, or in other
words, that the base is positive in relation to the emitter. As a result,
the transistor is cut off. The capacitor C now discharges via resistor R,

Fig. 117

with the result that the capacitor voltage V drops, which means that E,,
also becomes smaller. At the instant at which E,, becomes negative, i.e.
when V. < V,,, the transistor is no longer cut off, and a current I, will
start to flow in the collector circuit and will increase in value. As a result
of the mutual inductance of the primary and secondary windings of the
transformer, a voltage V, is induced in the secondary winding.

di
WV, =—L dt( ). At the instant at which I, starts to flow, the voltage

across this winding increases from O to V, volts, and remains constant,

: di, :
because the quotient gy~ Femains constant.

The secondary winding is connected in the base circuit in such a way
that the polarity of the voltage across this winding is as indicated in
Fig. 117, which means that the voltage between base and emitter is
constant, since E,, = (—V,, + V. — V). The reason for voltage
E,. remaining constant is that the process which we have just described

takes place extremely rapidly in contrast to the discharge of the capacitor.
There is thus a constant current /, flowing in the base circuit.

Before continuing, we must study the .-V, characteristic of a
transistor more closely. In this characteristic, which is drawn in Fig. 118,
two important regions may be distinguished. These are the region in which
a small change in V,, causes a large change in /,, and the region in which

the characteristic is practically horizontal. In the process described above,



104 PULSE TECHNIQUES [VIII

in which 7, remains constant, point 4 (the knee voltage) is a critical point,
which determines the further course of the process.

I

Vee
Fig. 118

The current in the collector circuit will increase in direct proportion
to the time (—3;L = constant) until point 4 in Fig. 118 is reached. At
that instant, the increase of current in the collector circuit suddenly
becomes considerably smaller, because after point A the I, -V, charac-
teristic becomes practically horizontal for a constant value of I,. This
means that the voltage which is induced in the secondary of the trans-
former suddenly changes polarity from —V, to + V. As a result, the
voltage between base and emitter changes from E,, = (—V,, + V. —V})
to E,, = (—V,, + V. + V), so that the transistor is cut off at once.
It should be noted that the current /,, which has been flowing in the input
circuit, has charged capacitor C, so that V. has also increased in value.

Voltage V, disappears very rapidly, because the energy stored in
transformer 7 is dissipated in the tuned circuit formed by the inductance
of the winding and the stray capacitance between the turns. When V,
has disappeared, we have the original situation once more, and the
process which we have just described commences again.



CHAPTER IX

EXAMPLES OF TRANSISTOR CIRCUITS

In this chapter, we shall discuss a number of practical transistor circuits.
The circuits selected have been fully developed, so that the amateur
experimenter can build them without very much difficulty.

The circuits described are:

1) A signal tracer.

2) A telephone amplifier.

3) An internal telephone.

4) A hearing aid.

5) An amplifier for children’s gramophones.
6) A 200 mW gramophone amplifier.

7) A 2.5 W amplifier.

8)

9)
10)
11)
12)
13)
14)
15)

Temperature control for an oil bath

A simple pocket-radio

A portable battery receiver

A d.c. converter

A control relay using a photo-sensitive. transistor
A tachometer.

A supply unit for 6 to 16 V, 0.7 A

A sensitive d.c. voltmeter

1) A signal tracer

This signal tracer is designed to indicate whether or not r.f. and a.f. signals
are present in radio receivers and similar circuits. Consequently, it is a
useful instrument for quickly localizing faults.
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= 45V
AF T+
RF—
Cy
X
Fig. 119
TS: : OC70 Ri : 100 k@ Ci : 001 uF
TS: : OC71 Re : 220 kQ Ce : 10 wF
X: : OA73 Ra 4.7 kQ Cs : 10 uP
H . headphones Rs : 100 k@

(2000 Q)

The signal tracer consists of a two-stage a.f. amplifier. In use, a.f.
signals are fed directly to the amplifier, and r.f. signals are first detected
by the germanium diode X (select by switch SK;). The indicator consists
of headphones having a resistance of 2000 Q. These are included in the
collector circuit of 7§,. (A -small loudspeaker could be used instead.)
The collector current of TS, is adjusted to 1 mA by means of the variable
resistor Rj.

2) A telephone amplifier

Fig. 120 is the circuit diagram of a simple telephone amplifier which
enables a second person to listen to a telephone conversation. For this
purpose, the coil L, is placed’ in the stray field of the line transformer,
by clipping it on to the telephone, as close as possible to the earpiece.
An alternating voltage is induced in the coil, and is amplified and fed
to the extra hcadphones.
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OC70 .
0OC71 R,
220 ko r LI H
50 k@ “ =
transformer: - 1.5V
) +
primary 6.8 H. —1
secondary 0.333 H. sl Is2
G
- =
]O ‘MF [_) mCz
10 uF
0.144 H
headphones (2000 ) Fig. 120
S2
o Ne——
Rz
Ry %L—
6Vi
=
.[C, 7S] (07) 1+
1o
Ls7 LS2
TS T —
Fig. 121
Ri : 120 k@ Cs 0.5 uF.
s 1.8 k@ Ca 0.5 uF
Rs : 50 k@ (lin.orlog.) Cs 32 uF (3V)
R4 120 k@ S1 two-pole switch
Rs 1.8 k2 Sz single-pole switch
Re : 120 Q LS loudspeaker (5 Q)
T 3.9 kQ LS loudspeaker (5 Q)
Rs 1.8 kQ T1 output transformer 918/08
Re 150 @ TS OC71
Ci 80 wF (6 V) TS2 OC71
Ca 0.5 uF TSa OC71
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3) An internal telephone

This circuit, Fig. 121, makes use of the fact that a loudspeaker can also
be used as a microphone. Possible uses of this installation are:

a) “Baby sitter”.
If one loudspeaker is placed in the nursery, and the other in the
sitting room, the parents can hear the slightest sound made by the baby.

b) An inter-comm. system between different rooms.

In the circuit diagram, loudspeaker LS, is shown operating as a micro-
phone, and loudspeaker LS, as an actual loudspeaker. The functions of
the two loudspeaker can be reversed by means of switch S;. The actual
amplifier consists of three transistors in the grounded-emitter configura-
tion, coupled by means of RC filters. This type of amplifier has already
been discussed in detail in Chapter V.

4) A hearing-aid with 4 transistors

Fig., 122 shows the circuit diagram of a hearing-aid with 4 transistors,
which is fed by a battery of nominal voltage 2.4 volts.

The electromagnetic microphone (Z = 1 k@ at 1000 c/s) which
supplies the input signal, is connected directly between the base and the
emitter of the first transistor. This means that resistor R4, in the emitter
circuit of this transistor, does not have to be decoupled.

The values of R, and Rj3 are chosen to give the first amplifier stage
an input impedance of about 1000 Q, so that the microphone is exactly
matched. Volume control is provided by feeding the output voltage of
the first amplifier stage to the input of the second stage via the potentio-
meter Rg. In the first three amplifier stages, the working point is adjusted
and stabilized by means of voltage-dividers and emitter resistors, as already
described in detail in Chapter V. An earphone (Z = 1000 Q at 1000 c/s)
is included in the collector circuit of the last amplifier stage, so that the
collector current must be 2 mA. This current is adjusted by means of the
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=
2.4V
Fig. 122
Ri : 27 kQ Rs : 1 k@ Ci : 8uF (6V)
R2 : 56 k@ Re : 22 k@ Ce : 8 uF (6 V)
Rs : 33 k@ Rio : 10 k@ Cs : 8uF (6 V)
Re : 1 kO Ru : 18 ko Cs : 8 uF (6 V)
Rs : 18 k@ Riz : 1 k@ Cs : .8 uF (6 V)
Re : 5 k (log) Ris : 39 k@ Ce : 8 uF (6 V)
R: : 39 ko Ria : 2 @

resistor R,3, connected between base and collector. The resistance of this
resistor is o’ times the resistance of the load (earphone), and usually equals
39 kQ, which means that a relatively low value of <’ is employed. In the
first and last stages, negative feedback is obtained by means of the
resistors R, and R,3, which are connected between base and collector of
the respective transistors. In addition to this feedback, a voltage which
is proportional to the current in the output circuit (the voltage across R4)
is fed back over three amplifying stages, in order to compensate for the
spread in amplification at different temperatures.
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5) An amplifier for children’s gramophones

This 60 mW amplifier is designed for connection to a children’s gramo-
phone, on which special records are played at 78 r.p.m.

The circuit is show in Fig. 123. A high-resistance loudspeaker is
included in the collector circuit and this also gives sufficient temperature
stability.

R1 : 2 M (log.)
R: : 100 k2 (pot.)
Ci : 100 uF (3 V)
T 2+ L = 500 H.

prim.

Windi ti W = 45
inding ratio W, ==

LS : loudspeaker Z = 140 Q

Fig. 123

The collector current at 25° C is 33 mA and is adjusted by means
of the variable resistor R,. The transformer T serves to match the high
output resistance of the pick-up to the relatively low input resistance of
the transistor.

6) A 200 mW gramophone amplifier for use with a 6V battery

This gramophone amplifier is designed for connection to a crystal pick-up.
An input voltage of about 0.3 V is sufficient to drive the amplifier to its
full extent (W, = 200 mW).
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R
R5é Rsé Ry 'épa N p,sé’
n
HE T2
R |2 L 2x
{'—'@ 0C72
oc71 oc71
=
Cs
Ry R2 C4 Cs
R3 Rs'é' é’*’m Pné 12| 13, 14
: 'T T
%
~5

Rt : 330 k@ Rio
R: : 500 k@ (var.) Ru
Rz : 100 kQ (var.) Rie

Ry : 15 kQ Rz
Rs : 82 k@
Re : 5.6 kQ R4
R+ 100 k© Ris
Rs 39 ko Rise
Ro 15 k@

Fig. 124
1.8 k2 Ca
18 k@ Ce
470 Q Cs

NTC resistor Ca

130 at25°C Cs
82 Cs
3 k@ (var.)

150 @

0.012 uF (ceramic)

10
32
32
100
100

Transformer T:

uE (3 V)
vE (3 V)
rE (3 V)
wEF (3 V)
uE (125 V)

Dimensions of core: 31 X 25 X
B+C 8 mm.
m 71 Material: NiFe 36,
(36 % Ni; 2% Cu; 0.8 % Mn;
Fig. 124a rest F&).
Winding A4 enamelled copper wire 0.09 mm; 2100 turns

(d.c. resistance 300 Q).

Winding B + C enamelled copper wire 0.18 mm;
(d.c. resistance 28 + 28 Q).

600 turns (bifilar)
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" F
Transformer Ty:
M{AW g Dimensions of core: 40 X
= 7000 —000 C 32 X 10.5 mm.
B E I g Material: SiFe 2.6.
(0.8—1.8 % Si; rest Fe).
Fig. 124b
Winding A4 enamelled copper wire 0.28 mm; 204 turns
Winding B enamelled copper wire 0.50 mm; 62 turns
Winding C enamelled copper wire 0.28 mm; 204 turns
Winding D enamelled copper wire 0.28 mm; 204 turns
Winding E enamelled copper wire 0.50 mm; 62 turns
Winding F enamelled copper wire 0.28 mm; 204 turns

(d.c. resistance A + F = C + D = 8.7 Q).
(d.c. resistance B + E = 0.83 Q).

| .AJ % A Transformer T:
o] ¥ b = 39 mm.
g* ’ T s = 0.35 mm.
gf s g;} Transformer Ty:
4 | b=35 mm
N* ; s = 0.5 mm.
L e LR
Fig. 124c

Description of the circuit

The amplifier consists of three stages: a pre-amplifier, a driver stage
and a push-pull output. The crystal pick-up is ‘“matched” to the input
circuit of the pre-amplifier by including the resistor R, in this circuit.
Although this solution means that part of the output voltage of the pick-up
is lost, it is cheaper than a matching transformer, which would require a
very high primary self-inductance. The volume control R, is also included
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in the input circuit in order to prevent the subsequent amplifier stages
from being overloaded. The tone control takes the form of an RC. filter
(R3-Cy).

The pre-amplifier and the driver stage are coupled by means of an
RC filter. This means that the amount of energy transferred is not the
maximum possible, but on the other hand, this type of coupling has a
favourable effect on the frequency characteristic of the amplifier.

The driver stage is coupled to the output stage by transformer T,
(transformation ratio 3.5 : 1 + 1). The variable resistor R,5 enables
the push-pull output stage to be adjusted to operate under class B condi-
tions. The fact that the amplifier is supplied from batteries makes this
an important consideration. The matching transformer 7, makes it
possible to connect a 5 Q loudspeaker to the amplifier.

Negative feedback is employed in order to reduce both the linear
and non-linear distortion. As this is caused mainly by the driver stage
and the output stage, the feedback is only applied to these two stages.
Voltage feedback is obtained by connecting resistor R; between the
secondary of the output transformer, and the base of the driver transistor.
This not only reduces the distortion of the amplifier itself, but also
compensates the non-linear impedance of the loudspeaker.

Finally, Fig. 125 shows the frequency characteristic of the amplifier.
Curve I refers to the “maximum treble” position of the tone control, and
curve II is for the minimum position of this control.

i ad O -
+4 W,,}H__, — A) ¥ 2 ¢'V°
a8 mwfﬁ o z )
o
L . 11 ™
o ’ N I
o Hi \
[
1 |
gt - Il\\ ]
1 1 \
20 50 100 200 500 000 2000 5000

——f(c/s)

Fig. 125
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7) A 2.5 Watt amplifier

E b Bl

=
R, Re, 174%
o~ Ly - i
C, oc7! C C72 =C
R/ 1 /! 2 YL/< 3 +
V'.? & <
R7 '
——
Cs | |
Cs
Fig. 126
Ri : 10 ko 7 . see text Cs : see text
Re : 56 k2 LS : loudspeaker (Z=79) TS: : OC71
R : 1 ko Ci : 10uF (3V) TS: : OC72
R4 : 2 kQ (var.) Ce : 25 uF (6V) TSz : OC30
Rs : 120 g Cs : 80 uF (6 V)
Rs : 1 kQ (var.) Cs : 5 uF (12 V)

The amplifier consists of three stages. There is a pre-amplifier with an
OC71, a driver stage with an OC72 and an output stage with an OC30.
The various stages are coupled together by means of an RC network.
The first and second stages are stabilized by connecting the resistors Ry
and R, between the base and collector of the respective transistors, and
this also gives a slight negative feedback. The collector current of the
driver stage is adjusted by means of the variable resistor R4 so that the
collector voltage equals 1.2 volts. The operating conditions of the output
transistor are also adjusted by means of a resistor between base and
collector (Rg), so that the collector voltage is 6.25 volts. If required, a
frequency-dependent negative voltage feedback can be added (R;-C5),
depending on the frequency characteristic which the amplifier is required
to have. The frequency characteristics are plotted in Fig. 127. Curve A4
represents the frequency characteristic when no feedback is applied, and
curves B and C represent the characteristic when feedback is applied.
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dB

4
4
-

-3 A
.-4 4

-5 A
-6

0o 2 5 00 2 5 1000 2 5§ 10000 2¢/s

Fig. 127

For curve B, the values of R; and Cj are 0.22 MQ and 30 pF respectively,
and for curve C these values are 82 kQ and 100 pF.

8) Temperature control for an oil bath

The temperature of the oil is controlled by means of an N.T.C. resistor
placed in the bath. The latter also contains the heating elements R,, and
R 3 as well as the OC 36 power output transistor. This arrangement has
the dual advantage that the transistor is effectively cooled. whilst the
heat dissipated by it is also utilised for heating the bath.

Bath temperatures together with the associated values of R;, R, and
the N.T.C. resistor are given in the following table.

T R3 R4 (variable) N.T.C. resistor
25 °C 2.7 k@ 5 ko 5 k@
35 °C 47 k@ 50 k@ 100 kQ
45 °C 33 k@ 50 k@ 100 kQ
55 °C 33 k@ 50 k@ 100 kQ
65 °C 33 k@ 35 k@ 100 k@
75 °C 4.7 kQ 20 kQ 100 k@

For 25 °C stabilisation, provision for cooling the bath must be
included; at high temperatures the transistor must be cooled.



116 EXAMPLES OF TRANSISTOR CIRCUITS [IX

+4 L § ©
Rn SRz SR
B
+15Vo .
o
le
-15v
OC
F G
1 6V
o
D 2 w1
-9V ULt
Fig. 128
Ry 220 @ Ry : 220 @
R2 3 220 Q Riv : 8200 @
Rs 10 kQ Ri1 120 ©
Re E 68 kQ Ri2 12. @ (5.5 W)
R+ - 3300 @ Rz 12 @ (5.5 W)
Rs : 4700 Q

9) A simple pocket-radio

This circuit is shown in Fig. 129, and the design has been kept very
simple, so that no further description is necessary.

The coil L-L, is wound on a ferrite rod, the number of turns depend-
ing on the dimensions of the rod. The tapping for diode X; is made
about one tenth of the way along the coil.
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Fig. 129
R : 47 k@ C: : 100 pF (var.) X1 : OA79
R2 5.6 kQ Ce : 820 pF TS: : OC71
Rs : 220 kQ Cs ¢+ 5uF TS: : OC71
Rs 39 kQ Cs : 5 uF TSs : OC71
Rs : 120 k@ Cs & 5 uF TSs : OC71
Re : 2.2 k@ Ces : 5 uF H :  headphone (2000 Q)
Rz : 100 kQ (var.) Cq 8 uF

Rs : 470 Q

10) Transistorized receiver for the medium and long wave-bands

Fig. 130 shows the circuit diagram of a transistorized receiver for the me-
dium and long wave-bands. A 6-V battery supplies the power for this set.

The receiver consists of a self-oscillating mixer stage, a two-stage
L.F.amplifier, a two-stage A.F.amplifier and a balanced output operating
in class B.

The switches SK: and SK: - SK: are wave-band selectors; SKs is for the
tone control, and SK is the ON-OFF switch.



” 10180410d *A STT/AM 1'0 = %)
19)8aK10d ¢ A mﬁ.\ms. o = %) 10150K10d €A ST1/dM 10 = 61D . o s o
omerdo {gd ogg = L8) onwe1so ¢ 3d 0oz = $1D U 0te = "y O[:DA9I+y = ¢y
10159410d A SZTI/AAN ST = 98O orwesa fqd 07 = 1o . oage =y AT = Ty
IO LA B/ 001 = €D e fgd [§ = 91) ur-pi e = S8y 0ot = iy
TOP A $9/dMTE = ¥8) PO A Ob/AN TE = €D (62 B = T8y U 06E = "y
3SoA[0d TA CTIADI Ly = 88 19189K10d $A SZI/AY 10 = V1D v = MMK viol = MHK
"1V LA H/AY 001 = (359 OIWBIND ‘1d ooz = D OIN U ogl = 68y V09 = °y
IRP A0/ Y9 = 18D onwe1sn ¢ d 007 = %1 U 09S = 88y ol =y
DR A YY/ANTE = 08D 10189K10d SA SZTI/AM 10 = D U089 = By olee = oy
19189410d A §TT/AdNTT = 68 puwmn gdog = 69 it =%y (O = %
19159K10d S A STI/AM 10 = 88D owwin (gd g9 = 85 VAL = Y U089 = %y
onweIn fgdy 7'z = ) “18410d €A ¢Z1/3d 067 = D VALY ="y i =
dnuerdd t4d 007 = 98D oweran (gAY 01 = 9O 0A89 = ey Aol = %Y
Onwesn 1qd 00z = ) 101S0K[0d A STI/AAN Ly = D oigl = Mx [N ANNES Mx
10150K10d T A STI/AM 10 = ¥&D sklod A STI/AdNE = ™D oisr = 8% oIl = %\
19912 1A 91/47 001 = £2D Cpwwm fgdog = £) oATg = oy it = W
olwern [ d [ = ) 10108de0 SUTUN) = 01)—%) T = oy vize = W
191824104 fA STI/AM10 = &) 1sK[0d TA STT/Ad €41 = D UN1 =8y e = W
ogl Sig
DAV e e — e —
Pe / 1
- Ss .._m._,:..l— M.@. €z / !
A8 18y 4". Y a K \ 4 __
- I I Iyl ! “
.WL. “ n_mnu ! T o &y Szy '
ol 2 we = wop )
52, m 4 |4 m&a& m@ w \
US-ME «“" 59 € /
e m + w-mQ
ty
7€) e <N\l SN | 2. -~
3 < J Yoey % X
1220 6%0 ¥ s
g ._.5 I1€17dV

L9E)
v

00/czizay

00/821z v

JBLIO POI 9J1LId4

00/921Z dV



VIII] A D.C. CONVERTER ; 119

11) A d.c. converter

Fig. 131 shows the circuit diagram of a d.c. converter. A converter of this
type is frequently used in receivers in which the radio-frequency and inter-
mediate-frequency amplification is provided by thermionic valves, and the
audio-frequency amplification by transistors. By converting the battery
voltage of 6 volts to a direct voltage of 45 volts, the converter provides the
supply voltage required for the anodes and the screen grids of the thermionic
valves.

When the switch S, is closed, a direct current will start to flow through
the loop consisting of battery-transformer winding B-transistor-choke Lg-
battery. The I.-V.. characteristic of the transistor (see Fig. 132) shows
that it has a small internal resistance for values of V. below the knee
voltage. This means that after switch S, has been closed, there is a
constant voltage across winding B, and that the direct current flowing
through the above loop will thus show a linear increase in value with
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time. A voltage is also produced across winding C, of polarity such that
the base of the transistor is negative in relation to the emitter (this is a
question of winding). As there is a constant voltage between base and
emitter of the transistor, the base current I, will also remain constant.

I

Vee
Fig. 132

The current I, thus increases in direct proportion to the time, until
point 4 (fig. 132) is reached. At this instant, the rate of increase of the
current becomes considerably smaller so that the voltage across winding B
also drops. In its turn, a reduction in this voltage results in a further
decrease in the current. If the current decreases, however, this means that
the voltage across winding B suddenly changes polarity. (Remember the

relationship Ep = —L%). The voltage across winding C is also suddenly
t

reversed, with the result that the transistor becomes blocked. The energy
which has been stored in winding B (3LgI*) while the transistor was taking
current will now be expended in oscillations in the tuned circuit which is
formed by the self-inductance of B and its parasitic capacitance, so that
an alternating voltage is produced across this winding.

This voltage is transformed up, and then rectified by means of the
germanium diode OAB8S, after which it charges capacitor Cy,. The energy
stored in winding B while the transistor was drawing current is thus
transferred to capacitor Cy(. After this has taken place, the process which
has been described above starts all over again.

The function of diode OAS which, in series with winding A, is con-
nected in parallel with the battery, is to stabilize the output voltage of the
converter, and also to ensure that the voltage across the transistor does
not become too high. If the voltage across winding 4 of the autotrans-
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former becomes greater than the battery voltage, the diode will start to
pass a current, so that the voltage across this winding, and concequently
across the windings B + C + D cannot increase any further.

To start the circuit operating, the base has a small bias voltage which
is obtained from the voltage divider Ry5-Ro5.

12) A control relay using a photo-sensitive transistor

The collector current of a transistor bears a tast linear relationship to the
amount of light falling upon it and use is made of this characteristic in
photo-sensitive transistors. The two circuits illustrated represent simple
applications of the photo-sensitive transistor OCP 70 which, in conjunction
with a Schmitt trigger circuit, operates a relay

Let us first consider the circuit shown in Fig. 133a. In the state of rest,
i.e. with no light falling upon the transistor 7S,, transistor 7S, passes
current and 7S5 is blocked. When 7§, is illuminated, the collector
potential rises, the current in 7S, drops and 7'S; is no longer blocked.

When a certain threshold potential on the base of TS, is reached, the
feedback across the common emitter resistor R, ensures a circuit with a
very steep characteristic. 7S, is then cut off, 7S; passes current and the
relay is pulled up. The reverse process, that is the return to the state of
rest, also takes place instantaneously, as the illumination on the photo-
sensitive transistor decreases below a certain level.

The OAS81 diode is employed to protect the transistor 7S5 against
high inductive voltage surges when the relay drops off. The relay operates
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Fig. 133a
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on a current of 34 mA and the circuit is fully reliable up to an ambient
temperature of 50 °C.

In the somewhat modified arrangement shown in Fig. 133b the relay
is operated when the illumination on 7S, is cut off. When light falls on this
transistor, then 7S, passes current, 7S5 becomes non-conductive and the
relay remains at rest.
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13) A revolution counter for petrol engines
This electric revolution counter for petrol engines is based on the fact

that pulse-shaped voltages are produced in the primary winding of the
ignition coil every time a spark is made. These pulses are used to
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Fig. 134
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drive the counting circuit. Revolution counters for other industrial machi-
nes can also be constructed on the same principle, by attaching a circuit
breaker to the rotating part whose speed of rotation is to be determined.
In this case, a self-inductance must be included in the current circuit.
The circuit breaker and coil are shown to the left of the dotted line
and to the right of this line is the circuit of the revolution counter itself.
The voltage across the primary of the coil (voltage between points A
and B) is conveyed to the input of the revolution counter, and produces
a square voltage (b) in the collector circuit of the first transistor (Fig. 135).

ol

After it has been differentiated by the RC filter which provides the coupling
between the two transistors, this pulse is fed to the base of the second
transistor. (The form of the pulse is shown at (c) ). This second transistor
operates as a switch which only reacts to the negative pulses. During the
positive pulses, the base is positive with respect to the emitter, and so
the transistor is blocked. If the time constant is low enough, the mA meter
in the emitter circuit of the
second transistor will give a read-

ing which is proportional to the , mal

frequency, and thus to the num- s L7

ber of revolutions per minute. 08l //’
The relationship between | W

the reading of the mA meter and Bl p

the number of revolutions per %

minute is as indicated in Fig. 136. O'Z %

This curve must be determined
experimentally for every revolu-
tion counter. Fig. 136

— revs/min,
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14) A supply unit for 6 to 16 V, 0.7 A

In this simple stabiliser a part of the output voltage is compared with the
voltage across the zener diode OAZ203, the voltage difference then
being applied to the transistor 7'S,. This transistor 7'S; drives a cascade
control circuit consisting of the transistors TS, and TS3. The output voltage
is adjustable roughly and finely by means of the resistors R, and R,
respectively. The capacitors C; and C5 are provided for reducing the hum
voltage; C, counteracts any tendency towards oscillations.
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Technical data
Output voltage (variable) 6.5 to 15.7 V
Max. load current _ 0.7 A
Variation in output voltage < 0.1 V on mains fluctuations of about
plus or minus 10 %
Ripple voltage at output < 0.5 mV

(up to max. load current)
Internal resistance 0.1 Q approx.
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15) A sensitive d.c. voltmeter

Two stages of amplifications are required to drive the 100 A moving-coil
instrument. The input stage, consisting of transistors 7S, and TS, is built
into a copper block in order to ensure that the output voltage will be as
independent -as possible of the temperature. The collector current per
transistor has accordingly been kept as low as possible (50 pA).

Better linearity of the voltage amplification is achieved by circuiting
the transistors 7S, and 7S, with common collector.

The meter is adjusted in the following manner. As the voltage gain of
a transistor is dependent on its setting, the first step is to adjust the supply
voltage to —7.2 V by means of R. Position 1 of the switches corresponds
to full scale deflection.
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The voltage divider at the input of the instrument is set to the 10 mV
range and the instrument is zeroed with shorted and open input with the
aid of R; and R, respectively (§ set to position 4 or 5). The voltage
amplification is adjusted direct to the appropriate value with R;, after
which the instrument will give full deflection when an input voltage of
exactly 10 mV is applied to it (resistance of the external voltage source
< 100 Q).

Finally the input resistance of the input stage is adjusted to provide
the correct ratio of the voltage divider; to do this adjust R, so that,
with the switch set to position 2, the instrument, when connected to a 1.5 V
battery, gives the same reading as at setting 3 of the switch. Resistors
R, + R, in parallel with the bases of the input transistors (751 and
TS2) correct any variations in the input resistance due to the dependence
on temperature of the transistor current amplifier; for an increase ot 20 °C
in the temperature of the instrument the zero error is less than 5 % of
the full deflection; the loss in sensitivity or calibration error is max. 1 %.

Technical data

Battery voltage 9V
Sensitivity (full deflection) 10 mV
Input resistance 1 Mao/V

Relative error from 20 to 40 °C £ 1 %
Current consumption 0.7 mA




APPENDIX

Although but a few years ago it was possible to make transistors only
for A.F. purposes and, to a limited extent, also R.F. types, capable of
handling comparatively little power, the present situation is rather different,
due in part to entirely new methods of manufacture. At the same time
a number of new electronic devices have been placed on the market,
based largely on the use of germanium and silicon semiconductor material.
The following will serve as few typical examples.

Hall generators

These consist of a thin rectangular plate of semiconductor material placed
in a magnetic field in such a manner that the lines of force pass through
the large faces. When a voltage is applied to opposite sides of the plate
a potential difference occurs across the other two sides which is propor-
tional both to the magnetic field strength and to the applied voltage. These
generators are used as a means of measuring magnetic fields.

Thyristors

Thyristors are 4-layer (PNPN) transistors having two stable states, namely
one with a very low resistance (conductive state) and one with a high
resistance (non-conductive state). The same characteristic is found in
thyratrons.

Tunnel diodes

These are made from semiconductor material containing more impurities
than usual. The current/voltage characteristic rises very steeply in the
conductive zone to a maximum, after which it drops rapidly again to a
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minimum and then further assumes the ordinary characteristic of a diode.
Tunnel diodes are employed in oscillators and amplifiers.

Photoconductive resistors

These are resistors the conductivity of which increases when the semi-
conductor material of which they are mare (CdS of PbS) is exposed to
light.

Applications: relays, protective devices.

Zener diodes

In this type of diode the current rises sharply when the voltage exceeds
a certain critical limit. Zener diodes can be used in certain cases where
a reference voltage is required.



METHODS OF MANUFACTURE

Alloying

The transistors described in this booklet are manufactured along the
following lines. The starting material for PNP transistors is N germanium.
For NPN transistors the material is of course of the P type, this being
prepared in advance in the form of very thin, small, plates. The emitter
and collector are formed by placing a small pellet of indium on each side
of the plate (exactly opposite to each other), the whole being then heated
until the indium melts.

The molten indium gradually penetrates the germanium; in other words
an impurity in the form of indium is introduced into the N germanium
at these points, the result being P germanium. Figure 139 shows a cross-

n-type
- geringnitm

emitter
pellet : ;
p-type S

germanium

[

~
base tab

collector
pellet

Fig. 139.

section of a transistor made in this manner; it is called an alloy-junctios
transistor by reason of the germanium-indium alloy produced at the points
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for the emitter and collector. The thickness of the layer of N material
between the collector and emitter depends upon the temperature and
duration of the heating process already mentioned; the higher the tempe-
rature and the longer the heating time, the more deeply the indium
penetrates the germanium.

The amount of power that a transistor is capable of dissipating depends
in the first instance on the temperature of the transistor itself, that is the
amount of heat generated within a certain period of time and the heat
given off by it in the same period. The maximum permissible temperature
for germanium is 90 °C, which implies that the transistors of the type
described here are never capable of amplifying an appreciable amount of
power, since the heat is carried away through a coating of grease (see
Chapters I and IV).

Transistors produced specifically for handling power, such as the OC26,
are manufactured in the same way, but the whole assembly is on a larger

scale and the transistor proper, with its collector, is mounted on a solid
copper plate (Fig. 140). This latter feature ensures a more intensive
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Fig. 140

dissipation of the heat generated. Transistors of this type have two termin-
ations, the copper mounting plate functioning as collector connection.

The diffusion method

In this method of manufacture the starting material is a plate of P
material. This is placed for a certain time in a mixture of gases containing
a surplus of arsenic. This has the effect of forming a skin of N material
on the P material, the thickness of this skin is determined by the tempe-
rature, the gas pressure and the duration of the diffusion process. The
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emitter and base are then attached to the skin of N material by alloying
with P- and neutral materials respectively (Fig. 141).
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The N layer on the plate of P material is then etched off, yielding a
transistor of the type shown in Fig. 142. The OCI171 is an example of

n-type p-type
diffused diffused
emitter base
\\\ //
\ \C— p -

n—type silicon

this type of transistor, which is called a mesa transistor after the Spanish
word mesa meaning table; this relates only to the construction of the
device.

It should be expressly pointed out here that variants of this technique
are also employed; for example the emitter and base are often mounted
by the diffusion method instead of in the manner described.






