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CHAPTER 1

INTRODUCTION T
ELECTRONICS

Only a few years ago, you would not have found the study of ‘electronics’
on the curriculum of any university or college. The subject was not con-
sidered important enough to be given a category of its own, and was
studied as a rather specialist branch of electricity. Today, this relatively
new branch of technology has made an impact on almost every aspect of
our lives. Electronics has made possible a range of inventions, from tele-
visions to spacecraft. Many of these inventions—or the effects of them—
have revolutionised the way we live.

The growth of electronics as a branch of technology has been unprece-
dentedly rapid. Never before has such a completely new technology been
developed so quickly or so effectively, and so universally. Electronic
techniques are now applied to all branches of science and engineering, A
study of electronics is therefore central to any science or engineering
course, and more and more people, in all walks of life, are going to be
needing a basic knowledge of electronic technology.

It is true that electronics developed from the study of electricity. Early
ideas about the way electric current could flow through conductors and
through a vacuum led to the development of useful radio systems. It was
possible to send messages around the world using what was, by today’s
standards, incredibly simple and crude equipment. The Second World War
provided an urgent requirement for more sophisticated communication
and other electronic systems. The invention of radar {radio direction
finding and ranging) required a big step forward in theory and an even
bigger step forward in engineering. The study of electronics gradually
became an important subject in its own right, and the radio engineer
became a specialised technician.

The development of television led to one of the most massive social
changes that has taken place. Many households now possessed televisions,
radios and record players. In some branches of industry, electronic systems
became useful—but electronic devices not directly concerned with the wire-
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less transmission of sound or pictures were still something of a curiosity.

Only in the early 1960s did electronics technology ‘come of age’ thanks
to the work of three scientists, Bardeen, Brattain and Shockley, in the Bell
Iaboratories in the USA. In 1957 they assembled the first working tran-
sistor.

1.1 THE MICROELECTRONIC REVOLUTION

In order to understand just how much impact the invention of the transistor
was to have, it is necessary to realise that every electronic machine required
the use of valves. Valves will be described in Chapter 5, but for the time
being it is enough to know that valves are rather inconvenient devices for
handling electrons. Valves are rather large, difficult to produce on a large
scale, and extremely wasteful of power. The transistor, on the other hand,
can be made quite small and uses relatively little power. It is much cheaper
to make than a valve and lends itself to mass-production techniques. More
importantly, the transistor can be made very small. There is a theoretical
limit to the size of a transistor, but this limit is astonishingly tiny. Using
transistor technology it became possible to make electronic circuits very
complicated and very small, It is quite difficult to get an idea of the
difference in scale between electronic devices using valves and electronic
devices using microelectronic technology. It does not give a very valid
comparison to look at a radio receiver of the 1930s and compare its size
with a2 modern transistor radio. The size of the transistor radio is not
limited by technology but rather by the size of the person who is expected
to operate it. Transistor radios can be made extremely small, but the lower
limit of smallness is reached when it becomes impossible to operate the
controls!

A more useful comparison can be made by looking at computers. One
of the first working, large-scale computers was made in the late 1940s. It
occupied an area about equal to that of an hotel suite, and used as much
power as a medium-sized street of houses. It was vastly expensive, and
vastly unreliable-on average a valve had to be changed once every ten
minutes.

I am fortunate enough to own a computer of substantially more power
than that of the giant of the 1940s. It cost me less than one week’s pay,
and fits neatly into my jacket pocket. It will operate for approximately
300 hours on two tiny batteries and I would be surprised if it ever went
wrong.

All this gives an indication of the scale of change that has taken place as
a result of the development of electronics, and of the ‘microelectronic
revolution’ sparked off by the invention of the transistor.

Page 10 of 151



1.2 ELECTRONICS TECHNOLOGY TODAY

Most of the development in electronics has taken place since 1960. Inevit-
ably there have been large changes in the way the subject is taught, and
indeed in what is taught. Solid-state technology has even led to a change in
the way we look at the physics of the atom. Models of the atom which
work well for electronics based on the relatively crude ‘valve’ technology
are often not sufficient for a useful description of modern microelectronic
components.

This bock is divided into three parts. Part [ is a revision of basic elec-
tricity. This part of the book goes rather faster than the other two parts.
Tt will provide you with sufficient knowledge of electricity to enable you
to understand the rest of the book. It is not, however, a complete study of
the subject but will be a useful memory-jogger for anyone who has studied
electricity at school but who needs to be reminded of what was learnt
there.

Part Il deals with linear electronics. Broadly, this is a study of electronic
components and systems that deal with continuously varying quantities
and represent these quantities by means of an electrical analogue. Elec-
tronic systems that involve this technology include television and radio,
audio and video reproduction equipment, and a number of electronic
instruments.

Part Il deals with digital electronics. In digital electronics, systems deal
only with numbers, usually represented by the presence or absence of an
electrical signal. Digital electronic systems include, of course, computers
and calculators, and a number of electronic instruments. Digital electronics
is probably the most rapidly developing branch of electronics technology.
Various functions previously carried out by linear systems are now being
dealt with digitally—one major example is studio-quality audio recording
and reproduction. A sound signal can now be represented as a stream of
numbers, and can be recorded and replayed in this form to give a totally
reproducible and high-fidelity audio signal. Most commercial sound-
recording studios now use digital techniques for recording.

1.3 ELECTRONIC SYSTEMS

It used to be necessary for students of electronics to understand at a basic
physical level the way in which electronic systems worked. This is still
true in so far as a student must have a thorough understanding of the
physics of electronic devices. However, it is no longer necessary—or indeed
possible—for students to understand the detailed workings of individual
circuits. A microelectronic counter, for example, may be extremely com-
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plex in its actual operation. If a manufacturer has some novel circuit, he
may be very reluctant to publish details of the way the device works. In
the case of very complex microelectronic systems-such as micropro-
cessors—it would be a major study to examine in detail the operation of
just one such device. The technologist today is concerned with systems,
and with the operating parameters of the individual circuit components.
An individual circuit component in this context may be a complete
amplifier or counter, The manufacturer will provide very complete data,
and provided the user is fully aware of the device’s characteristics, it is no
longer necessary to understand the precise details of a device’s internal
functioning. For reasons outlined above, such information may be rather
difficult to obtain.
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CHAPTER 2 7

ELECTRICITY

What is electricity? To begin to answer this question, we have to look at
the composition of matter. All matter is made up of atoms, but it is far
from simple to describe an individual atom. Atoms are of course far too
small to be seen under the most powerful microscope, and we have to infer
their construction from the way they behave and from the way they affect
various forms of radiation beamed at them. Because nobody quite knows
just what an atom really looks like, physicists construct models of atoms
to help them explain and predict atomic behaviour.

One of the simplest and most straightforward models of the atom was
proposed by Niels Bohr, a Danish physicist, in 1913. In Bohr's model of
the atom it is assumed that tiny electrons move in orbit around a central,
much more massive, nucleus. The electrons are confined to orbits at fixed
distances from the nucleus, each orbit corresponding to 2 specific amount
of energy carried by the electrons in it. If an electron gains or loses the
right amount of energy, it can jump to the next orbit away from the
nucleus, or towards it. A typicel atom, drawn according to Bohr’s theory,
is shown in Figure 2.1. Electrons towards the outer edge of an atom are

fig 2.1 a model atom, according to Bohr’s theory

Electrons

Nucleus *

S~
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held in orbit rather loosely compared with those towards the centre.
Electrons in the outermost orbits can easily be detached from the atom,
either by collision or by an electric field. Once detached, they are known
as free electrons. All materials contain some free electrons.

Materials that are classed as insulators contain only a very few free
electrons, while materials that are classed as conductors (notably the
metals) contain large numbers of free electrons. These free electrons drift
around in the material more or less at random. However, under certain
circumstances the electrons can be made to flow in a uniform direction.
When this happens, they become an electric current.

Let us lock at one such example, that of a dry cell. A study of the
workings of the cell is not part of a book on electronics, but details can be
found in textbooks on electricity. The illustration in Figure 2.2 shows a
much simplified diagram of a typical dry cell. For our purposes, the
important thing is that the internal chemistry of this cell causes the outer
casing of the battery to accumulate an excess of free electrons. The centre
terminal, on the other hand, has almost no free electrons. If the casing and
centre electrode of the battery are connected by a conducting wire—as
shown in Figure 2.3—clectrons will migrate from the casing to the centre
electrode by flowing down the wire. This current flow is explained by the

fig 2.2 a single dry cell
Metal

top cap
(shortage of electrons)

Plastic Y N

and PR Y
bitumen seal?%
~

a———- Zinc casing

N (extra free electrons)

Chemicalg ————;

Lt LWL L

insulator {tc keep
the electrode from

touching the case} \

/
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fig 2.3 electrons flowing in a circuit

Electrons flow
1 along wire

fact that all electrons carry a single unit of negative electric charge. The
electric charge is a form of energy, and may in some ways be regarded as
analogous to magnetism, In the same way that similar poles of a magnet
repel each other (north repels north, south repels south), so do electrons
repel each other. In a normal atom the charges on the electrons are exactly
balanced by positive charges on the nucleus. An atom in this state is said
to be neutral. Free electrons are repelled by other free electrons, and, as
you might expect, are aftracted towards areas with a net positive charge.
This is illustrated diagrammatically in Figure 2.4. Area 4 has a large
number of free electrons, far more than are necessary to balance the posi-
tive charges on the nuclei of the atom. Area B has very few free electrons,
and indeed a number of the atoms may be missing electrons from their
outer orbits and may therefore exhibit a net positive charge. The electrons
are repelled by the charge in area 4 and flow along the wire towards
area B.

The above is something of a simplification, but illustrates the general
principle.

fig 2.4 electrons move from an area having net negative charge to an
area with net positive charge
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2.1 UNITS OF ELECTRICITY

It is possible to count (indirectly) the number of electrons flowing along
the wire. In order for there to be a useful current, a very large number of
electrons must flow. Accordingly, the basic unit of electric current flow is
equivalent to around 6.28 x 10*® electrons per second. This unit of elec-
tricity is called the ampere, after André Marie Ampére, a French physicist
who did important pioneering work on electricity and electromagnetism,
The ampere, often abbreviated to ‘amp’, is a practical unit of current for
most purposes.

In addition to measuring the current flow, we also need to measure
another factor, the potential difference between two points. The potential
difference between two points is the energy difference between them.
Look at Figure 2.4 again, and imagine that there is a much larger number
of free electrons on side A. This would have the effect of increasing the
amount of negative charge on A and increasing the amount of energy
available to push the electrons along the wire. Similarly, if side 4 had only
a very few more free electrons than side B, the energy available to push
electrons along the wire would be much less. There is a parailel here
between the potential difference and water pressure—in fact we can use a
‘water analogy’ to illustrate the way an electric circuit works. If current
flow is the equivalent of a flow of water along a pipe, the potential dif-
ference is the amount of pressure availabie at the end of the pipe. But
whereas we might measure pressure in terms of kilograms per square metre,
potential difference is measured by a unit called the volt. The volt is
named after Alessandro Volta, an [talian physicist who, like Ampére,
pioneered work in electricity—he produced the first practical battery. As
you might imagine from the water analogy, the current flow is affected
by the potential difference. All else being equal, the higher the potential
difference—or voltage—the greater will be the current flow.

There is one other factor that would affect the flow of water in the
plumbing system: that is the size of the pipe. There is a corresponding
factor in the electric circuit, and that is the resistance of the wire. Resist-
ance is a property of all materials that reduces the flow of electricity
through them. The higher the resistance, the more difficult it is for current
to flow. The three factors affecting current flow are illustrated—with the
water analogy—in Figure 2.5,

The relationship between current, potential difference and resistance
was first discovered by Georg Simon Ohm in 1827, It is called Ohm’s Law
after him. Ohm’s Law states that the current, I, flowing through an element
in a circuit is directly proportional to the voltage drop, ¥, across it. Ohm'’s
Law is usually written in the form:

V=IR
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fig 2.5 aplumbing analogy: voltage, current and resistance all have their
equivalents in the water system

Pressure {V)

Voltage (V) l Current (1)
J Resistance +
i toflow(R)
Flow (I} [ [IP—
/ \ , Resistance(R)
s, ? 4

The unit of resistance is called the ohm, for obvious reasons. From the
formula above we can see that a potential difference of one volt causes a
current of one ampere to flow through a wire having a resistance of one
ohm. Given any two of the factors, we can find the other one. The formula
can be rearranged as:

=7
R
or
R:,K
I

This simple formula is probably used more than any other calculation by
electrical and electronics engineers. Given a voltage, it is possible to arrange
for a specific current to flow through a wire by including a suitable resistor
in the circuit. Similarly, it is possible to determine voltage and resistance,
given the other two factors. For some applications in electrical engineering,
and for many in electronic engineering, the ampere and volt are rather
large units. The ohm, on the other hand, is a rather small unit of resistance.
It is normal for these three units to be used in conjunction with the usual
SI prefixes to make multiples and submultiples of the basic units. These
are given in the chart in Figure 2.6. When using Ohm’s Law in calculations,
it is vital that you remember to work in the right units. You cannot mix
volts, ohms and milliamps!
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fig 2.6 S/ prefixes

Prefix Symbo? Meaning Pronunciation
tera T x 10'? tare-ah

giga G »10° guy-ger
mega M x 1000000 megger

kilo k x 1000 keel-oh

milli m + 1000 milly

micro " + 1000000 -

nano n +10° nar-ho

pico p +10'? peeko

fernto f +10'® femm-toe

2.2 DIRECT AND ALTERNATING CURRENT

So far we have been considering electric current that flows continuously
in one direction through a circuit. However, in many applications we will
encounter electric current that flows first in one direction and then in the
reverse direction. Current that flows first one way and then the other is
called alternating current, and a2 voltage source supplying such a current is
called an alrernating voltage. Alternating voltages and currents occur in
various circuits, particularly in radio and audio, and in power supplies.
Alternating current isused for all mains power supplies because a.c. permits
the use of frensformers to increase and decrease the voltage, so that the
power can be transmitted from place to place using efficient high-voltage
trensmission lines,

The rate at which the voltage reverses is the frequency of the alterna-
tion. One complete cycle, from one direction to the other, and back to the
original direction, is the measure: one cycle per second is given 2 unit, the
hertz (symbol Hz) after Heinrich Rudolf Hertz who first produced and
detected radio waves, The hertz is equal to one cycle per second, and can
be used with the usual SI prefixes; thus 1000 Hz is usually written as
1 kHz, etc.

2.3 RESISTORS IN SERIES AND PARALLEL

An electrical circuit that draws power from a source of electricity is
known as a load. It is possible to connect two loads in an electrical circuit
so that all the current flows through both of them. Equally, it is possible
to connect them so that current flow is divided between them. The two
possibilities are illustrated in Figure 2.7,

Figure 2.7a illustrates serfes connection. In this illustration the loads
have a resistance of 1082 and 5 §2 respectively. To work out the combined
resistance of the two loads, for use in calculations involving Ohm’s Law,
the two values can simply be added together. This is true of any number
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fig 2.7 resistors in series (a) and parallel (b)

I8 N
[Jos

(a) (b)

of resistive loads connected in series—just add the values together, making
sure that all the resistances are expressed in the same units (once again,
you cannot mix ohms and kilohms).

The second case, illustrated in Figure 2.7b, is less easy to calculate. The
formula for working out combined parallel resistance is:

Loty Ly by

R R, R, Rs

R is the combined resistance, where R, R,, etc. are the individual parallel
resistances. Working this out numerically for the example in Figure 2.7b,

we get:

r_t,1
R 10 5
1. 01+02
R

103

R

R =3333Q

Thus the combined resistance is around 3.3 Q. It is important at this stage
to consider what degree of accuracy is required. My calculator shows that
the reciprocal of 0.3 is actually 3.33333333. This seems to be a very high
degree of accuracy, but the accuracy is apparent rather than actual. We
must consider how accurately the true values of the two resistive loads
are known. In order for the calculator’s answer to be realistic, we would
need to know the resistance of the load to a far greater accuracy than
could be measured without the most specialised equipment. We should
also consider how accurately we need to know the answer. For most
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purposes—and bearing in mind the very large number of variables that
usually exist within any electric or electronic circuit—it is quite sufficient
to say that the combined resistance is equal to approximately 3.3 0.

In practice, quite complex combinations of series and parallel resistances
may be met with. Figure 2.8 illustrates such an instance. The rule for
dealing with part of a circuit like this, and arriving at the combined resist-
ance of all the loads, is to work out any obvious parallel or series com-
binations first, and progressively simplify the circuit. There is an obvious
parallel combination in this figure, so we can work out the combined
resistance of the two 100 £2 and two 50 £ resistors first. Using a calculation
like the one above, we arrive at a total resistance of about 16.7 Q for the
parallel combination of the four resistors. Figure 2.8 has now beccme
more simple—the simplified version is illustrated in Figure 2.9a.

fig 2.8 a complex series-parallel network
A

10002 1000 500} 50 Q)

=

fig 2.9 prograssive simplifications of figure 2.8
A

187

800 U 80 0 4670

3610

{a) {b)
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The series resistors, 16.7 £ and 30 (2, can simply be added together to
give a total of 46.7£2. This leads us to Figure 2.9b, which is a simple
parallel combination which can easily be worked out.

The total resistance between points A and B in Figure 2.8 is therefore
29.5 Q3—or, in the real world, about 30 £2.

Change some of the values in the example given in Figure 2.8 and work
through the calculations yourself, to make sure that you are completely
happy with these simple calculations. These simple calculations will in
fact be a lot simpler if you use a pocket calculator—preferably one that
can give you reciprocals. Calculators are inexpensive and any student of
electronics should always keep one handy.

2.4 TOLERANCES AND PREFERRED VALUES

It should be clear that a load having a resistance of, say, 20 §2 is unlikely
to have a value of exactly 200 # you measure it accurately enough.
Components having a specified resistance, such as resistors used in elec-
tronic circuits, may be matked with a specific value of resistance. But
inevitably the components will vary slightly and not all resistors stamped
20 £ will necessarily have a resistance of exactly this value. Manufacturing
tolerances may be quite wide.

When designing circuits, it is important to bear in mind that components
may not be exactly what they seem. As we saw above, this affects the
calculations we make, and in any complex circuit we would have to specify
circuit values of resistance, voltage and current in terms of a range of
values. A resistor marked 20 £ might, for example, have a resistance of
18 2, or 22 Q2. These two limits represent a departure from the marked
value of around * 10 per cent. This is in fact a typical manufacturing
tolerance for resistors.

But let us look at the effect of two such resistors connected in a series
circuit. Figure 2.10 shows this. We would expect, using simple addition,

fig 2.10 the effect of tolerance in values

204 + 0%

300+ 10%
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that the combined resistance of these two resistors would be 502, We
might base our circuit design on this, and might, for example, predict that
this very simple ‘circuit’ would draw 100 mA from a 5 volt supply. How-
ever, let us consider two extremes. If both resistors happen to be at the
limits of their tolerance range, then the combined resistance might be
55 §). Qur circuit would be drawing only 90 mA. If the resistors happened
to be at the low end of the tolerance range, then a combined value of 46 2
could give us a 108 mA current drain from our 5 volt supply. According
to the function of the circuit, this might or might not be important.

In some cases we need to be able to specify a resistor more accurately
than + 10 per cent. Manufacturers of these components therefore produce
different ranges, according to the degree of tolerance permitted. The
closer the tolerance, the more expensive the resistor, so it is commercially
unwise to specify compeonent accuracy greater than the circuit requires.
Because of the manufacturing tolerance, and because of the impossibility
of producing all possible values of resistor, manufacturers restrict them-
selves to an internationally standardised range of values. Figure 2.1} lists
the available values. Iniermediate values are not generally available, but
can be made by combining preferred values. It is important to be cautious
when doing this, and to bear in mind the tolerance range of the resistors
you are using. There is little point, for example, in adding a 3.3 {2 resistor

fig 2.11 preferred values of resistors

E12 series
E24 series

Preferred values of resistance

-
(=]
b
o

E12 series is available in all types of resistor

15 15 £24 series is available in close-tolerance or high-stability only

18 18
20 Al values are obtainable in multiples or submudtipies of

5o |92 10,e.9.2.2 ), 22 2, 220 (1, 2.2 k{1, 22 k{1, 220 ke,
24 2.2 M0, 22 M)

27 27

Resistance values less than 10 {} and more than 10 M1

33 33 are uncommon, and may not be available in all types of resistor

39 39
47 47
56 56

68 68

82 82
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to a 47 Qresistor in an attempt to produce something that is exactly
508 if the tolerance of the combination is likely to be = 5Q. Manu-
facturers in general restrict themselves to three or four ranges of toler-
ances. Typically, small resistors would have a tolerance of * 5 per cent, or
in some cases + 10 per cent. Close-tolerance components of = 24 per cent
or even t+ 1 per cent are available, but expensive. Components made to
this accuracy would normally be used only in accurate measuring equip-
ment or in particularly critical parts of some circuits.

2.5 CIRCUIT DIAGRAMS

1 have already used circuit diagrams, and it is usually fairly ¢lear how circuit
diagrams are laid out. You will see many in this book, and should get a
good idea of the way circuit diagrams should be drawn. It is normal to
produce diagrams with vertical and horizontal lines, and as few diagonal
or angled lines as possible. It is usually convenient to lay the circuit out
s0 that the potential difference in the circuit (or voltage) varies from the
top to the bottom of the page: this means arranging the diagram with one
power supply line at the top and the other at the bottom in most cases.
Circuit symbols are used to represent different components and different
types of components. We have already seen the circuit symbol for a
resistor and the circuit symbol for a battery. Other component symbols
will be dealt with in context, and explanations will be given where neces-
sary. There are rules about lines in the diagrams crossing, and these must
be obeved rigidly if the diagram is not to be misinterpreted. Figure 2.12
shows some of the conventions. Figure 2.12a llustrates wires crossing, but
not connecting. Figures 2.12b and 2.12¢ show wires that are connected—
the little dot is used to indicate a connection.

Sometimes where wires are crossing but not connected the illustrator
will use a ‘bridge’ to emphasise the fact that the wires are not connected.
This is illustrated in Figure 2.12d; this particular convention is now dis-
appearing. Figure 2.12e illustrates something which should never appear
in circuit diagrams. In all cases where wires are crossing and connected the
illustration in Figure 2.12¢ should be used. The reason for this is that, if
the circuit diagram is printed, the point where the wires cross may “fill in’
in the printing or photocopying process and make it appear that they
should be connected when in fact the circuit designer intended that they
should not. As you work through this book you should look at the way
the circui{ diagrams are laid out, and try to draw neat, clear diagrams
yourself. Often, this may mean redrawing—but it is worth the trouble,

In the next chapter we will be looking at further ‘passive’ components.
We have already considered resistors, but we shall look at them in more

v
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1.
2.

fig 2,12 circuit diagrams

(a) wires crossing but not connected (b) wires joined

(e) wires crossing and connected {d} a non-preferred convention

for wires crossing but not
connected

No!

(e} something that should not appear on any circuit diagram

detail-and in the context of the way they are used in circuits. We shall
also look at the other two main classes of passive components, capacitors
and inductors.

QUESTIONS FOR CHAPTERS 1 AND 2

Describe the difference between flinear and digital electronic systems.

What is the unit of electric current? What is the unit of electrical
potential?

Calculate the value of the combined value of the following resistors
connected in series: 33k, 18k€), 4.7kQ. If a battery supplies a
current of 215 uA through the resistors when they are connected to
it, what is the battery’s voltage?

What is the combined resistance of the following resistors connected
in paraltel: 22082, 100 £2, 470 Q27

A 10k and a 5.6 k€2 resistor are connected in series. If both resistors
have a manufacturing tolerance of = 10 per cent, what, approximately,
are the maximum and minimum values of resistance we would expect
to measure across the combination?




CHAPTER 3 19

PASSIVE COMPONENTS

AND POWER SUPPLIES

The components used in electronic circuits are divided into two main
classes. These are referred to as ‘active’ and ‘passive’ components. Active
components use the movement of electrons either through a vacuum or
through a semiconductor to perform some function in the circuit. Passive
devices, on the other hand, do not control the movements of the electrons,
but rather allow the electrons to flow through them. It could be argued
that the simplest of all passive devices is a length of wire!

3.1 RESISTORS

Resistors are components intended to insert a known amount of resistance
into an electrical circuit. As we saw in the last chapter, they are available
in a range of different values and tolerances. It will also be evident to
anyone who has locked at an electronic circuit that they are also available
in a range of sizes. The sizes relate to the amount of power that the
resistor can dissipate. An electric current passing through a resistor will
always cause a certain amount of energy to be dissipated as heat. The
amount of energy dissipated can be calculated by the simple formula:

P = VI watts

where P represents power.

Let us consider the case of a 52 resistor connected across a 12 volt
battery. This is illustrated in Figure 3.1. We can use Ohm’s Law to calculate
the amount of current flowing through the resistor. This is given as:

I:Y
R

[« 2
5

I=24A
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fig 3.1 power: a simple circuit like this will dissipate heat

+12V

1
i
!
]
R E—

Tov

It is clear that the voltage, when measured across the resistor, must be
equal to the battery voltage, provided we neglect any resistance in the
wires. We can now use the formula to calculate the amount of power that
the resistor is dissipating as heat:

P=VI
P=12x24
P =288 watts

28.8 watts is a respectable amount of heat—the above calculation might be
made for a car’s rear-window heating element. It is quite obvious that a
tiny component such as a resistor one might find in an electronic circuit
could not possibly dissipate this much heat without damaging itself. In
fact, a resistor designed to dissipate around 30 watts would be quite large
—perhaps 5cm long. [t would also be made in such a way that the body of
the resistor could become quite hot. In practice, the designers of most
electronic circuits try to avoid such large heat outputs which can cause
problems in cooling the equipment.

Resistors used in electronic circuits are designed with power dissipa-
tions of 0.25, 0.5 or 1 watt. Larger sizes are available, but are less com-
monly used.

The same formula as the one above is used to calculate the power
dissipation of series and parallel combinations. Figure 3.2 shows such
circuits. Figure 3.2a illustrates two resistors connected in series. It is quite
clear that the same current flows through both resistors. However, when
measured across each resistor, the voltage will be different. The total
potential difference is given as S volts. We can find the voltage across each
individual resistor by using Ohm’s Law. We know that the total resistance
of the circuit is 3.2 k&2 and can use Ohm’s Law to calculate that the current
flowing through the circuit is about 1,562mA. Using the form of Ohm’s
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Law V = IR, we can calculate the voltage drop across each resistor. For the
first resistor:

V'=1000x 1.562mV
V'=1562

And for the other resistor:

V'=72200x1.562
V=344

Now that we know the voltage dropped across each resistor we can calcu-
late the amount of power that each resistor is dissipating. For the 1kQ
resistor this is:

P=1562x1562
P=243mW

And for the 2.2 k(2 resistor the power dissipated is given as:

P=1562x344
P=537TmW

Look carefully at the units used in these calculations! The amounts of
power dissipated are very small, typical, in fact, of the sort of thing we
will become used to in electronic circuits. The smallest commonly avail-
able size of resistor {0.125 watts) is substantially larger than is necessary
to dissipate this amount of power,

Exactly the same kind of calculation is used to work out the power
dissipations in resistors in parallel, In this case—illustrated in Figure 3.2b—
the voltage across both resistors is the same (5V), but the current is
different. We can use Ohm’s law to ascertain the current flowing through

fig 3.2 resistors in series and in paralle!

+5V +5V
1%
1k 2.2k
2.2k
ov ov
{a} (b}
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each resistor, and arrive at 5mA and 2.27mA for the 1 kQ and 2.2k82
resistors respectively, We can now use our power calculation to determine
that the 1k£2 resistor is dissipating Sx § = 25mW. The 2.2k} resistor is
dissipating 2.27 x 5 =11.35 mW_ If you are in any doubt about this calcu-
lation, work it out on a piece of paper. Another, equally valid way of
working out power dissipations in series or parallel combinations of two
resistors is to calculate the total dissipation of the pair (very simply done)
and then use a ratio calculation to determine how much power is dissi-
pated by which resistor. Note that in serfes combinations it is always the
resistor with the higher value that dissipates the most power. In parallel
combinations, it is the resistor with the lower resistance that dissipates
more power,

Before leaving resistors, we should look at the physical structure of the
three main types of resistor. These are all electrically comparable—there is
only one kind of resistance—but they are mechanically different, being
suitable for stightly different applications.

Types of resistor
The most usual type of resistor is the solid carbon resistor (see Figure 3.3).
Its structure is very simple, consisting of a small cylinder of carbon which
is mixed with a non-conductor. A connecting wire is fixed into each end,
and the resistor is given a coat of paint to protect it from moisture which
might alter the resistance.

Resistors are always marked with a colour code to indicate the value.
The colour code consists of three or four coloured bands painted round
the resistor body. This system is used because it makes the resistor’s value

fig 3.3 & solid carbon resistor (this component might be anything from a
few millimetres to a few tens of millimetres long)

Connecting wire

—

Paint coating Carbon mixture
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visible from any direction—a printed label could be hard to read with the
component in place on a crowded board. Also, a painted or printed value
could easily get rubbed off, whereas painted-bands are relatively permanent.

The first three bands of the colour code represent the value of the
resistor in ohms. Bands 1 and 2 are the two digits of the value, and band 3
represents the number of zeros following the first two digits. Figure 3.4
gives the resistor colour code; the standard is international. The fourth
band is used to indicate the tolerance of the resistor’s stated value.

fig 3.4 the international standard resistor colour cade

Valyes Example
0 black Firstdigit  Second digit
1 brown of value of value
Number of zeros
2 red following the
3 orange two digits
4 yetlow [_—— Tolerance
5 green
7 purple | l | {
5238
8 grey gEgxg
o2 g"”
9 white =M om
Tolerances
+20% noband 3 (= three zeros)
+10% silver \
+5% gold 4 7 000
= 47 000 {},
+1% pink
=47 k) 5%

Where values of resistance less than two digits are required, the two
bands are followed by a gold band. Thus 4.7 Q would be represented as
yellow, purple, gold, plus a tolerance band.

The next kind of resistor is the metal oxide or metal glaze resistor. This
locks rather like the carbon resistor from the outside, but the internal
structure is-different. Figure 3.5a shows a cross-section.

Metal oxide resistors can be made to closer tolerances than carbon
resistors, and change their resistance less with changes in temperature. For
this reason they are sometimes called high-stability resistors. The resistance
of a metal oxide resistor changes by approximately 250 parts per million

N
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fig 3.6

Connecting wire Ceramic cr giass body

Paint Oxide resistive layer Metal end cap
coating

{a) ametal oxide resistor

Ceramic body Resistance wire

WY s et

Cement Connecting wire
coating

{b) for high power applications, a wire-wound resistor is used

per °C. This compares with about 1200 parts per million per °C for carbon
resistors.

Both carbon and metal oxide resistors are made in a range of stock
sizes, from about 0.125W dissipation to about 3 W, Sometimes it is neces-
sary to have resistors that can cope with higher powers; for this, wire-
wound resistors are used. The wire-wound resistor is shown in Figure 3.5b.

It is easy to make wire-wound resistors in low resistance values, down
to fractions of an ohun. High resistance values use wire of low conductivity,
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requiring many tumns of fine gauge wire as well. The maximum practical
value for a wire-wound resistor is a few tens of kilohms, at least for com-
ponents that are a reasonable size. Power ratings range from 1-50W in the
stock sizes; there is no limit to the size in practice, and larger special-
purpose wire-wound resistors are common.

It is possible to make precision wire-wound resistors in which the
resistance is specified to a very close tolerance, within * 0.1 per cent. Such
resistors are expensive and would be used only in measuring equipment.

Variable resistors

For applications such as volume controls and other ‘user controls’ in
electronic equipment, it is often necessary to have a resistor that can be
altered in resistance by means of a control knob. Such resistors are called
variable resistors, or potentiomerers., They consist of a resistive frack,
made with a connection at either end. A movable brush, generally made of
a non-corroding metal, can be moved along the track; an electrical connec-
tion to the brush allows a variable resistance to be obtained between either
end of the track and the brush.

Three forms of variable resistor are shown in Figure 3.6b. Note that the
shaft (or slot} that moves the brush is generally connected to the brush it
is important to know this for safety reasons.

Variable resistors are available in various shapes and sizes, with power
dissipations from around 0.25 W upwards. Tracks are either carbon, con-
ductive ceramic (‘cermet’) or wire-wound. Resistance ranges are available
between fractions of an ohm and a few megohms.

The track can be made in such a way that the resistance increases
smoothly along the track—the usual, linear, type of potentiometer. For
some audio uses (such as volume controls) logarithmic potentiometers
- are made in which the resistance increases according to a logarithmic law
rather than a linear law. For most purposes you need only remember that
the way logarithmic potentiometers control volume approximates the way
the human ear responds to sounds of different loudness. If you use a linear
potentiometer for a volume control, the effect of the control seems to be
‘all at one end’ of the scale.

3.2 CAPACITORS

Next to resistors, the most commonly encountered component is the
capacitor. A capacitor is a component that can store electric charge. In
essence, it consists of two flat parallel plates, very close to each other, but
separated by an insulator (see Figure 3.7),

When the capacitor is connected to z voltage supply, a current will flow
through the circuit (see Figure 3.8). Electrons are stored in one of the
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fig 3.7 schematic view of a capacitor

Wire

"
| P

<
e
'

. Wire Insulating Metal
dietectric between plate
piates

fig 3.8 & capacitor connected to a power supply; current will Flow until
the capacitor is charged

Current flows while

capacitor is
charging
+
/This plate facks electrons
-
I L]
|
1 I
V\
This plate has extra
‘free’ electrons

plates of the capacitor; in the other there is a shortage of electrons. In
this state the capacitor is said to be charged, and if it is disconnected from
the supply, the imbalance in potential between the two plates will remain.

H the charged capacitor is connected in a circuit, it wiil, for a short
time, act as a voltage source, just like a battery. This can be demonstrated
quite nicely with nothing more than a large capacitor, a 9V battery such
as PP9, and a capacitor rated at 10V, 1000 uF (see below regarding units
of capacitance). Note that the capacitor will be an electrolytic type (again,
see below) and must be connected to the battery with its + terminal
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towards the positive (+) terminal of the battery. The demonstration is
shown in Figure 3.9.

Try the experiment again, this time allowing two minutes between
charging the capacitor and discharging it intc the bulb. Try waiting pro-
gressively longer, and you will see that the charge gradually leaks away on
its own. This is due to the imperfection of the insulator separating the
plates, allowing a tiny leakage current to flow.

A graph of the current flowing through a charging and then discharging
capacitor is compared with the voltage measured across it in Figure 3.10.

The unit of capacitance is the farad, named after Faraday. One farad is
a very large unit of capacitance, in the context of electronic circuits, and
the smaller derived units of capacitance are used. The largest practical unit
is the microfarad, symbol u¥. Although values of capacitance in the range

fig 3.9 a simple experiment for demonstrating the way in which capa-
citors can store power, a large capacitor is first charged up from
a 9 volt supply, and then discharged into a small lamp

(PP battery)
+0V 6V
"- - I'—‘ 40 mA
A 1‘ ?
1 ]
I
* U B
15V 1000 &
+ terminal identified \ Note circuit symbol
with coloured end for lamp:

Elf?rtje%r Connect capacitor b_rieflv
B across battery terminals.

Then, taking only a second
or 50, remove it from the

E:;tgrr\gand connect it to means lamp used
0 P as indicator’
1000 pF @
15V electrolytic

capacitor
means ‘lamp used

UI for itlumination’

white plate on circuit
symbol is always +

Page 35 of 151




29

fig 3.10 a graph showing a capacitor charging and discharging

Charging

+
Current » Time

Discharging

of thousands of microfarad are sometimes used, the millifarad is never
encountered—a capacitor would be marked 10000 uF, for example, not
10mF. If you do see a capacitor marked ‘mF’, it is almost certainly meant
to be uF, with that manufacturer (Far Eastern?) using a non-standard
abbreviation. In addition to the uF, the nF and the pF are commonly used
units.

There are many different types of capacitors, according to the use to
which the component is to be put, and also to the operating conditions.
The capacitance of the component is determined by three factors: the area
of the plates, the separation of the plates, and the insulating material that
separates them, known as the dielectric. For the same dielectric material,
the closer and larger the plates, the greater the capacitance. Another factor
determines the thickness of the dielectric, and that is the maximum voltage
to which it is going to be subjected. If the dielectric is very thin, it will
break down with a relatively low voltage applied to the plates of the
capacitor. Once the dielectric has been damaged, the capacitor is useless.
High voltage capacitors need thicker dielectrics, to withstand the higher
voltage. To produce the same capacitance, the plates have to be larger in
area—so the component is bigger.

The simplest type of capacitor uses a roll of very thin aluminium foil,
interleaved with a very thin plastic dielectric such as mylar. A physically
smaller capacitor can be made by actually plating the aluminium on to one
side of the mylar (see Figure 3.11). For higher voltages, polyester, poly-
styrene or polycarbonate plastic material is used as the dielectric.

. Ceramic capacitors are used where small values of capacitance and large
values of leakage current are acceptable—the ceramic capacitor is inexpen-
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fig 3.11 a typical capacitor, used in electronics work—the ‘metallised
film” type
Two metaliised mylar

strips tightly
rolled together

e

Metaliised on
one side

One connection to
each strip

...dipped in resin
and labelled

sive. A thin ceramic dielectric is metallised on each side, and coated with a
thick protective layer, usually applied by dipping the component.

Both plastic film and ceramic capacitors are available in the range
10 pF-1 pF, though plastic film types may be obtained in larger values.

Where really high values of capacitance are needed, electrolytic capa-
citors are used. Electrolytic capacitors give very large values of capacitance
in a small component, at the expense of a wide tolerance in the marked
value (—25 to +50 per cent) and the necessity for connecting the capacitor
so that one terminal is always positive.

The most commonly used type of electrolytic capacitor is the aluminium
electrolytic capacitor. The construction is given in Figure 3.12. After
mamufacture, the capacitor is connected to 2 contrelled current source
which electrochemically deposits alayer of aluminium oxide on the surface
of the ‘positive’ plate. The aluminium oxide makes an excellent dielectric,
with very good dielectric strength (resistance to voltage applied across the
plates). Since the layer is chemically deposited it is very thin.

The electrolytic capacitor must not be subjected to voltages applied in
the wrong direction, or the aluminium oxide layer will be moved off the
positive plate, and back into the electrolyte again.
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tig 3.12 construction of an aluminiumn electrolytic capacitor

Semi-liquid .
electralyte Plastic auter sleeve

Aluminium can

Plastic end
cap

+
Connecting wire

Connecting wire

Seal

Aluminium F’erforatecf_ Aluminium foil roll
connection to polythene insulator
foit roll

Variable capacitors
Capacitors are made that can be varied in value. Either air or thin mica
sheets are used as the dielectric, so the capacitance of variable capacitors
is usually low. Rofary or compression types are made. In the former,
the capacitance is altered by changing the amount of overlap of the two
sets of plates; see Figure 3.13a. In compression trimmers, the spacing
between plates is altered, as in Figure 3.13b.

Variable capacitors can be obtained with maximum values from 2 pF
to 500 pF.

Capacitors as frequency-sensitive resistors
Once a capacitor has charged up, it will not pass current when connected
to a direct voltage supply. However, if we reverse the polarity of the
supply, the capacitor will permit a current to flow until it has charged
up again, with the opposite plates positive and negative. The capacitor will
then, once again, block the flow of current. If the frequency of an alter-
nating voltage applied to a capacitor is high enough, the capacitor will
actually behave as if it were a low value resistor, as it will never become
charged in either direction. At lower frequencies, the capacitor will appear
to have a higher resistance, and at zero frequéncy (d.c.) it will, as we have
seen, have an infinitely high resistance if you disregard the leakage current.
The precise value of resistance shown by the capacitor will depend
upon the capacitance, the applied voltage and the frequency. The property
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(a) & varfable capacitor of the “air space” type (this component
would be used for tuning a radio receiver, for examplej
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(b} a ‘compression trimmer’, 2 form of variable capacitor used to
preset circuit values (adjustment is by means of a screw)

is known as reactance. It enables the circuit designer to use the capacitor
to block or accept different frequencies in a variety of different circuit
configurations, many of which you will meet later in this book.

Capacitors in series and parallel
Capacitors can be used in series and in parallel. When used in series, the
working voltage is the sum of the two working voltages, so two capacitors
intended for a 10V maximum supply voltage could be used, in series, with
a 20V supply.

The calculation of capacitor values in series and parallel is similar to the
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calculation used for resistors in series and parallel, but in the opposite case,
'Thus for capacitors in parallel the formula:

C=C1+C2+C3+...

is used, simply adding the values together. For capacitors in series:

= + +...

., 1,1
c ¢ G G
gives the total value of capacitance.
Unfortunately, there is no internationally agreed colour code for
capacitors, so manufacturers usually stamp the value on a capacitor, using
figures in the normal way. A few capacitors are marked with coloured
bands, but it is wise to look at the maker’s catalogue to check what the

code means.

3.3 INDUCTORS

The third major passive component is the inductor. This is a coil of insu-
; lated wire that may, or may not, be wound over a ferrous metal former.
I When a coil is connected in a circuit, as in Figure 3.14, the flow of current
: through the coil causes an electromagnetic field to be created around the
coil. Building the field absorbs energy, and the electromagnetism produces
its own current in the coil, opposing the direction of the applied current.
The effect is that, when current is first applied to the inductor, it seems to
have a high resistance, reducing the current flow through it. Once the
electromagnetic field is established, the resistance drops. A graph of the
current flowing through an inductor, and the voltage measured across it,
is given in Figure 3.15.

Compare this graph with the one in Figure 3.10, and you will see that
the inductor is the ‘opposite’ of a capacitor! Once the current flowing
through the inductor is constant, the only opposition to current flow
comes from the resista}ic,é_'of the coil wire—usually small compared with
the apparent resistance (called inductive reactance) when the current is
building up.

' The opposing force that prevents current flowing right away is induced
current, trying to flow the opposite way. We can make great use of this
phenomenon in constructing a transformer.

2 The unit of inductance is the henry, symbol H. In electronics, mH and

s uH are commenly found, but the henry, like the farad, is rather a large

1 unit. :

Inductors are available as a range of components, in small inductance
values from a few yH to a few mH. However, there are so many variable

w
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fig 3.14 an inductor connected in a simple circuit; the current rises to a
fixed level, determined by the resistance of the inductor’s
windings

Note: the circuit
symbol

Current starts
small and graduzally
increases

is sometimes used, but

itis non-standard.

A dotted line mavy be

added to dencte a ferrite core:

I
- |
[

to denate a laminated

core:

But conventions vary!

|
[
JR
or a double solid line

.

factors that a “stock range’ of all required types would be too large for a
supplier to produce. Where inductors are needed (and they are relatively
rare in modern circuits) they may well be specified in terms of wire thick-
ness, number of turns, core type, etc.

The unit used to measure inductance is the henry, symbol H. The henry
is a descriptive unit, and is the potential difference generated across an
inductor when the current flowing through it is changing at the rate of one
ampere per second,

3.4 TRANSFORMERS

Transformers make use of mutual inductance, in which a current flowing
in a coil produces 4n electromagnetic field, which in turn induces a current
to flow in 4 second coil wound over the first one.

The construction of a transformer is shown in Figure 3.16. The iron
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fig 3.15 graphs showing voltage and current in the circuit of Figure 3.14

Current
through
inductor

» Time

Voltage
across
inductor
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tig 3.16 a typical small transformer, showing the iron laminations

Secondary o ) .
winding Primary winding Caoil cennections
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l

)

Inter-winding Piastics bobbin
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laminated core is used to concentrate the electromagnetism and thus
improve the efficiency. It is important that the iron laminations are insu-
lated from each other; if they are not, the core itself will behave as i it
were z one-furn coil, and a current will be induced in it. The current would
be very large, and cause the transformer to overheat.

The ratio of the mpur rollage to the primary winding to the ourpur
voltage from the secondary winding depends on the tumns ratio of the coils,
and is approximately equal 1o that ratio. Thus a transformer with 2000
turns on the primary and 1000 turns on the secondary will have an output
voltage that is half the input voltage.

Since currents are induced only by chenging meagnetic fields, the trans-
former will operate only if the input voltage is constantly changing. The
transformer could be used with alternating current (such as the muains
supply), and one of the main wuses for a transformer in electronics is to
reduce the voltage of the a.c. mains to a lower level, suitable fur electronic
cireuits. This is Hustrated in Figure 3,17,

Transformers are tated according to the turns ratio, the power handling
capability (in watts), and the type of application. Power transformers,
intended for power supplies, wsually have mains voltage primaries, and a
high standard of insulation between the primary and secondary coils, for
safety.

The secondary winding may have a range of connections, or faps, so the
transformer can be used in different applications. It is important to realise
that the transformer simply transforms voltages; there is no net power
gain, always a small loss. If a transformer has a 200V primary and a
1000V secondary, the voltage will be increased by a factor of five times,
but it will require more than five times the current in the primary than wiil
be available from the secondary. You can trade current for vollage and
vice versa, but the power will always be slightly less at the output, due to
varjous losses in the transformer (dissipated, as usual, in the form of heat).

Any component having a coil carrving current will have an inductive
characteristic, though it may be swamped by other factors (resistance or
capacitance}. This may sometimes be important. For example, a relay is

fiel
i

fig 3.17 circuit symbof for g transfarmer with a laminated core

—e

4.6, MBS input

|

a.c. output

§ Low voltage
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i
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an electromagnetic switch, the coil being used to operate a mechanical
switch. However, the coil has inductance. A relay operating from a 6V
supply can, when suddenly disconnected, produce an output pulse of
100V or more as the current flowing through it drops very rapidly to
zerc. This voltage may be high enough to harm semiconductor com-
ponents, and precautions should be taken to ensure that this ‘spike” of
high voltage is made harmless.

3.5 POWER SUPPLIES

I am going to introduce, prematurely, a semiconductor component that is
described fully in Chapter 7. This is the diode, a sort of electronic one-way
street that will let current pass through it in one direction but not in the
other direction.

Diodes are used in power supply circuits, in association with trans-
formers. A transformer is used to reduce the voltage of the a.c. mains to
something more usable in electronic circuits, say 10V in this case. How-
ever, the output is still a.c., and most electronic circuits require a direct
current supply. The transformer’s output can be converted, ot rectified, by
one or more diodes. Figure 3.18 shows a transformer operating a circuit
with a bulb. The waveform of the voltage across the bulb is shown also.

Now compare the waveform with the one in Figure 3.19. The diode has
blocked current flowing in one direction, so the top connection of the
bulb is always positive. Only half the power reaches the bulb, so this is
not a very efficient design. If four diodes are used, in a configuration
called a hridge rectifier, the whole of the current available from the trans-
former can be passed through the bulb. Follow the current path through
Figure 3.20, first for one direction of output from the secondary, and then
from the other.

fig 3.18 waveforms at the input and output of a transformer driving a lamp

Sy Ay

l
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fig 3.19 waveforms for half-wave rectified direct current, supplied by the
secondary of the transformer, through a diode

a.c. mains input G)

fig 3.20 the diode ‘bridge rectifier’ configuration, used to provide full-
wave rectification of an a.c. supply (although both halves of the
a.c. input waveform pass through the lamp, the current flow
through the lamp is not smooth—and this would upset the
operation of many circuits}

0

The supply to the bulb is now d.c., but constantly changing in voltage.
The voltage supplied to the bulb (or any other circuit) can be smoothed
by means of a large-value capacitor connected in parallel with the load (the
bulb in this case). The effect of the capacitor is to supply the required
current when the voltage drops during each half-cycle of the mains supply.
When the voltage rises, the capacitor is recharged, so that it has energy
available to fill in the ‘gaps’ in the supply. Figure 3.21 illustrates this.
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fig 3.21 the bridge rectifier with smoothing capacitor; a large capacitor is
used to provide power during the ‘gaps’ in the rectified waveform

+ +

rawicyAway
0{ \ { ! 0 VoW

a.c. mains input

This circuit is the basis of almost all power supply systems used in
electronic circuits. Although much more sophisticated ‘regulated’ power
supplies are often used—as you will discover when you get to Chapter 20—
the transformer, bridge rectifier and smoothing capacitor feature in all
the designs.

Before leaving the subject of diodes and circuits, I will use this oppor-
tunity to mention an important fact that electronics engineers, secretly,
are a little ashamed of.

The current flowing through the power supply circuits above is flowing
in the direction of the arrowhead of the diode symbol. The arrowhead to
indicate current flow occurs over and over again in circuit diagrams.
Current, we say, always flows from positive to negative.

Actually, it doesn’t.

Electrons move the other way, from negative to positive, opposite to
what has been called ‘conventional current’. This is an odd fact, but one
that only rarely complicates circuit design and analysis. The reason for it,
frankly, is a Mistake. When the study of electricity was in its infancy, there
was a need to standardise (in books and notes) on the direction of current
flow. In the absence of our knowledge of electrons and atoms, someone
sat down to perform an experiment that would settle the problem of

! current flow once and for all. It might even have been Volta, or Faraday,
z I can’t remember. The experiment consisted of setting up equipment that
1 would make a very long electric spark, and then repeatedly watching the

spark. Eventually the experimenter made up his mind that the spark
Y always jumped from here to here. It was at this point that the Mistake

b : was made.
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When, years later, it was discovered that (i) electrons go from negative
to positive, and (if) electric sparks jump too fast to see which way they are
going anyway, ‘conventional current’ was established in all the textbooks,
and it would have been disastrous to have tried to change it.

So we still say that ‘conventional current” flows from positive to nega-
tive, except when we are discussing semiconductor physics, where electron
flow is what matters.

3.6 PRINTED CIRCUITS

Before leaving passive components, mention must be made of that most
ubiquitous of passive components, the printed circuit board. 1t used to be
necessary to build a chassis for every piece of electronic circuitry, with
insulating strips carrying rows of tags for component connections. The
printed circuit board (PCB), however, has made possible small, light-
weight circuits, easy to construct and repair,

The PCB consists of a strong plastic laminate or fibreglass laminate
board, with a thin sheet of copper bonded to one (or sometimes both)
side(s). The sheet is drilled with holes that enable the circuit components
to be pushed into place with their connecting leads through the holes.
The underneath (copper) side of the PCB is made in a pattern which
corresponds to the required wiring pattern. The components are soldered
in place, and the PCB provides both support for the parts and the necessary
electrical interconnections. A completed PCB can be seen in Figure 15.23.
Appendix 1 shows some examples of PCB patteins.

In production, the PCB is produced using automatic processes. The
reguired pattern is produced as a photographic negative, and this is printed
on to the PCB, which has been coated on the copper side with a photo-
graphic emulsion. The PCB is then developed like a photograph, leaving
emulsion only on the parts that were exposed to light.

Next, the PCB goes into a bath of a powerful chemical that will dissolve
copper—ferric chloride is often used. The ferric chloride etches away all
the copper, except where it is protected by the emulsion. The emulsion is
cleaned off, leaving the copper pattern. Holes are drilled or punched as
required, and the board is ready for assembly (although the copper is often
coated with a thin layer of solder by a process known as roller tinning to
improve ease of soldering.

Arlfyone can make PCBs. For single PCBs, the circuit is simply drawn on
to the copper with an etch-resistant ink (special pens are available) or with
rub-on transfers. The rest of the process is the same as that used com-
mercially.
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Be careiul with the strong ferric chloride solution it is corrosive,
poisonous, and will gallop through most metals. Use safety goggles, rubber
gloves, plastic dishes, plastic tongs, and don’t work on a stainless steel
drainer!

* * * * * ® * * * * * & * * * #* & & £

Electricity and Passive Components

Chapters 2 and 3 have been intended as revision only. If you want to know
more about electricity, there are many good textbooks available. If, how-
ever, you have found the first three chapters of this book fairly easy going,
you will be able to understand the rest without too much trouble.

QUESTIONS

_ 1. State the value and tolerance of the following resistor colour codes, as
, : read from the resistors in a circuit board in a radio receiver: brown,
; : black, red, silver; brown, grey, vellow, silver; red, black, black, silver;
: gold, red, blue, green.

2. What is the largest commonly used unit of capacitance?

1 ~ 3. Three capacitors are connected in parallel. Their values are 4.7 uF,
, 10uF and 3.3 uF. What is the combined capacitance? If the tolerance
of each is +20 per cent and —10 per cent, what are the maximum and

- minimum values of capacitance to be expected for the combination?

w
bl

The following two capacitors are connected in series: 3.3nF, 2.2nF.
1 What is the combined capacitance?

5. A transformer is taking a current of 500mA from a 220 V a.c. supply.
If the output of the transformer is at 440V, what is the maximum
current the transformer could deliver from its secondary winding?

w
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CHAPTER 7

[ THE pn JUNCTION DIODE

The special properties of semiconductors are utilised to make a wide
variety of electronic components, ranging from diodes to microprocessors,
A detailed understanding of one of the simplest semiconductor devices,
the pn junction diode, is an important prelude to a study of more compli-
cated devices, and it is here that we begin,

A diode is basically the electrical equivalent of a one-way valve. it
normally allows electric current to flow through it in one direction only.
The symboi for the diode is given in Figure 7.1.

fig 7.1 circuit symbol for a diode

Anode Cathode
\__’;ml

The arrowhead in the diagram shows the permitted direction of conven-
tional current flow (remember, electron current goes the other way).
Diodes can be made to handle currents varying from microamps to hun-
dreds of amps—a selection of types is shown in Figure 7.2,

A ‘perfect’ diode would probably have infinite resistance in one direc-
tion, the ‘reverse’ direction, and zero resistance in the forward direction. A
real diode exhibits rather different characteristics, the most notable of
which is a forward voltage drop, which is constant regardless (almost) of
the current being passed by the diode. Compare Figures 7.3 and 7.4. In
Figure 7.3 the diode is reverse-biased and does not conduct, The lamp
remains out and the meter shows the whole battery voltage appearing
across the diode. In Figure 7.4 the diode is forward-bizsed, the lamp lights,
and the meter shows 0.7V across the diode. By using bulbs of different
wattages to pass different currents through the circuit we can show that
the 0.7V is constant, The diode used in this demonstration is a silicon
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fig 7.2 a selection of diodes of various power ratings, from 1 A to 20 A

fig 7.3 a circuit to reverse-bias a diode; note the meter is connected with
its +" to the battery "—', which results in a negative reading

-

diode. If we were 1o replace it with one using a germanium semiconductor,
the forward voltage drop would be constant at 0.3 V. What causes the volt-
age drop? To find out we must look at the way the diode functions at an
atomic leve], and go back to the enerpgy-level diagrams,

Figure 7.5 shows an energy-level diagram for a piece of p-type silicon
and a piece of n-type silicon; the two materials are not in contact.

SR e
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fig 7.4 a circuit to forward-bias a diode: the forward current is limited
by the lamp

tig 7.5 energy levels for two separate pieces of semiconductor

Conduction band

Valence band

Now we place the two pieces of silicon in intimate contact (fuse them
together for best results) and the energy-level diagram Jooks like Figure 7.6.

A few moments thought will show what has happened. The p-type
material has extra holes and the #-type material has extra electrons, When
the two types of semiconductor are put in contact the ‘extra’ electrons in
the n-type material flow across the junction to fill up the holes in the
p-type material. The electrons drift from the n-type to the p-type through
the conduction band, and then fall down into the valence band of the
p-type material to annihilate one hole for each electron, The holes also
move, drifting from the p-type to the n-type semiconductor in the valence
band.

Eventually an equilibrium is reached—but the n-type material has lost
electrons to the p-type, and lost energy in the process. The p-type, on the
other hand, has gained energy and the result is the state of affairs repre-
sented by Figure 7.6. The ‘hill’ in the diagram represents an area in the
junction between the two semiconductor materials about 0.5 ym wide,
called the depletion region, or sometimes the fransition region. In this
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fig 7.6 energy levels for two pleces af semiconductor, one p-type and
one n-type, in contact with each other

&
P
-
E

Depletion region

:&’a
Cenduction band o
© Valence band :

region there are no holes or free electrons, The ‘height’ of the hill, ie. the
difference in energy levels, can be measured in volts: for silicon it is 0.7V,
and for germanium it is 0.3 V.

The junction between the p-type and n-type semiconductor is, in fact,
the active part of the pr diode. A typical low-power pn junction diode
might be constructed as shown in Figure 7.7,

Details of the way the diode is manufactured can be found in Chapter 11,
but for the time being it is enough to regard the diode as a block of p-type
semiconductor in contact with a block of n-type semiconductor.

fig 7.7 construction of a low-power diode (the circuit symbol underneath
indicates the direction of current fiow)

Semiconductor Weld

S
Cannecting wire A\\\\\\\\\\\\‘é Connecting wire
N

ARARARRRRALNN

Oxide mask Aluminium connection layer
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7.1 REVERSE-BIASING THE pn DIODE

Assume the diode is connected as in Figure 7.3, so that it is reversed-biased
(non-conducting). The energy-level diagram for this state is shown in
Figure 7.8.

fig 7.8 energy levels in the reverse-biased diode

Energy levels differ too much to permit
electron movement from one region

/Mto the other in the conduction band

The energy of the p-type material is increased by the negative battery
potential, while that of the n-type is decreased. Look at the thickness of
the conduction and valence bands and at their relative positions in the two
different materials, on either side of the depletion region, No parts of the
conduction bands or the valence bands have the same energy levels.
Electrons cannot move from the p-type to the n-type material through
the conduction band because even the least energetic electrons have too
much energy. Similarly, holes in the valence band of the n-type material
all have too little energy to drift into the valence band of the p-type. The
energy levels of the bands on either side of the depletion region are too
different to allow either electrons or holes to move from one type of
material to the other.

It follows that if electrons and holes are unable to cross the depletion
region, there can be no current flow, for electric current is a movement
of electrons (or holes) along a conductor.

7.2 FORWARD-BIASING THE pr DIODE

Let us reverse the situation, and connect the diode as in Figure 74,ie. to
forward-bias it. The energy-level diagram for this state is given in Figure
7.9. This time, the battery potential decreases the energy of the p-type
semiconductor, and increases the energy of the n-type. When the potential
applied is equal to or more than 0.7V (assuming we are using a silicon

Page 53 of 151




86

diode and not a germanium one) the two types of material are at the same
energy level, and the conduction and valence bands coincide. Both elec-
trons and holes can move freely between the two types of semiconductor,
and electric current can flow through the diode.

fig 7.9 energy levels in the forward-biased diode

Electrons move freely

-+

Holes
move freely

The reason for the 0.7V forward voltage drop of the silicon diode
should now be clear. A potential of 0.7V must be applied to the pn junc-
tion to equalise the energy levels, and this is effectively subtracted from
the potential available to push electric current through the diode,

7.3 POWER DISSIPATION IN THE DIODE

It is the forward voltage drop that sets an upper limit on the amount of
current we can get through a diode. The lamp in Figure 7.4 might use, for
example, 1 A, and the battery might be 12V, In such a case a current of
about 1A flows in the circuit—but some of the power is ‘wasted” in the
diode as a result of the forward voltage drop, and is dissipated from the
junction as heat. The amount of power that the diode dissipates can be
calculated very simply using the formuia:

P=VI

where P is the power (in watts), [ is the current flowing (in amps), and
V; is the forward voltage drop of the diode in question, With 1 A flowing,
the diode will dissipate 0.7 x ! watts, or 0.7 W, When a diode is usedina
circuit its power rating must exceed the expected dissipation, preferably
by a comfortable margin.

In practice, the formula is complicated by the fact that the diode gets
hot. The intrinsic conductivity of semiconductors increases with tempera-
ture (the bands get thicker) and this has the effect of lowering the forward
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voltage drop as the temperature rises. For both silicon and germanium
the forward voltage drop decreases at the rate of about 2.5 mV/°C tem-
perature rise.

Since the junction temperature of a silicon diode may exceed 100°C
with the diode operating near its maximum current, temperature effects
can become quite significant. The ‘normal’ forward voltage drop of 0.7V
is reduced to 0.45 V for a 100°C temperature rise. For most purposes this
effect can be discounted, but in circuits where the voltage drop across the
diode is important, we have to bear it in mind. It is not, incidentally, pos-
sible to reduce the forward voltage drop to zero—at very high tempera-
tures, the junction melts, Silicon is much more tolerant of temperature
than germanium, For this reason, and also because the reverse leakage
current is much Jower (see below), silicon diodes are the norm and german-
ium diodes are relatively rare—they are used only in applications where a
low forward voltage drop is essential.

74 REVERSE LEAKAGE CURRENT

Diodes are ‘imperfect’ in another way. When connected in a circuit that

f
iR
I

v
o

-Z. % :

N E . reverse-biases it (Figure 7.3 again) a diode allows a very small current to
; S flow, This cutrent is called the reverse leakage current and is parfly due to
1 - thermally generated electron-hole pairs and partly teo leakage across the

surface of the diode. The reverse leakage current is very small for silicon
diodes, in the region of 2 to 20nA, For almost ail purposes this minute
current can be ignored, The reverse leakage current for germanium diodes
is much higher, typically 2 to 20 gA, and this may be important in some

f E circuits.

The reverse leakage current is also temperature-dependent and for
f both silicon and germanium it roughly doubles for each 10°C rise in
, i temperature,

: L 7.5 REVERSE BREAKDOWN

As the voitage applied to a diode to reverse-bias it is increased, there

g comes a point at which reverse breakdown occurs. In normal pn diodes,

I this breakdown is catastrophic and destroys the diode. Depending on

Lo the construction of the diode, the point at which reverse breakdown

£ - occurs can be anywhere from fifty to a few hundred volts. Manufacturers

, o always specify the safe reverse-bias voltage, which is normally referred to

i as peak inversevoltage. Thus a 50 p.1. V diode can bg reverse-biased at 50V
without danger of hreakdown taking place.

. We are now in a position to draw a graph of a typical diode’s conduc-

| : 3 tion characteristics at room temperature (see Figure 7.10). Note that the
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fig 7.10 conduction characteristics of a sificen pn junction diode
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four scales of the graph are different, to show different aspects of the
characteristics, On the right, the voltage across the dicde is shown for
different values of current through the diode. The graph continues straight
up until the current reaches a value that causes overheating (£ = V¢ /) and
melts the pr junction, On the left, the reverse leakage current is shown for
increasing voltage; it remains steady at a few nanoamps until reverse break-
down occurs (at a substantiaily higher voltage than the 50 p.i.V manufac-
turer’s maximum for this device) and the current increases to a value
limited by factors other than the characteristics of the pn junction, which
at this point will have just ceased to exist.

7.6 THE ZENER DIODE

There is one particular type of diode that makes use of a form of reverse
breakdown to provide a constant ‘reference’ voltage. The circuit of Figure
7.11 shows the symbot for a Zener diode and also a suitable circuit to
demonstrate its properties.
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L
:

%5 fig 7.11 a Zener diode in a typical circuit

% 12V +

. —F-- 2.80

: l :

i 470 0 +

8 2P

i
3

i In this circuit the diode is reverse-biased (Zener diodes are always used
_ % this way) and the meter shows a drop of 2.8 V across {t. The voltage drop
% across a reverse-biased Zener diode will be substantially constant for all
ifé values of current up to the diode’s limit, and for ail values of voltage higher
p 3 than the Zener voltage. A resistor is necessary to limit the current through
E 2 the circuit; in this case the current is calculated by Ohm’s Law:
ll~_2_§ =19 6mA
470

If we were to double the battery voltage to 24 V, the current through the
circuit would increase to
24 —-2.8
470

=45mA

but the voltage across the Zener diode would remain at 2.8 V. The Zener
dicde is therefore a valuable device for voltage regulation, giving a fixed
reference voltage over a range of input voltages.

Zener diodes are named after C. M. Zener, who in 1934 described the
breakdown mechanism involved, In fact, Zener’s description applies
only to diodes with a Zener voltage of less than about 3 V. Above this,a
mechanism called avalanche breakdown begins to take over. However,
both types are generally lumped together under the heading ‘Zener
diodes’, and are available in a range of voltages from 2 to 70, and with
power ratings from 500mW to 5W. The power dissipation of the Zener
diode is calculated by means of the usual formula

P=V,I

T

where V7 is the Zener voltage. By way of example, the Zener diode in
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Figure 7.11 is dissipating
2.8%19.6 =54,9mW

The conduction characteristics of a Zener diode can be drawn in a diagram
similar to Figure 7.1C. Look at Figure 7.10 again—the only difference in
the Zener diode’s characteristic is in the reverse breakdown (lower left
quadrant), which will occur at the Zener voltage, The important factor—
not shown in the diagram of characteristics—is that the Zener diode is un-
damaged by reverse breakdown provided that the current through the
diode, and thus its heat dissipation, is limited to a safe value.

SRR R

7.7 THE VARICAP DIODE

When a diode is reverse-biased, the junction behaves like a capacitor, The
p-type and n-type regions form the plates of the capacitor, and the deple-
tion region acts as a dielectric. You will remermnber that the capacitance of a
capacitor depends on the thickness of the dielectric, and it is this fact that
makes the pn diode useful as a variable capacitor. If the voltage used to
reverse-bias the diode is increased, the difference in the energy-levels of
the p and » regions is made greater. As this happens, more of the junction
thickness is depleted of charge carriers, increasing the width of the deple-
tion regions. Effectively, the capdcitor’s dielectric has become thicker,
reducing the capacitance,

A varicap diode is a diode in which the change of capacitance with
applied reverse voltage is enhanced as far as possible by the diode’s physical
construction. Even so, both the overall capacitance and the amount of
change are fairly small, though they are sufficient to enable the varicap
diode to be used in the tuning circuits of televisions, for example. A typical
varicap application circuit is shown in Figure 7.12.

A tuned resonant circuit (see Chapter 15) is formed by L, and C; , VI,
(L, is made variable for initial adjustments) and a variable voltage dfiplied
via Ry If this control voltage (-} is changed, the capacitance of the vari-
cap diode is altered, varying the resonant frequency of the tuned circuit.
The control voltage could come from a TV channel-changing system,
probably based on digital electronic techniques, and the resonant circuit
could be used in the TV tuner.

Typical varicap diodes have a capacitance swing from 6 pF to 20 pF, for
an applied reverse voltage of 2 to 20V,

S

s

S e

7.8 THE LIGHT-EMITTING DIODE

The light-emitting diode (LED}is an extremely useful device, and replaces
miniature incandescent lamps in a whole rafige of applications. Almost
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fig 7.12 a varactor tuning circuit, such as might be used in the tuner of a
television,; changing the voltage at +V, changes the capacitarice
of the varicap diode and alters the resonant frequency of the
circuit

11
1
<y

ov

everybody is familiar with the LED display, used commonly for digital
alarm clocks. LED displays are usually ruby red, but green and yellow
is also available {although more expensive and therefore less common).

Like ordinary pn diodes, LEDs have no inherent current limiting
characteristics, and must be used with a resistor to limit the current
flowing—generally to around 20mA for a small LED indicator. A suitable
circujt is shown in Figure 7.13. It is clear from the circuit that LEDs are
used in the forward-biased mode: indeed, they must be protected from
reverse-bias as they usually have a reverse breakdown voltage of only a
few volts. If breakdown occurs, the LED is destroyed. LED displays are
described in rather more detail in Chapter 16,

Mechanism of light emission

To move an electron from the valence band into the conduction band
requires energy; and example of this is the creation of an electren-hole
pair (see Figure 6.9). Similarly, if an electron falls down from the conduc-
tion band to annihilate a hole in the valence band, energy is given off. In
normal pa diodes, this energy takes the form, ultimately, of heat. In the
LED, part of the energy is given off as light, the wavelength (colour) of
the light depending on the distance the electron falls, which in turn
depends on the width of the forbidden band. LEDs are made with a
variety of rather exotic materials: gallium arsenide phosphide for red or
yellow, gallium phosphide for green,
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fig 7.13 a typical circuit for driving a LED; the resistor is necessary to
limit the current through the LED, which is used in the forward-

biased mode
: )

%

The physical design of a LED is important. Because the semiconductor
material is rather opaque, most of the light produced never reaches the sur-
face. To improve matters, the junction has to be very close to the surface,
only about 1um or so. This means that the p or n region has to be very
thin, Electrical connections to this layer have to be made in such a way
that they do not obstruct the light. Figure 7.14 shows a typical LED. In
practical applications LEDs are often pulsed. This is because the light out-
put increases quite rapidly with increasing current, so a LED that is pulsed
at S0mA (and is on half the time) will look brighter than it would with a
continuous 25 mA, while dissipating the same amount of heat. The pulse-
repetition frequency has to be rapid enough for persistence of vision to
make it look as if the LED is on continuously —more than about 50 Hz,

fig 7.14 physical construction of a LED, light is emitted through the very
thin p-type region and the device must be designed so that this
light is obstructed as little as possible; a large connection area is
made to the n-type region and this also serves to conduct heat
away from the junction

n-type region Very thin p-type region
Aluminium grid for electrical
Connectlon heat sink CO””EC“O”

“' Lrght

: radiated this way

| -

g ~= Connecting wire — thin so as
s not to obstruct light

Connection )
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Like a pn diode, the LED exhibits a forward voltage drop. This varies
according to the type and colour of the LED but is generally between 2
and 3V,

QUESTIONS
1. What is the value for the forward voltage drop of (i) a silicon diode,
(il) a germanium diode?

2. If a silicon diode is passing 2 A, what is the amount of power that is
likely to be dissipated by the diode?

3. How is the forward voltage drop of a diode affected by variations in
temperature?

4, What is the main use of a Zener diode?

5. Which characteristic of semiconductor diodes is emphasised in varicap
diodes?

6. A LED cannot be connected directly to a battery. What additional
component is required, and why?
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CHAPTER 9

FIELD-EFFECT TRANSISTORS _
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Field-effect transistors are a more recent development than bipolar tran-
sistors, and make use of a completely different mechanism to achieve
amplification of a signal. Field-effect transistors (FETs) are unipolar, and
involve only one type of charge carrier (electrons or holes) in their opera-
tion. There are also two major types of FET, junction-gate field-effect
transistors (JUGFETs}) and insulated-gate field-effect transistors (IGFETS).
There are, as we shall see, subdivisions within these two classes.

Operationdlly, FETs are more similar to valves than are bipolar tran-
gistors. The main distinguishing characteristic compared with bipolar
transistors is the fact that they are voltage-controlled 1ather than current-
controlled. The circuit symbol is given in Figure 9.1; a voltage applied to
the gate is varied to provide a corresponding charge in the resistance
between the source and drain.

fig 9.1 circuit symbol for an n-channel field-effect transistor

o

Unlike the bipolar transistor’s base connection, the gate of the FET has
a very high input resistance, at least a few tens of megohms and in some
cases, gigohms (see Figure 2.6). The amount of current drawn by the gate
is therefore extremely small.

FETs cen be used in amplifier circuits, just like bipolar transistors.
Compare the circuit of Figure 9.2, which shows a typical JUGFET, with
that in Figure 8.5. The difference is the lack of 2 gate (base) resistor;
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because negligible current flows in the gate connection, such a resistor
would make no difference to the operation of the circuit, adding a moder-
ate amount of resistance to one that is extremely large in the first place.
Just as there are n-type and p-type resistors, sq there are n-channel and
p-channel YUGFETs. Figure 9.3 shows a p-channel version, while those in
Figures 9.1 and 9.2 are n-channel. As in the cage of bipolar transistors,
practical operation is the same but with all polarities reversed.

1l

/]

fig 9.2 a simple amplifier using an nchannel FET
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fi90 9.3 a simple amplifier using a p-channel FET (note the different
polarity of the nower supply, compared with Figure 9.2)

@ o - A
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9.1 FET PHYSICS

The JUGFET has a physical structure that can be represented by a diagram
iike the one in Figure 9.4, though in practice it is not easy to diffuse
impurities with both sides of the wafer, and a rather different layout is
used. Chapter 11 gives details. :

fig 9.4 theoretical construction of an n-channel depletion-mode FET

p+ regions

A bar of n-type semiconductor (almost invariably silicon) is made with
shallow p-type regionsin the upper and lower surfaces. These are connected
to the gate terminal, and the two ends of the bar are connected to the
source and drain. :

If the bar is connected to a voltage source, current w111 flow through it.
Since the bar is symmetrical, it can flow either way, the source and drain
being interchangeable. The current flow consists of electrons moving
through the n-type semiconductor (Figure 9.5).

fig 9.5 movement of electrons with no voltage app."ied to gate

Electrons flow through
r-type material

—_— - — o
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Now observe the effect of a negative potential applicd to the gate
regions. The junction between the p and » regions forms a reverse-biased
diode (see Chapter 7) so no current flows, but an electric field extends
into the s-type bar from the p-type regions. This charge forces current
carriers (electrons) away from the region, reducing the amount of bar
available for conducting the current between tlie source and drain (shown
diagrammatically in Figure 9.6).

fig 9.6 the electric field forces charge carriers away from meplates
when a negative potential is applied to the gate

Charge carriers
forced out

of shaded
regions

T Al .

e e sl ’

ELELELTN
12l

Gate voltage
+ -

If the potential applied to the gate is made sufficiently negative, the
electric field will extend across the whole thickness of the bar of ntype
semiconductor, hardly any charge carriers will be available for current
flow, and the current available from the drain will drop to a very low value
(never to zero, for it is physically unpossﬂ:le for the channel to ‘close’
completely: see Figure 9.7).

Changes in the voltage applied to the gate will cause corresponding
changes in the current flowing between the source and drain, which makes
the operation of the FET very similar to that of a bipolar transistor.

9.2 THE INSULATED-GATE FET

Generally known as a MOSFET (metal-oxide semiconductor FET), the
insulatedgate FET is one of the most impertant devices in the electronics
industry. There are two basic categories of MOSFET, known as depletion
MOSFETs and enkancement MOSFETs. They work on a different principle
from the JUGFETs that we have been looking at so far in this chapter.
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fig 9.7 although the current flow can be greatly reduced, it is impossible
to stop it completely—there will always be a small gap betweeh
the two areas without charge carriers-

Gate
voltage
+ -

{high enough aimast to
close the channel completely)

The structure of a p-channel enhancement MOSFET —again, a theoretical
structure—is shown in Figure 9.8.

The most striking feature is the gate. It is insulated from the silicon by
a thin layer of silicon dioxide. The layer is very thin, typically only about
0.1 um thick, Although very thin, the silicon dioxide layer has an extremely
high resistance, so the gate input resistance is very high indeed, at least
10 GQ2.

The n-type silicon has two regions of heavily doped p-type impurity,
connected to the source and drain. With no applied gate voliage, one of the

fig 9.8 theoretical construction of an n-channel enhancement mode
FET f(note that the gate is completely insuiated from the rest
of the structure by a very thin layer of silicon dioxide)

g {na connection)

Gate insulated from silicon
by a very thin layer of
silicon dioxide
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p-n junctions (depending on which way round the source and drain have
been made) will act like a reverse-biased diode and block any flow of
current. If a negative potential is applied to the gate electrode, holes
from the p-type regions are attracted into the area immediately beneath
the electrode. This effectively, if temporarily, makes a narrow p-type
region just beneath the gate, illustrated in Figure 9.9.

fig 9.9 a p-type region is induced in the n-type bar when the gate is
made negative .

s(+)

Electrons flow {right to left)
through this induced p-type
region

The blocking p-n junction is bypassed by this induced channel of
p-type material, and electrons can flow through the device, between the
source and drain. The circuit symbol for the p-channel enhancement
MOSFET is given in Figure 9.10. The centre connection in the circuit
symbol (with the arrowhead) is a connection to the silicon substrate (the
chip itself). Often the connection is made internally to the source, but
sometimes manufacturers fit a fourth lead so that the substrate can be
used as a second ‘gate’, the conduction characteristics of the device then

depending approximatety on the difference in potential between the gate
and substrate, :

fig 8.10 circuit symbol for a p-channel enhancement MOSFET

d

Page 67 of 151



116

When the circuit symbol has an arrowhead pointing away from the gate,
it symbolises a p-channel device. It is, however, equally possible to make
an n-channel device, with all the polarities reversed, using #-regions diffused
into a p-type bar. In this case the charge carriers are electrons atiracted
from the n-regions; otherwise operation is the same. The circuit symbol for
an n-channel enhancement MOSFET is given in Figure 9.11.

fig 9.11 circuit symbal for an n-channel enhancement MOSFET

d

TH

5

The second class of MOSFET is the depletion MOSFET. The structure
is shown in Figure 9.12, and is similar to that of the enhancement MOSFET.
Notice that there is an ‘extra’ region. A narrow strip of p-type impurity
has been diffused into the space below the gate, so that the depletion
MOSFET, with #no signal applied to the gate, looks rather like the enhance-
ment MOSFET when its gate is connected to make it conduct. Compare
Figures 9.12 and 9.9.

fig 9.12 theoretical structure of a depletion MOSFET
‘g

s ) ——— ———di=}

P+ 2 P+

Applying a positive signal to the gate causes electrons from the n-type -
region to be attracted to the area under the gate electrode, neutralising
some of the holes in the p-type channel and reducing the amount of
current flowing between the source and drain. The higher the positive
potential (for a p-channel device, of course), the more the source-drain
current is cut off.

Actually the depletion MOSFET can also be used in the enhancement
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mode as well. Applying a negative voltage to the gate of a p-channel device
will increase the source-drain current by adding to the number of holes
available as charge carriers. Figure 9.13 shows the circuit symbols for
p-channel and n-channel depletion MOSFETs.

fig 9.13 circuit symbols for (a) p-channel and (b) nchannel depletion
. MOSFETs

{a) {b}

~ 9.3 USES OF MOSFETSs

At first it seems paradoxical that, even though the MOSFET is a vitally
important device, individual MOSFETSs are rarely used. Only in the highest-
quality communications receivers do we find MOSFETs used as a matter
of commion practice. MOSFET technology is used overwhelmingly in
integrated circuits.

Before leaving FETs for the time being, let us just look at one or two
interesting aspects of the devices:

(1) Because of the necessity for a very narrow channel, it is difficult
to make FETs that will carry high currents. Most FETs are therefore low-
power devices,

(2) Very high frequency operation of FETs is hampered by the internal
capacitance, a byproduct of the very narrow regions. There is an effective
capacitance of a few picofarads between the source (and drain) and the
gate.

(3) It is possible to make FETs very small.

(4) Because of the very high input resistance and the thinness of the
silicon dioxide insulating layer, MOSFETSs are very liable to damage from
high voltages accidentally applied between the gate and the other terminals.
For this reason, most MOSFETs are made with a Zener diode connected
between the gate and substrate. Normally, the Zener diode is non-conduct-
ing, but if the gate voltage rises too high, it conducts and discharges the
gate. Even so, MOSFETSs are easily damaged by electrostatic voltages. The
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charge of a person wearing shoes with rubber or plastic soles can rise, on a
dry day, to several kilovolts. This is often encugh to destroy the MOSFET,
Zener and all. Even touching the gate terminal can therefore destroy the
device! The terminals of a MOSEET are generally shorted together with
metal foil or conductive foam until it is installed in a circuit. Extra care is
needed when servicing any equipment that might include MOSFETs.

QUESTIONS

1. What is the major difference in characteristics between IGFETS and
JUGFETs?

2. Special precautions are needed when handling IGFETS--why?

3. Why are high-power FETs uncommon?

4. Draw the circuit symbols for (i) p-channel enhancement FET, (ii)
n-channel enhancement FET, (iii) p-channe! depletion FET, (iv)
n-channel depletion FET.

5. What limits the higher frequency performance of FETs?
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144 CHAPTER 11

FABRICATION TECHNIQUES
AND AN INTRODUCTION
T0 MICROELECTRONICS

Chapter 7 covered the basic physics of semiconductor devices, and just
touched on the methods used to manufacture the components themselves.
Semiconductor manufacture, or “fabrication’ as it is more generally called
in the industry, is a highly specialised and very difficult subject, but it is
useful for the electronics engineer or technician to have some idea of the
principles involved.

Varfous different semiconductor materials are used,® but the most
common {and cheapest) is silicon, In this chapter we shall look at the
fabrication of semiconductor devices based on silicon, but you should
bear in mind that roughly similar techniques-—-although with different
materials—are used to deal with germanium and the other semiconductors.

11.1 PURE AND VERYPURE . ..

The first step is to take a single large crystal of pure silicomn. This is not as
casy as it seems, for silicon that only thirty years ago would have been
called “chemically pure’ would be hopelessty contaminated for the purpose
of semiconductor manufacture. In the early days of transistor manufacture
{1960s) the purity of the raw material, usually germanium, was the major
obstacle to reliable production. A process that had worked perfectly for
weeks would suddenly start turning out 100 per cent rejects, and would
have to be stopped. The batch of semiconductors would be thrown out,
everything cleaned, and (with luck) the process might be restored to correct
operation after a month. This sort of thing was one of the main reasons for
the high cost of early transistors, Today, manufacturers of semicenductor-
grade silicon aim for no impurity atoms at all, This level is never reached,
but crystals having impurities less than 1 part in 1000000000 are routinely
made.

One way of making pure silicon crystals was described at the end of
Chapter 6. We begin with the sausage-shaped single crystal of silicon that
is drawn out of the pure silicon ‘melt’.
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Thessilicon crystal is sliced up (like salami) into circular wafers, ty pically
50mm diameter and 0.5 mm thick. The surfaces are ground and polished
perfectly flat, leaving the wafer about 0.2 mm thick. The wafer is finally
cleaned with chemical cleaners.

The technique for making a single pn diode is as follows,

Beginning with a wafer of p-type silicon, made by adding a tiny amount
of p-type impurity such as indium or boron to the pure silicon, an 1 -type
epitaxial layer about 15 um thick is “grown” on the wafer, This is done by
heating the wafer to about 1200°C in an atmosphere of silicon and hydro-
gen tetrachloride with a trace of antimony, phosphorus or arsemic. Next a
thin (about 0.5pm) layer of silicon dioxide is grown on top of the wafer
by heating it to about 1000°C in an atmosphere of OXygen or steam.
Silicon dioxide has three very useful properties. It is chemically rather
inert and is not attacked by gases in the atmosphere, or indeed most other
chemicals, even at high temperatures, Second, it is impervious and prevents
the diffusion of impurities through it. Third, it is an excellent electrical
insulator. The wafer at this stage is shown in cross-section in Figure 11,1,

fig 11.1 silicon wafer in cross-section, after formation of a silicon dioxide
layer on its surface

—Silicon dioxide layer,

" about05 um thick

n-type epitaxial layer

Epitaxial layer, about 15 um thick

p-type substrate

Substrate about

Next, openings have to be made in the silicon dioxide layer, in the
right places. This is done photographically. The wafer is coated with a
photoresist, a light-sensitive emulsion similar to the emulsion on a black-
and-white film, A pattern, having the necessary cutouts, is placed over the
photoresist, and the wafer is exposed to powerful ultraviolet light. The
pattern, or mask, is removed, and the wafer washed with trichlorethylene,
a chemical that dissolves the photoresist only in the places where it was .
not exposed to theultraviolet light, This leaves the photoresist as a ‘negative’
of the mask,
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At the end of this stage, the wafer is washed in hydrofluoric acid, a very
powerful acid that will actually dissolve glass—but not the special photo-
resist (nor, forfunately, the silicon wafer!). The wafer is washed again,
and the resist removed with hot suiphuric acid. The various steps are
shown in Figure 11.2.

fig 11.2 the various stages in masking and etching the silicon dioxide
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The end-result of this procedure is to produce the right pattern of holes
in the silicon dioxide layer. Qur wafer now goes back in the furnace, with
an atmosphere of p-type impurity. The impurity diffuses into the wafer
below the holes in the silicon dioxide, but nowhere else (see Figure 11.3),

fig 11.3 p-type impurity is diffused into the upper n-type layer

Yo 22

P 1ype substrate

The whele process is repeated, with a different mask, to diffuse another
n-region into the p-region just created. Then the whole process is repeated
a third and then a fourth time, to diffuse more doped regions into the
wafer. Figure 11.4 shows the final result.

fig 11.4 acompleted silicon planar epitaxial pn diode

n+ region Alurninium

Connections have been made to the heavily doped n+regions, by
evaporating an aluminium film on to the wafer, after suitable masking. If
this seems a terribly complicated way of makmg a pn diode (compare
Figure 7.7 with Figure 11.4, for example) then it is for a reason.

Those extra p and # layers below the diode itself —the pr junction con-
nected to the outside world—serve to isolate the diode from the rest of
the wafer. A reverse-biased pn junction surrounds all parts of the diode,
preventing leakage to the rest of the wafer. Now this is not a very useful
feature if we are going to cut the wafer up into individual dicde chips.
But suppose we cut the wafer into larger sections? The aluminium layer
could carry current from one part of the wafer to another, and transistors
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and diodes could all be combined on a single chip to build a complete
circuit!

And thisidea is the basis of microelectronics. The first integrated circuits
used just this technique, though more recent devices are rather more subtle,
and rely on electrical connections inside the silicon structure rather than
on superiniposed aluminium ‘wiring’.

11.2 INTEGRATED CIRCUITS

Diodes and transistors—bipolar and FETs—can be produced on a silicon
wafer. So, too, can resistors, either deposited on top of the wafer in the
form of tantalum (a poor conductor), or built into the wafer asa *pinch’
resistor, The pinch effect is similar to that observed in a partially turned-
off FET (see Figure 9.6) and relies on a very thin region for conduction.
Resistance values of up to 100 k{2 can be produced in this way.

Capacitors are more problematic, and although it is possible to make.
capacitors on an integrated circuit, the values are generally limited to a
few picofarads if the capacitor region is not to be excessively large, Capaci-
tors are to be avoided in integrated circuits as far as possible.

There is no equivalent of an inductor, but fortunately mast circuits
can be designed to avoid this requirement.

11.3 TESTING AND PACKAGING

The silicon wafer may eveniually contain several hundred complete
integrated circuits. They are, of course, all produced simultaneously,
the masks used during processing consisting of hundreds of identical
units, See Figure 11,5,

It is usual to test the individual circuits before the wafer is cut up,
Testing is done automatically, and the machine marks any faulty circuits
with a blob of ink, The yield, t.e. the percentage of ‘good’ circuits, varies
considerably, Complex circuits might have a yield as low as only a few
per cent, whereas simple circuits would be much better. The reason is
clear—if a number of faults are scattered over a wafer, the larger the
number of circuits on that wafer, the more fault-free circuits there will be,
Once the wafer has been tested, it is cut up and the faulty circuits dis-
carded, again automaticaly. The chip is mounted on a suitable frame,
and connections are made between the aluminium ‘pads’ on the chip
and the frame which forms the connections to the chip, The chip is stilf
usually hand-wired to the frame, using ultrasonic welding to make the
connections. The work is done under a binocular microscope, using
special micro-manipulators. Fine gold wire is often used for the connec-
tioms,
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fig 11.5 a silicon wafer—with a ruler to indicate the scale—showing a
little under 200 individual integrated circuits, ready to be
tested and cut up

photograph by courtesy of Ferranti Efectronics Ltd
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Various styles of encapsulation are used, but by far the most common
is the DIL pack (Dual-In-Line). DIL packs are based on a standard
inch matrix. The pins down each side are always-0,1 inch apart, and the
distance between the two rows of pins is a2 multiple of 0,1 inch, generally
0.3 inches for packages of eighteen pins or less, and 0.6 inches for twenty
pins or more. Figure 11.6 illustrates typical plastic DIL packs.

fig 11.6 a selection of D! L-packs, the form in which integrated circuits
are generally sold

Ceramic DIL packs are used as well as the piastic ones, but only for the
most expensive devices, or those requiring a very high degree of environ-
mental protection. The number of individual semiconductor devices that
can be packed on to a single chip is astonishing. Although a 14-pin DIL
pack may contain a relatively simple circuit (see below) a 40-pin DIL
pack can contain the electronics for a complete computer! Figure 11.7
shows a complex integrated circuit. It is in fact the central processor
unit of a computer. Devices like this have a huge number of transistors
and diodes, approaching 10000 on a chip less than 10 mm square.
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fig 11.7 an example of a large-scale integrated circuit, a microprocessor,
this IC contains all the important parts of a computer central
processor urtit
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11.4 SOME EXAMPLES OF SIMPLE INTEGRATED CIRCUITS

In the next chaper we shall look at operational amplifiers, so it seems
sensible to take one of the most popular operational amplifiers as an
example of the kind of circuit design used (see Figure 11.8). This is the
coperational amplifier type SN72741. As you can see, there are many tran-
sistors, a few resistors (they take up morercom on the chip than transistors
or diodes), and as few capacitors as possible {one), But this is a relatively
simple circuit; it is very cheap, currently costing less than a cup of coffee.
Such is the scale of mass production in the microelectronics industry!

The second example—in Figure 11.9—relates to Chapter 19, and shows
a 2-input AND gate. A 14-pin DIL pack contains a chip with four such
gates.

fig 11.9  a typical simple IC using MOSFET technology, components
can be packed up to twenty times more densely than with
bipolar tschnology (this diagram shows one of four identical
eircuits included in the CD4082 quad 2-input AND gate)

20 e 0
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The use of MOSFET technology means greater economy, as it can be
packed on the chip up to twenty times more densely than bipolar tran-
sistors. Also, the power requirements are much lower. The CD4082 quad
2-input AND gate is as cheap as the SN72741 operational amplifier.

More complicated chips, such as the Z80 microprocessor, are more
expensive, but still amazingly cheap. The Z80 currently costs about the
same as a pound of coffee beans,

QUESTIONS

1. Why would a complex IC have a lower production ‘yieid’ than a
simple one?
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2. What method is used to manufacture pure silicon such as might be
used for semiconductor manufacture?

3, Silicon dioxide layers feature prominently in the manufacture of
all silicon semiconductor devices. What are important properties
of silicon dioxide? -

4. What is the pin spacing of the standard DIL pack?

5. Name two ‘impurity’ materials that are added to pure silicon to
produce (i) n-type, (i) p -type silicon.
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CHAPTER 15

RADIO, TELEVISION
AND VIDEQ

Radio transmission and reception was perhaps one of the earliest appli-
cations of electronics, and is—so far—the application that has made the
greatest impact on society. Oddly, we can use radio, predict its properties
and design circuits that work very efficiently, but we know little about the
real nature of radio. Ask an electronics engineer what radio is, and the
answer will be a confident, ‘Electromagnetic waves.” Ask a physicist what
electromagnetic waves are, and he will begin to hedge, or he will tell you
that really we don’t know. We do know that eleciromagnetic radiation is
a form of energy, and that it behaves as if it is propagated as waves. The
model becomes more of a model and less like reality when we discover
that radio travels through a vacuumn, How can there be waves in a vacuum?
Perhaps in the future, theoretical physics will give us an answer. In the
meantime, we use radio, describe it mathematically, and design and use
electronic circuits that function happily despite our underlying ignorance.

Possibly the hardest concept to grasp in radio is the way in which cir-
cuits can be made that broadcast radio waves into their surroundings. i

We begin with the LC tuned circuit, given in Figure 10.20. You will ;
remember how the circuit, when oscillating, stored all the available energy, e
first in the capacitor and then in the magnetic field associated with the
inductor, reversing the situation with each swing of oscillation. Consider
the way in which energy is stored in the capacitor {Chapter 3)—it is in the
form of an electric field, whatever that may be! All capacitors that we use
in electronic circuits develop an electric field between two parallel and
very closely spaced plates. Moving the plates apart has two effects. First, it
decreases the capacitance (the principle of variable capacitors); and second
it makes the electric field occupy a larger volume of space. We could make
a capacitor with two plates a metre apart, which would give a tiny value of
capacitance unless the plates were very large indeed.

Operating this cumbersome arrangement in an LC oscillator circuit
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would yield an unexpected result, for not all the energy put in to the
circuit could be accounted for by waste heat emitted by the coil windings,
etc. Some of the energy has escaped—leaked away, if you like—from the
area between the plates (which are rather a long way apart). This escaped
energy is, of course, electromagnetic or ‘radic’ energy, and has been broad-
S cast away from the circuit. In order to make a radio transmitter, we need a
——-,,g circuit that will give the maximum possible 9eakage’ of energy from the
— LC oscillator,

L As you might expect from the hypothetical experiment outlined above,

i what is needed is a capacitor with an enormous gap between the plates,
—_—y and designed in such a way that the largest possible amount of radio is
0y ‘leaked’.

sop We can, in fact, use the largest possible plate for one of the plates of
the capacitor—we can use the earth! The other ‘plate’ has to be rather
smaller, and it is convenient to use a single, long wire; this has the advant-
age that it can be made an excellent Teaker’ of radio energy. The earth and
wire as a capacitor is shown in Figure 15.1. The picture is a familiar one,
that of a radio aerial.

fig 15.1 an aerial

Wire — one 'plate’ of capacitor

ELECTRIC FIELD

.1y

T JiFC Ny SE

Ground — one ‘plate’ of capacitor

It also turns out that there is an optimum length for the aerial wire, if
the ‘leakage’, which I shall now call ‘broadcast energy’, is to be maximised.
Conveniently, it is when the aerial is half, or one-quarter, of the wave
length. The term “wavelength’ refers to the physical distance between com-
plete cycles of the broadcast wave. Radio waves travel at the speed of
light, which is about 300000km per second. If the radio waves were
produced at the highly untikely rate of one a second, the wavelength would
be 300000 km. Two a second, and the wavelength would be 150 000 km,
still a little on the long side for a convenient aerial to be one quarter of
the wavelength!
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Radio is broadcast on smuck higher frequencies than this, but the
formula for working out the wavelength is the same:

?\ E™S _v_
f
{where A is the Greek letter ‘lambda’, which is conventionally used to

represent wavelength).
At a radio frequency of 10 MHz, the wavelength would be

_ 300000000
10000 000

A= 30m

metres

A convenient quarter-wavelength aerial would be 7.5 m, not too bad, but
unsuitable for portable equipment. For portable radio transmitters, we
can exchange convenience for efficiency, and use a 1/8 wavelength or a
1/16 wavelength aerial.

The length of the aerial will affect the capacitance (refer to Figure
15.1 and you will see why this happens) and this will affect the frequency
of oscillation. For a transmitter circuit to work properly, the LC circuit
must be ‘tuned’ to the transmission frequency, and the aerial must be
the correct length. Radio frequencies between 30kHz and 20GHz or so
are used. Figure 152 illustrates the different frequency ‘bands’ and the
names given them.

15.1 RADIO TRANSMITTERS

We can now look at a practical transmitter circuit, operating in the high
frequency band at 27 MHz. The choice of frequency is not arbitrary, for
this is the model radio control frequency, and in the UK and many other
countries it is legal to operate a low power transmitter at this frequency
without any form of license. Many readers can therefore build and operate
this circuit—provided it is properly tuned-—without breaking the law.

In order to ensure that they are operating on a legal frequency, model
control transmitters have to be crystal controlled, ie. the frequency of
oscillation must be controlled by a quartz crystal oscillator, to ensure
accuracy and stability. A frequency close to the middle of the model
control band is 27.095 MHz, and crystals at this frequency are readily
available frem good electronic component or model shops.

The crystal-controlled oscillator circuit in Figure 10.24 is a good
atarting-point. This oscillator provides the necessary radio frequency
sinewave output, which is then amplified by a simple transistor amplifier
(see Figure 15.3).
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fig 15.2 the radio spectrum
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Note the use of a tuned circuit for the transistor amplifier, something
which is fairly common in radic circuits. The use of a tuned collector load
improves the efficiency, for the impedance of the load is highest at the
‘wanted’ frequency, giving the best output and optimum bias. In this case
the frequency of the resonant circuit is about 27.1 MHz.

The specification of inductors is always problematic, because there are
tnany different ways of making, say, a 10 mH inductance, and not all are
suitable for all applications. In practical circuits it is usual to give con-
structional details of any ‘purpose-made’ inductors, to ensure that the
right design is used for the circuit. Fortunately for us, the amounts of
inductance required in high frequency radio circuits are generally quite
small, and suitable inductors are easily made with a few turns of enamel-
insulated wire over a small ferrite core (or no core, in which case the
inductor is called ‘air-cored’).

To give a reasonable range with a typical model control receiver, our
transmitter needs an output of 200-500mW. A third, power stage, is used
to give the high output current needed.
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fig 156.3 a crystal-controlled oscillator circuit, followed by a tuned ampli-
fier stage, this practical circuit can form the basis of a transmitter

+9V
22k
1 2.2k
i2p 1
27.096 i :
MHz : “ . fl;) aNg702*
utput
'-"B 27 p Q> to
—
mam 47 N power
10p stage
BC108C l
— ]
]
27p |
10k 150 | L,
100
| e |
. J SSSN |
\ s ~ )
Oscillator Driver
L, details
6Va plus 3Va turns *For later projects in this
of 24 s.w.g. i book, the 2N3702 emitter
enamel-insulated wire, is disconnected from the
wound on a ¥ inch positive supply. It is worth
former with dust core mazking the emitter
(adjustable) accessibig!

The power stage is very similar to the preceding stage, using a very
simple transistor amplifier. However, a larger, high-power transistor is
needed, and the collector load (and thus the bias resistor) are much smaller
in value to provide the required current. The circuit is given in Figure 15.4.

Notice the resistor values associated with the power stage, and notice
also the small capacitor (100 pF) used for coupling the stage to the one
preceding it: the high frequency means that a small capacitor is able to
pass sufficient current.

The last part of the circuit, following the power stage, is the cutput
tuning circuit. There are various forms, but it is usual to have two tuned
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fig 15.4 the autpui stage of a small transmitter; this can be driven directly
by the circuit in Figure 15.3

+9V
L i: 104 e
100 1 I
I Qutput
| to
tuned
output
Input from 100 p circuit and
driver —-—————-—————-l aerial

stage

Power ampiifier

Power transistor shouid
be fitted with
clip-on heat radiator

circuits—both LC circuits- to improve efficiency. The circuit shown in
Figure 15.5 is typical. ‘

There are a number of noteworthy points about this circuit. First, the
inductors are generally air-cored (again, for efficiency) but may be wound
on ferrite cores to increase the inductance if the transmitter has to be
small. Second, the capacitors are variable, so that the circuit can be tuned
accurately —the LC circuits have to be accurately ‘peaked’ (i.e. tuned to
the exact frequency) for the transmitter to work properly. The same is
true of any other tuned circuits, such as the collector load of the stage
driving the power stage.

The capacitor that couples the aerial itself to the circuit is there for
safety reasoiis, and does not play any part in the circuit’s functioning. if
the aerial is accidentally shorted to the transmitter casing (which is earthed
to the 0V power line) this would short-circuit the output transistor and
could damage the driver transistor; but the 10nF capacitor prevents this.

In practice, the circuit can be built on a printed board, and layout is
uncritical. Matrix board is not suitable, since the strips of copper act as
unwanted capacitors—at high frequencies a few picofarads can be import-
ant. The coils (in this design} are intended to be mounted facing the same
way (i.e. with the same axis).
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fig 15.5 owutput tuned circuits for a 27 MHz transmitter, this circuit can
be driven directly by the output amplifier in Figure 15.4

1.4m telescopic aeria) I
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L, Lydetails

each 12 turns of

18 s.w.g. wire, air
core about 8 mm
diameter. Wind so
that the turns are
toughing; the coils
can conveniently be
wound round a pencil.

The circuit shown in Figures 15.4 and 15.5 is entirely practical, and can
be made as a construction project. The crystal must be suitable for operat-
ing on the model control band, between 26.995 and 27.245 MHz in the
UK.

The transmitter can be built, but we need some kind of detector to
check that it is working, and to allow us to tune the LC circuits. A suitable
detector is shown in Figure 15.6. This is very simple, and will react to the
27 MHz radio frequency when held a few centimetres from the transmitter
aerial.

The radio signal induces a small current in the wire, and this flows
through the meter. Without the diode; an aliernating current would flow,
which would not perceptibly affect the meter—the sluggish needle is
unable to swing to and fro 27 million times a second! The diode rectifies
the signal, and makes the current flow through the meter unidirectional.
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fig 15.6 an RF detector suitable for use with a low-power 27 MHz trans-

mitter
170 mm wire aerial
GA91
500uA {wire the diode
f.s.d.* directly across the

meter terminals)

*Full-scale defiection.

The meter can measure the current, and responds to the radio signal. Such
a device is referred to as a defector, or RF meter (radio frequency meter).
The dicde specified is germanium, not silicon. Thermal effects and leakage
are unimportant in this application, but forward voltage drop is--and the
germanium diode is better than silicon in this respect (germanium semi-
conductors still have their place).

The RF meter can be used to tune the transmitter. Connect the power
supply to the transmitter, and bring the RF meter close up to the fully
extended aerial. Adjust the core of L, with a plastic screwdriver {not a
metal one, which would affect the inductance). At one point, the meter
will show a small deflection. Adiust the core for maximum deflection of
the meter. Now adjust the output capacitors to improve the deflection.
You may need to move the RF meter further away from the aerial, but
keep on adjusting L, C, and C; until no further improvement can be
obtained. This is the way to ensure that all the tuned circuits are set as
accurately as possible to 27.095 MHz.

The final adjustment should be made with the transmitter in its metal
case, held in the hand. The reason is that the connection to earth is made
through the operator, who will be holding the transmitter and will have
his feet touching the ground.

15.2 MODULATION AND DEMODULATION

Although this transmitter can send out quite a powerful signal, the signal
itself carries no information. The RF meter can detect the presence or
absence of the signal, but if the radio waves are to carry useful information,
such as speech or control signals, the system needs additions.

There are two common methods of adding information to the radio
signal, which is called the carrier. Each involves changing the carrier
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slightly, and both systems are in common use. The first, and most obvious,
is amplitude modulation (AM). Amplitude modulation involves nothing
more complicated than changing the power, or amplitude, of the carrier in
sympathy with the modulating signal. This is clearly illustrated in Figure
15.7, which shows the carrier being modulated with an audio-frequency
sinewave.

fig 16.7 amplitude modulation

e Wt

{a) Radio frequency {b} Moduiating {c) Carrier modulated
carrier audio with audio signai:
signal AM

AM has the additional advantage that it is easy to recover, or defect at
the receiver. Assuming that the signal received by the receiver is roughly
he same as that shown in Figure 15.7¢, we cannot simply feed the output
into a speaker. The output is, at audio frequencies, symmetrical so that
any increase in positive signal is exactly balanced by a similar increase in
negative signal and the result is zero.

Fortunately, the audio signal can be extracted simply by rectifving the
receiver’s output, to make it asymmetrical. The carrier is then removed
with a small capacitor. The circuit is shown in Figure 15,8, along with the
waveforms associated with it. Comparison with Figure 15.7 shows how the
modulating waveform is recovered more or less unchanged.

The second method is known as frequency modulation (FM}. Instead of
changing the amplitude of the carrier in sympathy with the modulating
waveform, the frequency is shifted a little higher or a little lower. The
amount of frequency shift is very small. Frequency modulation of a carrier
is illustrated in Figure 15.9; compare it with the same diagram for ampli-
tude modulation, Figure 15.7.

Detection of the FM signal is much more complicated than detection of
AM signals. Various circuits have been developed, and up to the beginning
of the ‘integrated-circuit era’ a circuit known as a ratio defecfor was most
commonly used to recover the modulating signal. The circuit is given in
Figure 15.10. The functioning of this circuit is quite complicated, and it is
now little used.

Nowadays a circuit called phase-locked loop 1s often used. A system
diagram is shown in Figure 15.11. The circuit operates as follows. The
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fig 15.8 detector circuit designed to recover an audio waveform from an

AM radio signal
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fig 15.9 frequency modulation
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fig 15.10 a ratio detector circuit used for recovering the audio signal
from an FM transmission
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frequency-modulated signal from the receiver is fed into one input of the
phase detector. The other input of the phase detector is connected to the
output of a voltage-controlled oscillaror (VCO), working at the same
frequency as the carrier. The phase detector compares the phases of the
two signals -see Figure 15.12--and, if the two signals are out of phase,
produces a positive or negative output according to the direction of phase
error.

The output is fed to the VCO, which changes frequency in such a way
as to move its output signal back into phase with the incoming frequency-
modulated carrier. The VCO therefore ‘“tracks’ the frequency changes of
the carrier, continuously altering its own frequency to correspond with the
incoming frequency modulation. The VCO ‘locks’on to the carrier, through
a feedback loop (hence ‘phase-locked loop’). Now look at the control
voltage applied to the VCO by the phase detector. A few moments’
thought will show that this control voltage accurately reflects the changes
in frequency of the incoming signal -it has to, in order to make the VCO
change frequency to track the modulation. The control voltage therefore
reproduces very accurately the modulating signal, and is simply amplified
to provide an audio output.

Another, very important, advantage of the phase-locked loop is that it
not only tracks the modulation but will, within a certain range, track
overall changes in frequency of the carrier, or will compensate automatic-
ally for any ‘drift’ in its own operating parameters. This feature enables
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fig 15.11 system diagram for the phase-locked loop system of detecting
a frequency-modulated signal

Cantrol voltage
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stgnal leading signal fagging

the detector to lock on to a signal when the receiver is tuned sufficiently
nearly to the transmitter frequency. You will notice this feature working
in almost all modern FM radio receivers,

Phase-locked loop integrated circuits specifically designed for radio
receivers will usually incorporate other ‘convenience’ features. These
include an output to operate an indicator (usually a LED) when the
circuit is locked on to a signal, a means of turning off the feedback to
unlock the circuit, and a means of changing the ‘capture range’ of the
circuit (ie. the amount of deviation from the selected frequency before
the circuit unlocks).

It is obvious that the phase-locked loop is actually a rather complicated
circuit. Its internal design is certainly complex, but this is unimportant in
the context of ICs. The IC is treated as a single component by manufac-
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turers of radics, and as a 14--pin DIL pack (typical packaging for this
component) it simplifies and cheapens assembly of an FM radio receiver.

To return to the practical transmitter circuit of Figures 15.3-15.5, the
output can be amplitude-modulated by varying the pain of the driver stage
with an applied signal. A simple way of doing this is to remove the emitfer
connection of the driver transistor from the positive supply rail and con-
nect it to the output of an amplifier or transistor switch that can swing
between 0V and the positive supply voltage. The output of the transmitter
will vary in more or less linear fashion with the voltage. There are, of
course, many. different circuits for modulating a transmitter, all achieving
the same result.

If the demonstration transmitter has been constructed, a modulator
designed for model control can be added. Details are given in Chapter 22,
since the pulse-width modulation system used involves digital systems. In
the UK at least, it is illegal to add an audio modulator to this transmitter.
Figure 15.13 illustrates the connection for the modulator—refer also to
Figure 15.3.

fig 156.13 modification to the transmitter circuit to enable modulation to

be applied
+9V
2ok M. Modutation applied here
“ . L 2N3702
21p _— 47

Frequency-modulation techniques are beyond the scope of this book,
but a simple FM modulator uses a varicap diode, in parallel with the oscil-
lator crystal, to obtain small changes in transmission frequency according
to an applied modulating voltage.
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15.3 RADIO RECEIVERS

The simplest radio receiver consists of just a tuned circuit, a diode, a
capacitor, a pair of headphones, and as much aerial wire as possible! This
is the ‘crystal set” of the 1920s, and is shown in Figure 15.14.

fig 15.14 a ‘erystal set”

Long aerial
-" Connection to sensitive
- headphones
' Earth

The electric field from the transmitter induces a tiny current in the
aerial wire—which needs to be a few tens of metres long—and the LC
resonant circuit selects the required frequency. It does this because the
LC circuit has low impedance at frequencies other than the resonant
frequency, and this ‘shorts out’ unwanted radio transmissions. At the
resonant frequency the LC circuit has a high impedance, so the trans-
mission at the selected frequency appears across the circuit as a small
radio frequency alternating voltage.

This is rectified by the diode to recover the audio signal, using a diode
with a low forward voltage drop (germanium). The capacitor removes the
RF component—Figure 15.8—and a pair of sensitive high-impedance head-
phones produce a (just) audible output.

The output can, of course, be amplified. However, results from this
circuit are still unsatisfactory, chiefly because the tuning cannot separate
one radio station from the next. Often, several stations will be received
together.

There is a need to make the receiver more selective. As we saw earlier,
when discussing transmitters, the use of a tuned LC circuit as a transistor
amplifier’s collector load--instead of a resistor--makes the circuit selective,
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amplifying the wanted frequency much more than other frequencies. If,
therefore, a tuned transistor amplifier of this type follows the tuned aerial
circuit, selectivity is enormously improved. The sensitivity of the receiver
is also better, as the radio frequency signal is amplified before it reaches
the detector diode. A teceiver jncorporating a single tuned RF amplifier
is shown in Figure 15.15.

fig 15.15 TRF receiver: only moderately efficient

| 9

S

ll

Receivers of this type can be made to work quite efficiently, and are
very simple to construct. There is, in fact, an integrated circuit version of
this tuned radio frequency (TRF) receiver, the ZN414. The ZN414 makes
an ideal construction project as it is by far the simplest radio receiver to
build. Unfortunately, it will not operate at frequencies higher than 3 MHz,
50 cannot be used with the model control transmitter. It can, however, be
used very effectively with the amplifiers illustrated in Figure 13.9 and 13.3
and will connect directly to them. The circuit for the ZN414 radio is
shown in Figure 15.16, The two forward-biased diodes appear to short-
circuit the power supply to the ZN414, but this IC requires only a 1.5V
supply, and the combined forward voltage drop of the diodes (0.7 V +
0.7 V = 1.4 V) produces a reference voltage that is near enough right. The
circuit takes only 300-500 uA from the supply!

There is no external aerial. With the sensitivity of the receiver vastly
increased compared with the simple crystal set, the inductor itself can pick

oV
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fig 16.16 circuit of a modern IC TRF receiver, this provides a low-tevel
output suitable for feeding to an audio amplifier—this is a
practical circuit and will work well with the amplifier designs
of Figures 13.9 and 13.13
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100 k 820 2.2k
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—— | Audio F 1N4001
10n | output
ZN414 to
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2 1
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\ﬁ/:i L, details

1 \Q ZN414 65 turns of 20 s.w.g enamei-

\) base insutated wire, wound along
the middle of a

150 mm long X 10 mm
diameter ferrite rod.

up a sufficiently large signal to work the receiver. A large ferrite core a few
centimetres long is used for the aerial, with the coils of the inductor of the
tuned aerial circuit wound on it. The whole assembly is called a ferrite rod
aerial. The aerial is quite directional and can be used to tune out unwanted
signals.

Although capable of a respectable performance, the TRF has definite
limitations and the ZN414 may represent a development approaching the
ultimate for this type of design.

A much better bet from the point of view of selectivity in particular is
a receiver consisting of a number of funed amplifier stages, [t turns out
that this is difficuit to build, and even if built gives a poor audio quality. If
an audio frequency signal is used to modulate a radio frequency carrier,
the result will not be a signal at one frequency alone, but a signal that has
components at a whole range of frequencies. The lowest will be the carrier
frequency minus the highest audio frequency and the highest will be the
carrier frequency plus the highest audio frequency. A medium wave radio
station transmitting at 500kHz, with an audio signal between 40 and
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9000 Hz, would therefore actually be broadcasting on frequencies between
500 — 9 =491 kHz and 500 +9 = 509 kHz, And the radio receiver would
need to respond to all frequencies between these two figures equally, and
ideally not respond at all to frequencies above 509 kHz or below 491 kHz.
This is not possible to attain using a series of tuned circuits, for the com-
bined effect is too selective at the chosen frequency.

Much more sericus deficiencies come to light when we try to tune the
receiver. With several stages, each with its own tuned circuit, we have to
contrive a means of tuning every LC circuit simultaneously when changing
frequency (station). Such a design would be very cumbersome, though a
few were made in the 1930s.

There is a solution, one that is employed by all commercially made
radio receivers. The design is called the superheterodyne (superhet)
receiver, and a system diagram is given in Figure 15.17.

fig 15.17 systern diagram for a superhet radio receiver

Carrier plus modulation

IN
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1 IF amplifier Amplifier
: amplifies modulated P euTeuT
, 465 kHz signal
]
Tuning

control L] LOCAL

alters aerial OSCILLATOR
and osciflator
tuned circuits

{Oscillater runs
at carrier frequency — 465 kHz)

The incoming signal from the radio frequency amplifier (the RF ampli-
fier may be missing in very simple receivers) is #ixed with a signal from an
oscillator, known as the Jocal oscillator. The oscillator is tuned to a slightly
lower frequency than the selected radio frequency. In just the same way
that the transmitter produced sum and difference frequencies above and
below the carrier frequency, so the mixer produces an output that is the
difference between the frequencies of the received radio signal and the
output of the Jocal oscillator. The oscillator is designed, in most AM
receivers, to run precisely 465kHz below that of the received carrier. A
ganged (double) variable capacitor is used to alter the tuning of the aerial
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circuit and the oscillator simuitanecusly, always keeping them 46SkHz
apart. The output of the mixer is therefore always a ‘carrier’ at 465kHz,
and this carrier is still modulated with the original audio signal.

Now it is possible to use two or three tuned amplifier stages if necessary.
The lower frequency makes design much easier, and the tuning of the stages
can be arranged to give a selectivity response close to the ideal. Once the
signal has been amplified sufficiently, a detector diode (or, for FM, a
suitable discriminator circuit) can follow, with audio amplication last in
the line.

The frequency resulting from the carrier and local oscillator inputs to
the mixer is called the intermediate frequency (IF), and the stages that
follow are called intermediate frequency amplifiers. They invariably have
tuned collector loads: tuned, of course, to the intermediate frequency.
The intermediate frequency need not be 465kHz. In model control
receivers it is usually 455 kHz, and in VHF radio receivers it is 10.7 MHz.
The range of intermediate frequencies used is limited, not for any technical
reasons but for the purely practical reason that manufacturers produce IF
tuned transformers, known as intermediate frequency transformers (IFTs)
that are preset to the intermediate frequency, and it is convenient to make
just a few types. IF amplifier stages invariably use transformer coupling,
for the tuned collector load simply needs a secondary winding to make it
into a coupling transformer as well, which saves components and makes
for an efficient circuit. A transformer-coupled amplifier stage was shown
in Figure 10.11.

Receivers built with discrete components generally combined the local
oscillator and mixer into a single transistor stage by means of a circuit like
the one illustrated in Figure 15.18. The inductor of the tuned circuit
L; C; +C, is wound on the ferrite rod aerial, along with a coupling winding
L, which works as a transformer and provides a signal current for the
transistor. The transistor, as well as working as an RF amplifier, acts as
an oscillator, L; and L, providing feedback from the collector to the
emitter to sustain oscillation. The frequency of the oscillator is deter-
mined by the tuned circuit Ly Cy +C4 +Cs and the tuned IFT selects
the intermediate frequency to pass on to the next stage (the IFT has a
low impedance at radio frequencies). €y, which tunes the aerial circuit,
and C3, which tunes the oscillator circuit, are mechanically connected
{ganged) so that the two frequencies change together. C; and Cy are preset
variable capacitors used to balance the frequencies when the receiver is
being adjusted, or aligred.

Figure 15.19 shows a typical IF amplifier stage that might follow the
mixer/oscillator of Figure 15.18.

Note that in both these figures the IF transformer is shown surrounded
by a dashed box; this indicates that it is constructed as a single component—
IFTs are mass produced and are very cheap. The IFT is usually mounted
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fig 15.18 mixer/oscillator stage, with a tuned collector foad
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inside an aluminium can which acts as mechanical protection and also as
screening against stray electric fields. In practical circuits the aluminium
can is connected to supply 0V, to ‘earth’ stray signals. The IFT can has a
small hole in the top through which the ferrite core can be adjusted to
tune the LC circuit over a small range—this is used when aligning the
receiver. The IFTs arc clearly visible in the photograph of the model
control receiver (see Figure 15,23).

Following two or even three IF amplifier stages is the detector. In AM
receivers this isreally just a diode, but usually with a slightly more sophisti-
cated smoothing circuit than the single capacitor of the crystal set, A
typical detector stage is shown in Figure 15.20. And last, there is a2n audio
amplifier,

Tig 18,20 an IF stage followed by a detector
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There is one more feature that appears in all but the most rudimentary
radio receivers, and that is the provision of automatic gain control (AGC).
If a sensitive receiver is tuned to a powerful nearby transmitter, the signal
may be so strong that it overloads the later IF amplifier stages, causing
severe distortion of the sound. To prevent this, AGC is added. The idea—
and the circuit—is guite simple, and involves using a proportion of the
rectified signal from the diode to control the biasing of the first IF ampli-
fier transistor. A large signal at the detector diode lowers the bias potential
at the base of the first IF transistor and reduces the gain—which, of course,

ov
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reduces the output signal. With the right circuit values the receiver balances
out with the correct output and bias levels.

To prevent the AGC responding to tramsient changes in the audio
content of the signal (and increasing the gain during the singer’s pauses for
breath!), a large-value capacitor is placed across the AGC feedback line to
delay the operation of the AGC by acting as a reservoir—the AGC then
responds to the average signal level, averaged over a period as long as a
couple of seconds.

An implementation of an AGC circuit is shown in Figure 15.21 (refer
also to Figures 15.19 and 15.20).

fig 15.21 application of feedback to provide automatic gain controf
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15.4 A PRACTICAL RADIO-CONTROL RECEIVER

It is quite possible to construct a working radio control receiver which,
when used with the transmitter described at the beginning of this chapter,
will have a range of up to half a mile. Commercially-designed radio control
receivers generally use specially designed ICs that minimise the number of
components required, but this one uses circuits based on discrete tran-

Page 102 of 151



217

sistors. It means that there are a few more parts, but it does have the big
advantage that you can see how the circuit works, and find your way
through the functioning of every part of the system. The complete circuit
of the receiver, from aerial to output, is illustrated in Figure 1522,

This receiver is a little simpler than a broadcast receiver (and much
easier to adjust) because it operates on a fixed frequency. The frequency
is set by a crystal-controlled oscillator almost identical to the one used in
the transmitter (and to the one in Figure 10.24), apart from a simplified
bias circuit using just one resistor. In a broadcast receiver the local oscil-
lator and the tuning circuit are adjusted in frequency together to preserve
the correct intermediate frequency, which is then selectively amplified by
the IF amplifiers. In the radio control receiver the requirement is for the
tuning to be set to a single, very accurately deiermined frequency, which is
why the more expensive crystal-controlled osciliator is used in preference
to an LC oscillator.

The crystal is at a lower frequency than the crystal in the transmitter,
differing from it by the selected value of the intermediate frequency, in
this case 455 kHz. The transmitter crystal was 27.095 MHz, so the required
crystal for the local oscillator in the receiver would be:

27.095 — 0455 = 26.640 MHz

This produces the correct intermediate frequency when mixed with
the incoming RF carrier. A signal received from a transmitter working on a
slightly different frequency would produce an intermediate frequency
higher or lower than 455 kHz, which would not be amplified by the [F
amplifiers and would therefore not produce an output.

The incoming radio signal is amplified by a JUGFET. This device is
used in preference tc a bipolar transistor because of its very high gate
resistance, which maximises the efficiency of the aerial tuning circuit (£,)
that helps to reject powerful signals at unwanted frequencies. The output
of the oscillater is transformer coupled to the source of the JUGFET (the
signal does not need amplification), so that mixing of the radio and oscil-
lator frequencies takes place. Following the mixer there are two IF ampli-
tier stages. Bias for the transistors is obtained entirely from the AGC line -
again, slightly simpler than the ‘texthook’ circuit in Figure 15.21.

The detector stage incorporates a diode between the base and emitter,
to rectify the input signal for that stage. The AGC voltage is derived from
this stage. Finally, there is a d.c. amplifier fitted with low-pass filters to
reject unwanted noise from the earlier stages,

This circuit will work perfectly with the transmitter - but as it stands
the transmitter will be sending only the carrier, and there won’t be any
output! To tune the receiver, a modulated 27.095 MHz transmission is
needed. A borrowed AM model control transmitter could be used, fitted
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with a 27.095 MHz erystal, but the transmitter described in this chapter
can be used with a modulation system described in Chapter 22.

To tune the receiver, the 0.9 m aerial must be connected and arranged
roughly straight. Connect a voltmeter to the collector of the detector tran-
sistor (marked ‘test point’ in Figure 15.22) via a 4.7 k{ resistor. Select a
range reading around 5V full scale. When the battery - ideally a 4.8V
nickel-cadmium accumulatoer - is connected, the meter should show little,
in any, deflection. Switch on the transmitter with the aerial collapsed.
When the transmitter is moved close to the receiver, the meter will begin
to show a deflection. Using a plastic trim-toel, adjust L, for the maximum
deflection, if necessary moving the transmitter away to keep the meter
reading about 2.5 V.

Now repeatedly adjust Ly, Ls, and Ly in turn to obtain the highest
possible meter reading, if necessary moving the transmitter even further
away; you may end up with the transmitter several metres from the
receiver. When no further improvement can be obtained, the receiver is
correctly aligned.

15.5 CONSTRUCTION PROJECT

Sufficient information has been given here {and will be in Chapter 22) to
enable you to build the model control transmitter and receiver as a con-
struction project. Although circuit layout is not particularly important,
the printed circuit board designs given in Appendix 1 are recommended.
The designs are fully compatible with modern radio control practice, and
can be used with commercially available servos (see also Figure 15.23).

15.6 TELEVISION RECEIVERS

Having covered the principles of radio transmission and reception, it is
now possible to consider the principles and practice of television. Even
monochrome (black-and-white) televisions are extremely complicated in
the details of their circuits, and television is a complete subject in its own
right, In Mastering Electronics the systems involved will be explained, but
without circuit details, except where this is essential to an understanding
of the systems. To include a detailed study of television (and of various
other topics, also) would be to make this book at least twice its present
size and cost!

15.7 MONOCHROME TELEVISION RECEIVERS

Most people now know that motion picture films produce the illusion of
movement by presenting arapid sequence of still pictures, each one slightly
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different from the one before it. The eye ‘joins up’ the pictures and inter-
prets them as a single image in smooth motion, a phenomenon called
‘persistence of vision’. Home movles (silent) show 18 frames of film
{i.e. 18 pictures) every second. Sound movies shown 24 frames per second.

The movement on the television screen is created in exactly the same
way, and the television transmission is sent out as a series of “still’ pictures,
at the rate of 25 per second in the UK and many European countries, and
at the rate of 30 per second in the USA and elsewhere. (The rate is actually
half the frequency of the mains supply in the country in question. In the
UK the mains supply is at S0Hz, and in the USA it is 60 Hz.)

Central to the television system is the TV tube, illustrated in section
in Figure 5.8, The bright spot is made to scan the front of the tube con-
tinuously, in lines running across the screen, moving down from top to
bottom in a pattern called the rasrer (see Figure 15.24).

fig 15.24 television screen showing the raster

Flyback Scan
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The brightness of the spot is reduced to nothing during the right-to-Jeft
‘return’ stroke, the flyback. In the UK the screen has 625 horizontal
scan lines in the raster; it is slightly different in some other countries.
Unfortunately, a scan of this sort would produce flicker, even at 25 frames
per second, whereas a motion picture film running at the same speed
would not, The reason lies in the way the television picture is drawn from
the top downwards, whereas the motion picture projector uncovers the
whole of each frame virtually at once. To reduce the flicker, which has an
odd appearance of running from the top down the screen, interlaced scan-
ning is used, and the picture is produced in two halves, each taking 1/100th
of a second (UK). The electron beam scans the screen as above, but only
with 3124 lines. When it gets to the middle of the bottom of the screen
{the 3124th line!) it returns to the middle of the top and scans the picture
again, but between the first set of lines, ‘interlacing’ the second scan with
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the first. Using this technique makes the amount of flicker hardly notice-
able. Interlaced scanning is illustrated in Figure 15.25, though with an
11-line screen instead of 625, to make the diagram clearer.

fig 15.25 /nterlaced scanning
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It is important to realise that in a monochrome television the phosphor
on the screen is completely homogeneous; the lines are merely a product
of the scanning that produces the raster.

Two time periods are critical to the television: the time the beam takes
to scan the width of the picture—the line frequency; and the time taken
for one frame—the frame frequency. Two oscillators within the receiver
generate these frequencies, and they are called, respectively, the line fime-
base and the field timebase. The line timebase has to scan the screen
25 X 625 = 15625 times every second, so has an operating frequency of
15.625 kHz, and the field timebase scans the picture 50 times every second
(twice for each frame; remember the interlaced scanning), so operates at
50Hz (the mains frequency—you will see why this is a good idea later).

The timebases have not got to operate at about the right frequency,
they have to work at exactly the right frequency, to scan the screen in
exact synchronism with the cameras at the studio. For as the electron
beam sweeps across the screen it is modulated so that the brightness of the
screen is changed continuously to produce a picture. Figure 15.26 shows
how a picture is built up.

Clearly the timebases have got to be exactly in synchronism with the
timebases of the cameras at the broadcast studio, or the TV picture will
be chaotic, with no recognisable images at all. The transmitted signal
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fig 15.26 the brightness of the spot forming the raster is modulated
to provide pictures on the television screen

} Raster line

therefore includes information about the timing of the line and field
scanning, and circuits in the receiver extract this information and use it to
syrchronise the two timebases.

Every single sweep of the line timebase is #riggered by a pulse in the
signal received by the television. An RF carrier from the transmitter is
modulated with a waveform corresponding to the brightness of the line of
the TV picture. Figure 15.27 shows part of this waveform, corresponding
to two lines of the picture.

fig 156.27 the waveform of a television picture broadcast; this is the
waveform that is recovered from the AM signal received by
the television
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Compare the waveform in Figure 15.27 with the one in Figure 15.28,
which shows two lines of a picture consisting of four vertical stripes,
progressively darker from left to right.

fig 15.28 tweo lines of a television picture showing four vertical bars of
increasing density '

N s

y

Four bars across picture

The line-synchronising pulses each trigger the line oscillator into a single
sweep across the picture, or more commonly are used to synchronise an
oscillator to run at a precise speed. Although in theory it would work to
have an oscillator that is triggered for each line, in practice this would
mean that any tiny interruption in the received signal would result in the
loss of a synch pulse, and the loss of overall synchronisation for the rest of
that field.

At the end of each field there is a special series of line-synchronising
pulses that also trigger the field synchronisation. The actual sequence is
quite complicated and is shown in Figure 15.29.

fig 15.29 the synchronising pulise sequence at the end of each fiald

Equalising Fieid synch 12%2 'blank’ lines,

pulses pulses Equalising  now used for

2.3 us sach 27.3 us each pulses teletext

(O
- e ]

Last First line
line of of next
picture picture
in field

Page 110 of 151



225

Following the last line of the picture in any particular field there are
five equalising pulses, followed by five field-synchronising pulses, followed
by another five equalising pulses. The exact function of the equalising
pulses is subtle: suffice to say here that it makes the circuits in the receiver
simpler. The five field-synchronising pulses are detected by the receiver
circuits--they are five times longer than ‘ordinary’ synch pulses—and trigger
the next sweep of the field timebase. Once again, a synchronised free-
running timebase is used to prevent the picture collapsing entlrely if the
signal is lost momentarily.

Following the pulse sequence for field synchronising there are a further
124 ‘blank’ lines that are not used for the picture. These are put in to give
the electron beam in the tube time to fly back to the beginning of the next
field at the top of the picture. When all these various pulses and blank lines
are taken into account, a total of twenty lines are ‘lost’ for each field, i.¢.
forty for each frame. For a television system like that used in the UK,
having 625 lines per frame, only 585 lines actually appear on the screen.

A system diagram for the line and field scan of a television receiver is
given in Figure 15.30,

fig 15,30 system diagram of the synchronisation and scanning circuits
of a monochrome television receiver
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15.8 TELEVISION SOUND

E The signal for TV sound is transmitted on a completely separate carrier; in
o the UK it is 6 MHz higher in frequency than the carrier used for the vision.
a The two carriers are amplified together in the receiver IF amplifier
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circuits, arid then combined in a mixer. Since the sound is frequency-
modulated and the vision is amplitude-modulated, the result is a frequency-
modulated difference frequency, centred at 6 MHz, and carrying the sound.
This then goes its own way, being amplified separately, detected with an
ordinary FM discriminator (phase-locked loop, etc.; see above), fed to an
audio amplifier and finally to the speaker.

15.9 TELETEXT

The information used to update teletext systems in receivers equipped
to show ‘Ceefax’ and ‘Oracle’ (in the UK) is transmitted in the form of
binary code, a series of pulses, much more closely spaced than the line-
synch pulses. Teletext arrived after the television standards were all
established, and made use of a feature included for other reasons—-the
blank lines following the field pulse sequence. The ‘blank’ lines are no
longer blank, but are filled with the coded binary information. The tele-
text system selects the binary pulses and feeds them into a digital system
that processes and displays the teletext information on the screen when
required.

Only part of the teletext information is transmitted at any time, for it
would be impossible to fit in the huge amount of binary code, even over
12% lines. The teletext system therefore includes a computer memory
circuit that selects and holds the required information. Pressing the keys
for a new teletext page makes the system ook at’ the pulses, each group
of which begins with a code number (in binary} corresponding to a page of
text. When the teletext system detects the number you have selected,
which might take several seconds, it feeds the binary information into its
memory, changing the picture on the screen. The picture then remains in
the memory~and on the screen, if you want it—but is updated by the
teletext system every time the selected number is detected in the binary
coded information.

Complex circuits are used to mix teletext and vision, display different
things on different parts of the screen, and to provide a ‘newsflash’ facility
that puts information on the screen only when a change in content for a
particular page is detected.

In theory, the amount of information that can be carried via teletext is
unlimited, but the more different pages that are transmitted, the longer
the delay in selecting a new page, as information for that page will come
up less frequently.

15.10 THE COMPLETE TV RECEIVER

A system diagram for a complete TV receiver is shown in Figure 15.31.
The only circuit we shall consider, even briefly, is the line output stage.
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fig 15.31 systern diagram of a monochrome television receiver
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This is the oscillator that provides the waveform required to make the
electron beam in the tube scan the lines from one side of the tube to the
other. As can be seen in Figure 15.30, the waveform is a ‘sawtooth’;
the waveform is applied to the horizontal scan coils, and relatively high
voltages are needed. The flyback has to be fast, and the voltage changes
very abruptly. It is possible to make good use of this. In order to produce
the high voltage necessary to drive the horizontal scan coils, a transformer
is used, driven by the line oscillator. An extra secondary winding is put on
the transformer, called the line output fransformer (LOPT), and with a
large number of turns this winding can produce a very high voltage indeed,
enough, in fact, to supply the final anode of the picture tube (see Figure
5.8). The line output transformer is therefore a vital—and dangerous— part
of the power-supply circuits, as well as part of the line-scanning system.

15.11 COLOUR TELEVISION RECEIVERS

The problems facing the designers of the colour television system were
formidable. The television system was well established with monochrome
receivers, and it was important that the colour television system used
would be cross-compatible. That is, a black-and-white receiver should be
capable of receiving a colour transmission and would reproduce it correctly
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(in black and white); and at the same time, a colour receiver should repro-
duce a black-and-white transmission as well as 2 monochrome receiver.

The extra information required for the colour receiver therefore had to
be ‘fitted in’ round the existing signal, and in such a way that it would not
interfere with the operation of a monochrome receiver. The colour signal
also had to be squeezed into the available bandwidth, which had been
established as 8 MHz,

Since the eye is far less sensitive to colour than it is to brightness, it
proved possible to transmit the colour information over a rather restricted
bandwidth, so that the colour on a colour television is actually rather
fuzzy. But if the brightness is contrelled with a relatively wide bandwidth
signal, giving a sharp picture in terms of brightness, the resulting picture
is perfectly acceptable.

Figure 15.32 shows a waveform corresponding to one line of the same
four vertical stripes illustrated in Figure 15.28 above, but with colour
information added. The colour signal is actually coded during the vision
information period, and at first sight seems to be likely 1o interfere with a
monochrome receiver. But remember that the frequency of the colour
signal—the chrominance waveform—is high, at 4.43 MHz, and would not

fig 15.32 the waveform of one [ine of a colour television picture (the
waveform is for a picture consisting of four vertical bars, like
the one in Figure 15.28)

Fieid synch
pulse Colour burst

AT

i
‘Centre lines’ L

giveh i \
rightness TURIL
{luminance! 4,43 MHz coiour

o sqbcamer, modulate_d
with colour infarmation

One line of colour picture

Page 114 of 151



229

be resolved by the circuits of the monochrome receiver, which would
average the signal. The average is shown dotted in Figure 15.32, and is
obviously the same as the brightness waveform—called the luminance
waveform—of the bars in the illustration in Figure 15.28.

By means of a theoretically (and practically) complex method known
as quadrature modulation, information about three colours can be obtained
from the frequency-modulated chrominance subcarrier. (The waveform is
called a ‘subcarrier’ because it is a carrier waveform, derived from modu-
lation of another carrier of higher frequency.) The complete range of
colours can be reproduced from these three colour signals, as we shail see.
It is, however, necessary to have a 4.43 MHz reference oscillation, not
only at precisely the same frequency as the reference oscillator back at the
transmitter, but also exactly in phase with it (see Figure 15.12 for a
reminder about phase relationship). This technical miracle is achieved
by means of a crystal oscillator in the receiver, synchronised in frequency
and phase with a short (ten cycles) burst of the 4.43 MHz transmitted just
after each line-synchronisation pulse. The oscillator can be relied on to
remain at the right frequency and phase for one line duration, 64 us! The
short burst of reference frequency is called the colour burst.

Even with a system like this, slight changes in the transmitted waveform,
caused by weather conditions, reflections from aircraft, etc., can cause phase
errors between the colour burst and the actual picture colours. The effect of
this is a drift of the whole colour spectrum towards red or blue—not des-
perate, but enough to notice. Despite this problem, this system was adopted
in the USA, the first country to have a broadcast colour TV network. The
system is called the NTSC system, after the American National Television
Standards Committee. (Opponents of the system claim that NTSC actually
stands for ‘Never Twice the Same Colour’, but this is not true.)

The system adopted in the UK and many other countries, with the
benefit of learning from the pioneers’ mistakes, is known as PAL, which
stands for Phase Alternation by Line. This overcomes the colour shift of
NTSC by the ingenious method of turning round the modulation system
on alternate lines. Colour shifts still occur, but alternate lines are changed
towards blue and then red, and blue and then red, etc. The eye merges the
colours and the overall impression is correct.

Very large colour shifts still look odd. The effect is a bit like a multi-
coloured venetian blind, so a modification of the PAL system, known as
PAL-D was introduced. PAL-D actually adds the colour signals of alternate
lines electronically, by storing a whole line in a device called a delay line
while waiting for the next line. The colour on the screen is always the
product of two alternately coded signals, and the result is effectively
perfect colour stability.
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15.12 COMBINING COLOURS

The information recovered from the transmitted signal is about three
colours only, but it is possible to use the three colours to make every
colour in the visible range. In just the same way that the artist can make
every colour (if he wants to) by mixing primary colours, so the three
primary colours of the colour TV are mixed in different proportions to
produce the whole range of colours. The three colours used are red, green
and blue. Mixed together in equal proportions, these make white (white
light is ‘all the colours of the rainbow’ mixed together), and other colours
can be made by mixing two or three in different proportions. For example,
green and red mixed together produce a bright yellow. This process is
called additive mixing, and is not the same as the mixing of artist’s colours,
which is called subtractive mixing. The artist uses pigments that reflect
only certain colours from the white light falling on them-—they subtract
colours. In the TV tube, colours are mixed—they are added together.

There are three factors that affect the picture on the screen. These are
brightness, hue and saturation. Brightness is straightforward, and on the
screen is controlled by the increase or decrease of all three colours simul-
taneously. Hue (colour) is controlled by the balance of the three colours,
as described above. Saturation refers to the ‘strength’ of the colour, the
amount of white light that is added to the basic colour. Red, for example,
is a saturated colour. Pink is red mixed with white, and could be said to be
a less saturated red. White light is not of course produced by the TV
receiver, so saturation is in fact controlied by the difference between the
brightness of the three primary colours; it is convenient to think of it
as the colour mixed with white, however.

15.13 THE PICTURE TUBE

The colour TV picture tube is a development of the monochrome tube
iltustrated in Figure 5.8. The overall shape is the same, but there are three
separate electron guns. In the most popular type of tube, the slot-mask
tube, the three electron guns are arranged in a row, horizontally. The guns
produce three electron beams, one for each colour, and although the
beams are al! deflected together by the vertical and horizontal scan coils,
the brightness of the beams can be controlled separately.

All three beams therefore scan the front of the tube together, to
produce a raster. Obviously, it i8 not possible to have coloured electron
beamns, so the colour is produced in phosphors on the front of the screen.
Phosphors can be made almost any colour, and the right shades of red,
blue and green can be produced easily, if expensively. The raw materials
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fig 18,33 principle of the slot-mask colour television tube
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for the coloured phosphors actually contribute significantly to the price
of a colour TV tube,

The trick is getting the ‘red’ beam to affect only the red phosphor, the
‘blue’ beam to affect only the blue phosphor, and the ‘green’ beam to
affect only the green phosphor. This is done by simple geometry. Figure
15.33 shows the system diagrammatically, viewed from the top of the
tube.

The slot-mask is fixed firmly in place behind the tube, and the relation-
ship of the positions of the slots and of the phosphor strips on the back of
the tube is such that the ‘red’ electron beam can fall only on the red
phosphor, etc. Figure 15.34 is a perspective sketch of the tube, from
which you can see that the slots are quite short, and are ‘staggered’ to
produce an interlocking pattern. This arrangement is used because it is
physically strong—great rigidity of the mask is clearly important—and
because it gives a reasonably large ratio of ‘slots’ to ‘mask’. The more
transparent the mask is in this respect, the better, for electrons which hit
the mask rather than go through the slots are just wasted power, and serve
only to heat the mask. The larger the slots can be made in relation to the
mask, the brighter the picture will be.

The slot-mask principle is used in the popular precision in-line (PIL)
tube, which is manufactured complete with scan coils as a single unit. This,
together with extremely sophisticated scan-coil design, produced in the
first place with computer-aided design techniques, has led to a tube that
is very simple to use, all the most critical alignments having been built in
at the manufacturing stage.
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fig 15.34 perspective drawing of a slot-mask colour TV tube
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A variation of the slot-mask tube is the Sony Trinitron® tube. This
uses an aperture-grill instead of a slot-mask. The aperture-grill consists of
vertical strips, like taut wires, with complete vertical phosphor stripes in
different colours printed on the back of the tube. The Trinitron® tube
has very good mask transparency and gives a good picture brightness, The
Trinitron® tube also includes an improvement to the electron gun system,
in which the three electron beams all pass through a single common point
in the neck of the tube, so that they all appear to originate from the same
point., This makes adjustments of the scanning system easy, and improves
the focus (the sharpness of the picture on the screen)

Earlier colour TV receivers used ‘delta-gun’ tubes, which had the three
electron guns arranged in a triangle, and circular holes in the shadow-mask
tube. These tubes are not now used in new receivers, as they are rather
difficult to adjust and give pocrer picturé brightness for a given beam
power than either the PIL tube or the Trinitron®.

There is not space here to give more than the briefest glance at colour tele-
vison receivers. The circuitry is, in both theory and in practice, very com-
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plicated, and extensive use is made of special-purpose integrated circuits
to reduce the ‘component count” and 1o make the receivers easy and cheap
to manufacture. In real terms a colour television costs less that its mono-
chrome counterpart of forty years ago, and gives incomparably betier
results.

Television servicing, especially- colour television servicing, is highly
specialised, and should never be attempted by the inexperienced or un-
trained. The voltage on the final anodeé of a colour receiver will be more
than 25kV, and is usually lethal.

Before leaving the subject of colour TV, get hold of a pocket magni-
fying glass, and take a close look at the surface of a colour TV tube; first
with the receiver turned off, then with it turned on.

15.14 SATELLITE TELEVISION

If I were to stand on an enormously high mountain so that [ was more or
less outside the Earth’s atmosphere, then fire a gun horizontally, the
bullet would eventually curve down under the influence of gravity and hit
the ground. All else being equal, the more powerful the gun, the further
the bullet would go before hitting the ground. Figure 15.35a shows this.

Figure 15.35b scales things up a little, and shows that if [ used a really
big gun, the fact that the earth is a sphete and not flat means that the
shell will travel further before it reaches the ground.

If the shell is travelling fast enough—Figure 15.35¢—the Earth’s surface
will curve away underneath it just as fast as it falls . . . and unless some-
thing slows it (for example, air resistance) the shell would never land. It
would be in orbit.

Now let us be more realistic and substitute a rocket-launched sateflite
for the shell. The faster it is travelling, the higher will be the orbit and the
slower it will appear to go in relation to the earth (twice as far out it has to
travel 47 as far). The moon, for example, is on average 384 400 km away
and orbits the earth once every 28 days,

In between low orbits circling the Earth in a couple of hours, and very
high orbits like that of the moon, there is a distance at which the orbit
takes exactly one day for each revolution, That distance is 35784 km
above mean sea level. If the direction of the orbit coincides with the
direction of rotation of the earth, then the satellite will appear to hover
over the same point on the globe; it is in geostationary (or geosynchronous)
orbit.

As early as 1945, the writer Arthur C. Clarke calculated the distance for
a geostationary orbit and suggested that it would be a good place to put a
radio transmitter. Today it is a reality. Television satellites broadcasting on
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fig 16.35 (a) the path of a bullet fired from a pistol on top of a high
mountain; {b) the path of a shell fired from a cannon on top of
an extremely high mountain; {c) a shell fired from a tremen-
dously powerful cannon fon top of a ridicufously high mountain)
goes into orbit

Sheli travels much
further because of
the curvature of the
Earth’s surface

Shell now in orbit
If shell travels fast
enough, the curvature
drops the surface away
from the falling shefl,
0 it never reaches
the ground!

{c)

the Ku-band (11.710 GHz to 12.190 GHz) at a power of only a few tens
of watts have the potential to reach tens of millions of viewers directly.
Compare this to the ground-based Crystal Palace television transmitter in
London, broadcasting at a power of 1 MW per channel and serving an area
of only about 35 km radius!
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A ground station transmits the broadcast television signal to the satel-
lite, which automatically re-transmits it back to earth. The signal takes
about a quarter of a second to reach the satellite and come back again.
{Anyone who has telephoned between the UK and America will have
experienced this annoying satellite link delay, which is just enough to
make conversation awkward until you get the hang of it).

At 11 GHz to 12 GHz radio signals are very directional and can be
reflected and focused just like light, so the familiar small *dish’ antenna is
used to receive the signal directly from the satellite. A dish aerial works on
the same principles as a reflecting telescope. The bow! gathers the signal
from the satellite and focuses it onto a receiver (the LNB—see below).
To prevent the receiver blocking some of the incoming signal from the
transmitter, the receiver is often offset, as shown in Figure 15.36. This
arrangement has the additional practical advantage that the dish can be
more vertical and is less likely to fill up with snow. The bigger the dish, the
more signal it receives, which is why larger aerials are needed in ‘fringe’
areas where reception is weak.

The dish focuses the signal onto the low-noise block down-converter
(LNB) which uses the superheterodyne techniques referred to earlier to
generate a 950 MHz to 1750 MHz intermediate frequency signal. This is

fig 15.38 side view of a satellite TV dish aerial; the curved dish focuses
the signal on the receiver unit which receiver is offset downwards
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then fed to the set-top unit, where the user can select the required trans-
mission. The frequency is lowered again so the satellite receiver system can
be plugged into a standard television. Figure 15.37 illustrates this system.

It is likely that in the near future the number of available television
channels will far exceed the amount of (new) programme material there is
to show.

fig 15.37 satellite television, how the signal gets from the studio to your
television
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15.15 VIDEO TAPE RECORDING

VYideo Tape Recorders

One of the most successful items of electronic equipment, in terms of sales,
has been the video tape recorder, or VTR. The VTR can be used with a
camera, or—more usually—you can buy a camera with a compact VTR
built into it. The combined unit is called a camcorder. But by far the most
cemmon application is simply to record television programmes for subse-
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quent viewing at a more convenient time. Additionally, a whole industry
has built up around the hire and sale of video tapes of films made originafly
either for the ‘big screen’ of the cinema, or purpose-made for video,

Video tape recording was originally launched on several rival formats
using different tape cassettes—VHS (video home system) and Betamax
being the principal contenders in the UK. After a few years, Betamax has
all but vanished, and VHS is the generally accepted standard. The VHS
cassette uses % inch wide tape and provides a maximum of four hours’
recording, although many VTRs provide a ‘half speed” facility that gives
eight hours’ recording, albeit with reduced quality.

The signal that provides the picture in television can be recorded on
tape in much the same way as an audio signal. It is, however, technically
much more difficult to record because of the large bandwidrth: the VTR
must reproduce a much wider band of frequencies than an audio tape
recorder. A magnetic recording head can record and reproduce a range of
about 10 octaves {each octave doubles the frequency, so 10 octaves above
20 Hz is 20.48 kHz). VTRs use frequency modulation to provide a band-
width of more than 18 octaves.

A second and more difficult problem is the necessity of recording high
frequencies, up to 5 MHz. To record a single cycle of a waveform a length
of tape equal to three times the head gap must pass by the head. Even with
very small head gaps (2 VHS VTR has head gaps of only 3 um) high tape
speeds are needed. Early VTRs used tape speeds of up to 9 metres per
second, and it turns out that the optimum tape speed past the record head
is actually quite close to this—about 10 metres per second.

The solution to the problem of obtaining a reasonable tape speed (and
hence small cassettes) is to use rotating heads, Two record/playback heads
are mounted in a rotating drum, and the tape wound round the drum at an
angle, as in Figure 15.38. Tape is pulled steadily past the drum by the
capstan—the mechanism is similar to that of an audio recorder—but at the
same time the drum is spun rapidly in the other direction, Although the
tape moves at only about 30 mm per second, the tilted rotating drum
makes the heads whizz diagonally across the tape at the required high
speed.

This system is known as helical scanning. Each complete scan across the
tape is equal to one television field, which has the bonus that if the capsian
drive is stopped, but not the drum, a stili picture will be left on the TV
screen. Figure 15.39 shows, although not to scale, how pictures are record-
ed on the tape,

1t 4is also possible to show a recognisable picture at high speed either
forwards or backwards, provided the. tape speed is carefully controlled so
that it is pulled round the drum at a speed that allows the drum to scan a
whole number of fields, At four times the normal speed the drum will scan
the first quarter of a field, the second quarter of the field after, the third
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fig 15.38 helical scanning of video tape provides a very high writing speed
with a relatively slow transport speed — the sound track is
recorded in a normal linear fashion along the edge of the tape

spinning drum

tape wraps

round the
head drum tape
in a spiral movement

position of video head
{another similar head is
positioned exactly
opposite)

fig 15.39 the recording format of YHS video tape (almast to scale) — the
video tracks are in reality both smaller and closer together than
can be shown in this iflustration

video Audio track
track 1T mm wide
direction

tape direction

video tracks 0.05 mm wide controi track 0.75 mm wide

Totai tape width 12.7 mm
Tape speed 23,4 mm/s

quarter of the third field, and the last quarter of the fourth field. The result
will be familiar to those who have used the “fast scan’ feature ona VIR: a
picture consisting of parts of successive fields with narrow bars separating
them,
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The recorded tracks are very narrow, about forty thousendths of a
millimetre on a domestic VHS machine. In order to pack in as many fields
as possible for a given length of tape, various technical “tricks’ are used,
including the offsetting of the record/playback heads (set on opposite
sides of the spinning drum) by 6 degrees in opposite directions, to reduce
interference between adjacent tracks on the tape.

The VHS cassette is moderately compact, measuring roughly 19 x 10 x
2.5 centimetres, but is a bit on the large side for camcorders. The newer
video 8 and VHS-C (‘C’ standing for ‘compact”) formats use smaller cas-
settes; conveniently, VHS-C cassettes can be replayed in a standard VHS
VTR with a special adapter. Most camcorders use the smaller cassettes.

Domestic VTRs include a funer so that the broadcast television channels
can be received; this allows vou to record TV programmes off-air. They
also include many ‘convenience’ features such as timers, remote control,
etc., often under the control of a microprocessor (see Chapter 24).

Video Cameras

Video cameras are now about as small as the Super 8 movie cameras that
were so popular in the *60s. Compared to a sound movie camera, they have
the major advantage that the running cost of tape is a fraction of one per-
cent of the cost of film, even assuming the tape is not recorded over and
re-used. The only outstanding difficulty (compared with film) is in editing
the recording. This is a (fairly) simple scissors job for film, but it is complex
for video tape, which cannot be cut and joined.

A video camera works very much like 2 movie camera, except that
instead of the film, film transport, and shutter mechanisms there is a
CCD (charge-coupled device) detector. Details of the operation of a video
camera are outside the scope of this book, but Figure 15.40 shows the
general idea,

The striped filter in front of the CCD detector is used to provide colour
information. Perhaps contrary to what you might expect (if you have read
Section 15,11, dealing with colour television), it has two colours, generally
green and magenta. The third colour (cyan) is calculated by the system.
The resolution and sensitivity of the CCD detector is by any standards
extraordinary, far superior to the older ‘video tubes’ that were used in
earlier cameras.

There are many other aspects of the video camera that would take a
whole bock to explain properly. Features like automatic brightness con-
trol; automatic white balance; sound (with automatic volume control, of
course); automatic focus (an electro-optical-mechanical system); zoom
(optical-mechanical); playback through the viewfinder; pause; editing; and
dubbing. Behind even the simplest features there are often very subtle
electronic systems.
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fig 15.40 the main components of a VHS-C camcorder — most camecorders
follow more or less this layout

miniture monachrome
display for viewfinder and
playback

drive mechanism

viewing
main electronics fens

systems

)
b
¥
zoom lens assembly H cassetie
——
zoom and Ll ’ 4,,_1'—)
focus motors i
CCD detector
electranics package striped colour filter

for autofocus and
exposure control

For example: it is almost impossible to make, for a reasonable price, a
CCD detector that is completely free of defects. They all have the occasional
‘bad pixel’ resulting from the manufacturing process. To minimise the
effect of such defects, each CCD detector is accompanied by a ROM (read-
only memory) chip (see Chapter 23) that records the positions of the
defects. When the camera is in use, the system refers to the ROM and “filis
in’ the missing elements so that the defect is invisible on the finished
recording,

I have made a more detailed exploration into a complex system in Chapter
25, tooking at the basics of a compact-disc player; but it should be clear
that modern consumer electronics are often very complicated,

QUESTIONS

1. What is meant by wavelength?

2. What kind of oscillator is used for radio control applications? Why?
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. Why does a video tape recorder produce a still picture when the tape

is stopped?

. Deseribe amplitude modulation, and compare it with frequency
modulation.

. Draw a circuit for a ‘crystal set’ radio receiver, and describe how it
works.

. What are advantages of the superheterodyne recejver?

. Why do satellite TV receivers use a ‘dish’ aerial instead of the kind of

aerid! used to receive ground-based transmissions?

. Why do television systems use interlaced scanning?

. Describe the functions of the television line and field synchronising

circuits.

Which part of the television’s circuits generates the EHT supply-for
the final anode of the cathode ray tube?

Which colours are used to make the whole range of visible colours in
a colour television tube?

Sketch the internal layout of a colour TV tube, showing how the
electron gun assemblies produce the rtelevant colour on the front of
the tube.
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INTRODUCTION TO
DIGITAL ELECTRONICS

Digital electronics deals with the electronic manipulation of numbers, or
with the manipulation of varying guantities by means of numbers. Because
it is convenient to do so, today’s digital systems deal only with the numbers
“zero’ and ‘one’, because they can be represented easily by ‘off” and ‘on’
within a circuit. This is not tHe limitation it might seem, for the binary
system of counting can be used to represent any number that we can
represent with the usual denary (0 to 9) system that we use in everyday
life.

First, compare the way a digital system might be used to multiply two
numbers together compared with 4 linear, or ‘analogue’, system. Let us
imagine that we want to multiply 7 by 6 and arrive at the answer: 42.In
an analogue system we could start with a voltage of exactly 7V, If this
were fed into an op-amp with a gain of exactly 6, the output voltage could
be measured accurately and it would be found to be 42 V. This kind of
‘computer’ is quite feasible, but has limitations. Now suppose we want to
multiply 7234 by 27 300. This is a different problem, Clearly it would
now be impractical to use 1V to represent 1, so we must use, say, 1 mV
to represent 1. The input to the amplifier is thus 7.234 V., There now
comes the problem of the amplifier to give a gain of 27 300—a massive
design problem in itself. If it could be made, and made to work, the out-
put would be 197488.2V, or nearly 200kV! Even representing the input
as 1 uV per I, the output level would be almost 200 V—not really a prac-
tical solution, even supposing we could measure 200V to the nearest
microvolt,

A digital system, on the other hand, would treat the problem in a
different way. Back to 7 times 6. Seven, in binary notation, is 111, and six
is 110—see Figure 18.1 for a table giving cdmparable denary and binary
numbers. We can represent a 0 by 0V, and a 1 by, say, +5 V. Both six and
seven could be represented using only three wires at one of two different
potentials. The answer, 42, is represented in binary as 101010, which
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needs six wires. To increase the capacity of the system to calculate 7234 x
27 300 simply needs more wires; 7234 in binary is 1110001000010 and
27300 in binary is 110101010100100. Hardly a readily recognisable or
convenient number for us, but it is still a way of representing a big number
without having to use electronic systems needing more than a few volts,
Also, the accuracy of the system in terms of reading voltage levels is not
required to be high; all that is needed is the ability to differentiate in the
circuits between 0V and +5 V. The solution to the problem, 197 488 200,
is actually arather long binary number, 1011110001010110111001001110,
28 binary digits, or ‘bits’, as the computer people call them. Although
binary numbers are long, the difficulty of manipulating them is nothing
compared with the problems associated with the equivalent analogue
systems. Rather than use 28 wires, a computer or calculator would use a
register holding the 28 “ons’ and “offs’ in bistables, and the digits would be
processed in sequence rather than altogether, but such details are part of
computer science, not mastering electronics! Digital systems clearly have
big advantages.

fig 18.1 some denary numbers with their binary squivalents

z >
5 £
0 [+5]
o] 0
1 1
2 10
3 11
4 100
5 101
8 110
7 111
8 1000
9 1001
10 1010
" 1011
42 101010
100 1100100

A circuit involved in storing and manipulating binary numbers is rather
complex, but in much the same way as a knitted sweater is complex, con-
taining as it does a very large number of similar units. Digital gystems
remained the province of the specialist until the advent of microelectronics.
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Digital systems are perfect for making as integrated circuits. They have large
numbers of regular circuit elements, they can be made without capacitors
or inductors, and they can be made to use any convenient voltage. With
mass-produced ICs containing complicated circuits available for the same
price as a single transistor, it has now become possible to use digital tech-
niques in all sorts of apphcanons that were previously the province of
analogue systems.

Take digital sound recording, for example. Hi-fi sound has long been
associated with the very best of linear electronics. Tape-tecorders in
particular have undergone spectacular developments to bring them to the
present quality and cheapness—but it is digital systems that are now used
to make the ‘masters’ for records and tapes, in the best stuchos Figure
18.2 shows a very small part of an audio waveform. This could be repro-
duced with very little distortion on the best tape- recorders available. But
using digital recording techniques the waveform is chopped into brief
time intervals (more than twice the highest audio frequency), and the
voltage level measured at that point in time. The voltage level is assigned
a numerical value—8 bits would give 256 different numbers from zero

fig 18.2 a digital recording techniq'ue

Numbers recorded

on tape
N oW W = o~ M o W@ o 0 o
F B R ® o823 &8 83 23R
P A -

256 —
200
| Audio
waveform

Numbers 160
corresponding
to voltage b

100—

50—

Samples taken every 20 us
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to maximum level. The numbers are recorded in binary form on a tape, at
a rate (in this example) of somewhere over 300 000 bits per second.

To replay the tape, the numbers are turned back into voltage levels, and
the original waveform reconstructed from the numbers. This may seem a
complicated way of recording a concert, but the beauty of it is, if it works
at all, it’s perfect—or as near perfect as it needs to be.

A digital recording can be re-recorded over and over again, copied,
re-copied, mixed, re-mixed, and if the numbers are readable (and they are
tead only as ‘on’ and ‘off”), the music will be as perfect as the first record-
ing, with no degradation whatsoever, and no background noise caused by
successive re-recordings.

Digital recording is, it must be admitted, a rather ‘high-technology’
application of digital e¢lectronics. But digital systems are used in much
simpler contexts, and there are surprisingly few different circuit elements
in even the most elaborate system.

It is inevitable that digital electronic systems should lead to a study of
computers and their organisation, for the digital computer is perhaps the
greatest achievement of digital electronics technology. The following
chapters, and the final section of this book, deal with digital circuit
elements and complete systems, and, in the last two chapters, with micro-
processors and digital computers. But you shouid remember that digital
electronics covers not only computers but also a whole vast area of designs
and ideas that make use of the ready availability of cheap digital inte-
grated circuits.

One of the more impressive advances of digital electronics into the ‘con-
sumer’ market has been the advent of the CD, or compact disc player. This
is an entirely digital system that has provided a major advance in hi-fi
audio reproduction. The CD system uses a 16-bit system, providing 65 536
different voltage levels, and a sampling rate of 44.1 kHz. Apart from the
fact that nothing is lost between the original master recording and the
millionth copy, the performance figures are, to the hi-fi enthusiast, quite
compelling. Total harmonic distortion is 0.005%, compared with the best
record at 0.15%. Signal-to-noise ratio 1s 90 dB, compared with the best
record and player combination of 60 dB. Channel separation {that is, the
amount of unwanted mixing that takes place between left and right stereo
channels) is almost perfect at 90 dB, compared with a good record at
30 dB. Wow and flutter (variations in speed that affect the pitch or quality
of the sound) are completely absenit in the €D system,

CD systems are dealt with in Chapter 25.
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CHAPTER 19 291

LOGIC GATES

Take a simple, everyday thing like a coffee and soup vending-machine.
Before it delivers a cup of coffee, two things must happen: (i) some money
must have been put in; and (if} the button for ‘coffee’ must have been
pressed. We can write down the requirement as

money aNp coffee button = coffee

and represent this diagrammatically —see Figure 19.1.

fig 19.1 an AND logic system

Money P &
Coffee
Coffae button =]

Both inputs {money and coffee button) must be present before there is
an output. If we want to design a system that gives soup as an alternative,
then we need a schematic like the one shown in Figure 19.2.

fig 19.2 a fogic system using two AND gates

Coffee DULLON mmmmmmm—r— &
Coffee

Money

&
Soup
Soup button——

Notice that one of the inputs (money) is common to both gates. This,
plus the other input, gives the relevant output. As far as it goes, the system
is workable, but it has a design fault. Sooner or later someone will discover
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that if you press both buttons, you get coffee and soup. We could have
predicted this by writing down a table of all possible combinations of logic
inputs and their resulting outputs. Such a table is called a truth table, and
a truth table for Figure 19,2 is given in Figure 19.3.

fig 19.3 a truth table for a coffee/soup vending machine

INPUTS OUTPUTS
Coffes | Money | Soup Coffee Soup

0 0 0 0 0

0 0 1 o 0

¢ 1 0 [¢] [

0 1 1 4 1

1 0 0 o 4]
o 1 0 0

i 1 0 1 C
:— 1 1 1 1 1

The last line is the one that shows up the problem. We can overcome
our design problem by adding another stage to the logic, represented in
diagram form by Figure 194,

fig 19.4 2 logic system for the coffee/soup vending machine

Coffee 6 &%
bztign & " Coffee

Moaney
&|%
Soup Soup
button o

We should examine the workings of this in more detail. ¢, and G; are
our original system; G3 and &, have been added. The symbol used for G,
is slightly different, the O on the output representing a negation. All this
means is that the sense of the output is reversed -the output is always
‘on’ unless both inputs are also ‘on’ (in which case it is ‘off”). Thus the
upper input of G, is usually ‘on’, and when the lower input is also ‘on’
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(coffee button AND money) the ‘coffee’ output is also on. If both buttons
are pressed, the output of G5 goes off, suppressing the ‘coffee’ cutput.
All you get is soup, and it serves you right for trying to cheat! A truth
table for Figure 19.4 is given in Figure 19.5.

fig 19.5 a truth table for the system shown in Figure 19.4

INPUTS OUTPUTS
Coffee | Money Soup Coffee Soup

0 0 0 0 0
1] ¢ 1 0 0
0 i 0 0 0
0 1 1 0 1
1 0 a [ o]
1 0 1 0 0
1 1 0 1 0
1 1 1 0 1

You have probably recognised the diagrams as logic diagrams, and the
systems shown can be implemented, exactly as they are, using digital
integrated circuits.

19.1 AND/NAND GATES

Before going any further with the system, it is worth pausing to look at
the logic gates that are commonly used in simple logic systems. Figure
19.6a shows AND and NAND gates. We met these in the coffee-machine
logic, and their function should be obvious by now--but the truth table in
Figure 19.6b formalises the functions. The output of the AND gate is 1
only when both inputs are also logic 1; the output of the NAND gate is O
only when both inputs are logic 1.

19.2 OR/NOR GATES

Figure 19.7 shows the symbols and truth tables for or and NOR gates.
The output of the oRr gate is 1 if either of the inputs is 1, or if both of
them are 1. In the same way, the output of the NOR gate is O if either or
both of the inputs are 1.
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{a) logic symbols for AND and NAND gates,; the upper symbols
are the recommended 1EC/British Standard symbols, while those

below are the American standard, both types of symbol are
used, the American version being the more common

tputs Cutput

0
1 0
0

1 1

(b) truth tables for the AND and NAND gates

OR
(a)

OR

Inputs Cutput
a 0
1 1
Q 1 B
1 1
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fig 19.7 OR and NOR gates, along with their truth tables; once again, the
upper symbaols are IEC/BS, the lower ones the US standard
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19.3 NOT GATE, OR INVERTER

Figure 19.8 shows the simplest logic element (ne truth table necessary!),
the NOT gate, more usually called an inverter. It simply changes the sense
of the input, O output for 1 input and vice versa.

fig 19.8 a NOT gate (or inverter); IEC/BS symbolontop, US symbol helow

>

194 EX-OR GATES

Figure 19.9 shows an Exclusive-ok gate, along with its truth table. The
Exclusive~0R gate is just like an ordinary oRr gate, excepr that the output
is only 1 when just one of the inputs is 1. If more than one input is at
logic 1, or if all inputs are at logic 0, the output is 0. EX-OR gates are less
commonly found than the AND/NAND, OR/NOR varieties.

fig 19.9 an exclusive-0OR gate, withits truth table:1EC/BS symbolon the left.,

EX-0OR

Inputs Outputj
0 0 0
b 1 1
B 1 4 1
1 1 ¢
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19.5 MORE COMPLEX GATES

It is possible to ring the changes on the basic gates. Gates of all types often
have more than two inputs—Figure 19.10 shows a CD4078 eight-input
NOR gate, If one or more inputs are at loglc 1, the output is 0. If all the
inpuis are 0, the output is 1.

fig 19.10 an 8-input NOR gate, |EC/BS symbol: from now on, throughout

this book, 1EC/BS symbols are used; the equivalent US symbol
is easily derived by comparison with Figures 19.6 to 19.9

=1

o

Hiin

L

Gate inpurs can also be negated, reversing their sense. This could be
done using an inverter in the input line (Figure 19.11a); or if the inverter
is part of the same IC as the gate, it can be drawn like the one in Figure
19.115.

fig 19.11 3 nanD gate with one input inverted—two alternative
representations

Y

{a)
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19.6 MINIMISATION OF GATES

It is only sensible to design any logic system with the smallest possible
number of gates, all else {the price of different types of gate) being equal.
For simple systems it is usually possible to minimise the number of gates
by inspection; for more complicated systems boolean algebra can be used
to formalise the problem and arrive at a solution (see N. M. Morris, Digital
Electronic Cireuits and Systems, Macmillan, 1974).

. Clearly, it takes only a short time to realise that the system in Figure
19.12a can be reduced to the system in Figure 19.12b without any change
in its functioning. It is less obvious that Figures 19.13« and 19.135 are
functionally the same--but it is obvious if you draw up the truth table for

them.
1—J g 1]
2 — — I
I— & WT
-
4 S

a logic system

fig 19.12

{a

{b) a simpler version, performing the same function

Figure 19.14 shows a simple logic system that was actually used in a
cassette tape-recorder intended for use with a microcomputer. F, and F,
are inputs controlled by the computer, to stop and start the recorder
motor. The two gates on the right form a bistable (see Chapter 21) which
‘latches’ the motor on or off. Switch ‘M is for manual operation, and
turns the motor on by applying a logic 1 pulse to the gate.

At first sight the circuit can be simplified by avoiding the double nega-
tion in the NOR gate and inverter, replacing them both with a single or
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fig 19.13

{a)

{a) alogic system

{b)

{b) an exclusive-GR gate performing the same function

fig 19.14 & bistable control for a tape drive mator

To tape drive
motor
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gate, as in Figure 19.15. So why would a sensible (and cost-conscious)
manufacturer prefer the more complicated version in Figure 19,147 The
answer lies in Figure 19.16, which shows the pin-out of the SN741.S02
integrated circuit.

This integrated circuit includes four NOR gates (it is known as ‘quad
2-input NOR gate’), which is just right for the system in Figure 19.14. You
cannot obtain a single integrated circuit that incorporates an OR gate plus
NOR gates, so the apparently simpler version in Figure 19.15 actually
requires two integrated circuits, which in turn means more circuit-board
space, more soldered connections, and higher assembly costs. In almost ail

fig 19.15 a simpler but more expensive version of the circuit given in
Figure 19.14

Mq.[

]~

f=]
<

SN74L802 package
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practical systems, minimisation of components and cost is the requirement.
Reducing the number of gates in a given system may not always further
that end.

Where large systems are involved (e.g. counters, clocks and computing
circuits) it is almost always economic to use a large-scale integrated circuit
(LSI) or even a microprocessor, despite the fact that only a fraction of the
device’s total capacity may be used. Very complicated LSI circuits are
relatively cheap—a Z80 microprocessor chip costs less than twenty times as
much as the simplest gate,

Having covered the basic types of gate, in the next chapter we shall con-
sider the two major kinds of technology that are used in the implementa-
tion of integrated circuit logic elements.

QUESTIONS: CHAPTERS 18 AND 19

1. Why is the binary system of numbers used in computers?

2. Sketch a logic system in which the following truth table is imple-

mented:
INPUTS QUTPUTS
1 2 3 1 2
0 0 0 0 1
0 0 i 0 0
0 1 0 0 0
0 1 1 1 0
1 0 0 o 0
i 0 1 ¢ 0
1 1 1 i 1

3. Draw circuit symbols for (i) a 3-input NAND gate, (ii) an inverter,
(iii) a 4-input OR gate with one negated input.

4. What is the largest (denary) number that can be represented by eight
binary digits?

5. Draw a logic circuit including ene EX-OR gate and one NAND gate,
any connections. Now construct a truth table for the circuit.
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LOGIC FAMILIES

Although there are many ways of making integrated circuits, and several
technologies are available to the manufacturer, two major ‘Families” of
general-purpose logic [Cs remain the most important. The first, and oldest,
family is TTL. TTL stands for ‘“transistor-transistor logic®, this logic family
having replaced the older (now obsolete} DTL—diode~transistor logic, The
second logic family is CMOS {pronounced ‘sea-moss’) which stands for
‘complementary metal oxide semiconductor’. Both families include a very
large number of different devices: gates, flip-flops, counters, registers and
many other ‘building-block’ elements. In many cases there are direct substi-
tutes, but, as we shall see, it is not usually possible to mix devices from the
two families.

Both groups have their own special advantages and disadvantages, and
when a designer is working on a digital system the choice of logic family
will probably be one of his first decisions.

20.1 TTL

This family is based on the bipolar junction transistor, and was perhaps the
first commonly available series of logic elements. Although the logic
designer rarely needs to know how the inside of an IC works, it is instrue-
tive, when comparing logic families, to look at the workings of a simple
gate. We can take as an example a 2-input NAND gate, numbered, appro-
priately enough, SN7400 in the TTL series. Figure 20.1 shows the circuit
of this gate.

Notice that the circuit has a familiar ‘transistor amplifier” look about it,
except that the circles round the transistors have been left out—they repre-
sent the encapsulations. The input transistor is also unusual, by discrete
compenent standards, in that it has two emitters. The circuit operates as
follows. TR, is normally off (both inputs logic 0), which means that 7R,
is on, the 1.6 k&2 resistor providing the base current. TR, is off, its base
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fig 20.1 a typical bipolar 2-input NAND gale

being clamped to OV by the 1k& resistor. The output is therefore at a
potential just below that of the positive supply, or logic 1. If both inputs
are taken to logic 1, then a base current is provided for 7R, and TR;
switches off-its base is taken to OV via TR, and the base-emitter junc-
tion of TR, TR, switches on. The output is now at a potential near that
of the supply OV, or logic 0.

It is clear that moderate amounts of power are required, since either
TR, or TR, has to have a base current flowing the whole time. The
SN7400 requires about 2mA per gate at its operating voltage of 5 V—not
a lot, but enough fo make power supplies a headache in complex systems
and enough to rule out battery operation for all but the simplest systems.
It is equally clear that there is a definite limit on the amount of current
each gate can provide; it varies from device to device, but the SN7400,
which can provide at its output around 400uA at legic 1 and 16 mA at
logic 0, is typical. There is a big difference between the current thata TTL
IC can source (i.e. when it is at logic 1) and sink (i.e. when it is at logic 0).
Practically, this is of no importance when interconnecting pates since TTL
inputs present a very high resistance when looking at a logic 1. Tt is of
importance when interfacing TTL with other systems and devices, as we
shall see later.

Fan-out

Manufacturers quote the capability of the cutput of a TTL ecircuit in
terms of the npumber of standard TTL inputs it can successfully drive. This
figure is termed the fam-our. For SN74-series TTL ICs, the fan-out is
usually 10: each output can drive up to ten inputs.
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Operating speed

TTL gates work very quickly. The SN7400, for example, takes just fifteen
nanoseconds to change state. TTL counters—which we shall be meeting in
the next chapter—can count at frequencies up to SOMHgz, and the faster
LS series (see below) at up to 100 MHz.

Power supplies

TTL logic circuits require a standard power supply of 5 V. The amount of
tolerance is not large, and the limits of reliable cperation are between
4.5V and 5.5 V.It is therefore imperative that some form of power-supply
regulation be used. Power-supply circuits form an interesting and quite
important branch of electronics in themselves, and the design of 2 good
power supply used to be very difficult. Fortunately, we now have cheap
and extremely reliable power-supply regulator ICs which greatly simplify
the job. Figure 20.2 shows a supply suitable for use with a 9V battery
(the ubiquitous PP9}, capable of providing up to 100 mA.

fig 20.2 a power supply for operating small TTL logic systems

78105

+9V IN ouT +5V {100 mA max) ouT
470 u I COMMON 0.1 u
15V T T
ov . - ov

78L05

N ouT
COMMON

The regulator IC, the 78105, has a bigger brother, the 7803, which can
supply up to 1 A. Regulators to provide up to 5 A at 5V are commonly
available. Since this represents 25 W (5 x 5), and the power is all dissipated
by the ICs, it is clear that there is a cooling problem with large TTL
systems! Fan cooling is quite commonly used.

A complete mains power supply for TTL circuits, capable of delivering
up to 1 A at 5V, is illustrated in Figure 20.3. The 7805 is protected against
overheating and being shortcircuited, and even when used with experi-
mental systems is quite hardy. Needless to say, the mains part of this
unit must be effectively insulated.
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fig 20.3 a power supply for operating more complex TTL logic systems
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- A TTL system can impose very heavy instantaneous loads on a power
supply. This can in turn result in interference ‘spikes’ in the power lines,
upsetting the normal working of parts of the system. A cure can usually
be effected by connecting small capacitors directly across the power lines,
as near as possible to the ICs themselves. Usually 0.1 uF ceramic capacitors
are recommended, but 10uF, 15V tantalum ‘bead’ capacitors can some-
titnes prove even better. Whichever type is used, about one capacitor per
five ICs seems to work well,

Unused inputs

It is important to ensure that unused inputs of TTL gates are connected,
either to used inputs (but remember the fan-out limit of the preceding
device), to the positive supply, or to supply 0V. Connections to 5V
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should be made through a 1k resistor; you can connect several inputs to
the same resistor. Failure to terminate unused inputs may lead to the gate
oscillating, harmful because it may cause the circuit to overheat.

Encapsulations
Although many encapsulations are listed by the makers, the DIL package
(dual-in-line) is practically universal. A 14-pin DIL package is illustrated in
Figure 20.4. The pins are always numbered from pin 1, which is marked
1 with a notch, or is the pin to the left of a notch in the end of the package,
o with the notch to the top. The pin numbers run in an anticlockwise
5 direction, locking at the top of the package {which is held ‘legs down’).
The DIL package is usually made of plastic, though some high-quality
devices may have ceramic packages, which are much more expensive.

tig 204 a 14-pin DIL package

N

/

Schottky TTL

TTL circuits are being improved continually, and a major advance has been
in the introduction of a range of low-power Schottky TTL circuits. They
use the same code numbers as the standard series, but with ‘LS’ before the
type code—e.g. SN74LS00. Operating speeds are about twice as high, and
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power consumption is as low as one-fifth of that of standard TTL. The
only ‘minus’ is the cost, about 20-30 per cent more than the standard
range. '

Mainly because of the much reduced power consumption, the Schottky
TTL is now more widely used than the standard TTL. In any digital
systemn, and particularly in a large one, power supplies represent an apprec-
iable fraction of the total cost, and the savings that can be made here will
more than pay for the higher cost of the ‘L8” series circuits. Indeed, it is
the problem of power supplies that has been an important factor in the
rapid growth and acceptance of the other major logic family, CMOS.

20.2 CMOS

Whereas TTL ICs are based on the bipolar junction transistor, CMOS ICs
are based on the field-effect transistor. Figure 20.5 illustrates a CMOS
2-input NAND gate. Before looking at the way this circuit operates, bear
one fact in mind: the MOSFET is a voltage-operated device, and the gate
insulation means that, for all practical purposes, there is no gate current. It
is this that enables CMOS ICs to achieve astonishing power economies.

fig 20,6 2 2-input NAND gate using CMOS technology

+

ov

Clearly, therefore, the inputs for the NAND gate in Figure 20.5 will take
no current. If the output is feeding another CMOS gate, then the output
will not be required to deliver any current!

The operation of the gate shown in Figure 20.5 is as follows. Consider
the circuit with both inputs taken low (logic ). With I, low, T, will be
off (high resistance) and T, will be on. With I low, T, will be off, and

Page 147 of 151



307

T; will be on, This much should be quite clear—if it is less than clear, you
should re-read Chapter 9. The output terminal is held at a high potential
(logic 1) via Ty and T,.

Now let us take /, tojogic 1. This will switch on Ty and switch off T,
but the output will remain at logic 1 because T, is still on and 7, is still
off. The same thing happens if /, and not I, is taken to logic 1. If, how-
ever, both inputs are at logic 1, then 7, and T, are both off, isolating the
output from the positive supply, whereas 7; and T, are both on, making
the output logic 0. Obviously, the simple circuit of Figure 20.5 functions
effectively as 2 NAND gate. It is a characteristic of CMOS that most power
is used during the transition from one state to another, so the average
power required is a functien of the switching frequency. Typically, a
NAND gate like the one in Figure 20.5 would use less tha 0.1 uA with a
5V supply when working!

CMOS has some other advantages. It can be used with 2 wide range of
power-supply voltages—the RCA ‘B’ range, for example, works from 3
to 18V. Because of the tack of any appreciable voltage drop across the
IGFETs when they are turned on, the logic ! and logic 0 outputs are very
close to the power-supply voltages—only about 10 mV below the + supply
or above 0 V. CMOS logic also switches neatly at half the supply voltage.
For a 5V supply, the output switches as the input crosses 2.5V; for a
12 V supply this happens at 6 V; and so on.

Finally, CMOS has far greater immunity to power-supply ‘noise’ than
TTL and will tolerate noise of at least 20 per cent of the supply voltage
without problems. Clearly, CMOS is the first choice for battery-operated
equipment. A complex CMOS system can be run from a small 9V battery,
and the battery will have a very long life; the voltage can drop to below
6V before the circuits are affected adversely. No power supply or smooth-
ing circuits are generally required, though a small (10 gf or s0) capacitor is
often connected across the battery. In general, power-supply decoupling
capacitors such as tend to be sprinkled liberally arcund TTL circuits are
not needed for CMOS.

But there are disadvantages, too. CMOS is slower than TTLs. A CMOS
counter might typically work at up to 5 MH—quite quick, but only a tenth
as fast as a corresponding TTL circuit. The available output current is also
low. This is not, of course, a problem within a wholly CMOS systen
(fan-out of a CMOS gate is more than 50) but means that buffering circuits
are generally needed to drive indicators or control relays. The output is
equivalent to a series resistor of 400 £2-1k, so by Ohm’s Law we can see
that with a 10V supply only a few milliamps can be taken from the out-
put. In practice, the output current is further limited by the safe dissipation
of the device, arcund 200 mW per package (i.e. 50mW per gate for a quad-
NAND gate like the CD4011).
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Handling CMOS

As we saw in Chapter 9, the MOSFET is susceptible to damage from
electrostatic voltages. The same is true of the CMOS IC, though the manu-
facturers build in various safety features. A CMOS input actually looks like
Figure 20,6. This protection system works for voltages up to 800 V-4 kV
depending on the device. But since your body can easily pick up a charge
of 10kV when you walk across a nylon carpet, precantions are still essen-
tial. A suitable bench top for working with CMOS is made of a conductive
material and is earthed.

fig 20.6 typical protection circuit for CMOS inputs

+

To gates
R %

ov
R = 200-2000 0

High electrostatic potentials can also appear on the bit of a soldering
iron. A rather inconvenient cure is to earth the bit (but not through the
earth pin of the power socket). A better cure is to use a soldering iron
with a ceramic shaft—the ceramic conducts heat from the element to the
bit of the iron, but with very high electrical resistance and low capacitance.

The use of a ceramic-shafted soldering iron and earthed conductive
bench top should provide sufficient electrostatic protection for all modern
CMOS devices.

Types of CMOS integrated circuit

CMOS technology has evolved to a point where various ‘sub-families’ are
available. The first CMOS ICs were coded with type numbers in the range
‘4000-4999° (like the CD4011 mentioned above) and are known as 4000
Series CMOS.

More recent types have even lower power consumption and much better
high frequency performance, comparable with Schottky TTL. These
CMOS devices have been given codes beginning with *74HC. . , but are
pin-for-pin compatible with the corresponding 4000 Series devices. For
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example, the counter used in Figure 22.23 (marked ‘4017 in the diagram}
could be an ‘old” CD4017, or the newer 74HC4017.

Another range of CMOS devices, prefixed ‘74HCT. . .” are designed to
be used in place of TTL (standard or LS) ICs, and feature inputs that have
the same characteristics as TTL. They give a similar performance to TTL
but use much less power,

For high-speed circuits, the “74AC. . .’ series CMOS provides substan-
tially faster switching than Schottky TTL with much lower power con-
sumption,

20.3 COMPARISON OF TTL AND CMOS

It is useful to compare the main characteristics of some of the various
‘branches’ of the two major logic families. The circuit designer working
with digital logic will generally choose the logic family according to his
design requirements—power supply (mains or battery?), operating speed,
outputs required, and of course price,

Figure 20.7 compares some of the major characteristics of the different
types of integrated circuits for digital logic that are currently available.
The older ones—like the 4000 Series—have few advantages over the newer
types, and will gradually be phased out. Competition between major
manufacturers makes it certain that new ranges will appear in the future.

fig 20.7 comparing the characteristics of various types of digital logic

integrated circuits
typical typical output current maximum
type \s,i'f;zlg\':a Z‘:F:fel:t power ) : operating fan-out
per gate per gate logic 1 logic 0 | frequency
TTL
74... 5V 40 uA 10 mW 500 uA [ 16 mA 35 MHz
74LS. .. 5Y 20 pA 2mwW 300uA | 8mA 45 MHz
CMOS
‘4000BE’ 3-18V 10 pA 0.6 uW 1 mA 2.5 mA 5 MHz
7J4HC . .. 2-6V 10 pA 1 W 4 mA 4 mA 40 MHz
7A4HCT . .. BV 10 pA T W 4 mA 4 mA 45 MHz
J4AC ... 2-6V 10 pA 1 uW 24 mA | 24mA 100 MHz

*power dissipated by 74HCT types increases with
switching speed and is more than 1 mW at 4 MHz
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QUESTIONS

1.

The output of a TTL gate is connected, via a meter that reads current,
to the OV supply line. Suggest typical current readings when the
output is at (i) ltogic 1, (ii) logic 0.

What are typical power-supply requirements for (i) TTL, (ii) CMOS?

Compare the TTL and CMOS logic families for the following charac-
teristics: (i) current consumption from the supply, (i) speed of
operation, (iii) immunity from interference, (iv) tolerance of variations
in the supply voltage.

What precautions need to be taken when handling CMOS circuits?

Which logic family would you use in designing a system for the fol-
lowing uses: (i) a stop-watch, (ii) high-speed data transfer system for
a computer, (iii) control logic for an electronic ignition system in a
boiler?
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