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Updates

The UK 70MHz and 1-:3GHz allocations are now 70-025-70-500MHz and
1,240-1,325MHz respectively.

The 1981 IARU Region I Conference recommended that rtty speeds of 50,
75 and 100 bauds should be encouraged.

The UK rtty calling frequency is now 70-3MHz.

Additional channels S10, S11 and S13-19 have been allocated for fm simplex
use.

UK repeaters operating to IARU Region 1 specifications require an initial
toncburst but other stations may then carrier re-access indefinitely.

The 1981 TARU Region 1 Conference recommended that moonbounce
operation should take place in the segments 144-000-144.015, 432-000-
432:015 and 1,296:000-1,296-:015MH,. The 144MHz ms reference fre-
quencies are now 144100 (cw) and 144-400 (ssb): operation can take place
up to 26kHz higher than the reference frequency. The 144MHz beacon band
isnow 144:845-144-990MH .

The Federal Republic of Germany has been allocated DAA-DRZ and the
Republic of Korea DSA-DTZ and HLA-HLZ. The Democratic People’s
Republic of Korea has been allocated HMA-HMZ.

There are now also amateur-satellite allocations in the 18 and 24MHz, and
1-3, 2:4, 5-6, 47, 76, 142 and 241GHz amateur bands.

Associate members of the RSGB are now allocated BRS numbers.

January 1982
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FOREWORD

By M. MILI

Secretary-General, International Telecommunication Union

IN keeping with the rapid advances in technology during the past five years the number of stations in the
amateur service has correspondingly grown, and it is now estimated that by 1980 this will reach one
million. This is in contrast with the position in 1939 when the first edition of this handbook was printed.
Successive editions have reflected the current interests of the amateur movement and the work that has been
done, which has made an appreciable contribution to the progress of radio communication.

Regular communication is now effected on frequencies which only a short time ago would have been
beyond the capabilities of radio amateurs. Their progress in microwave techniques has been rapid and the
results achieved and the equipment used has owed little to their professional colleagues. The continuing
interest in space techniques has led to the creation of the amateur satellite service in 1971 and the Oscar
satellites are now an accepted and exciting part of the amateur radio scene. With the limited power and
aerial systems at his disposal the operator must make the fullest possible use of the propagation character-
istics of the various frequencies which are used. A great deal of useful scientific research has been carried
out, the results of which are reflected in this handbook and which will aid radio amateurs in making the
most out of those parts of the radio frequency spectrum allocated for their use.

In parallel with the scientific aspects of the amateur service are the opportunities offered for international
co-operation. The ability to create friendships with persons in all parts of the world in the pursuit of a
common interest is a factor in the maintenance of goodwill which is shared by few other activities. With
the development of amateur radio there is an ever increasing range of subjects on which there is a high
degree of worldwide liaison. The international body of the amateur service—the International Amateur
Radio Union—exists for the purpose of furthering this co-operation. This body is recognized as a
participating observer at the conferences of the International Telecommunication Union at which the tasks
of frequency allocation and conditions of use are fulfilled.

The amateur radio service enjoys a special place in the body of services recognized by the ITU for it is
one of the oldest radio services in existence. It is defined in the Radio Regulations as *‘a service of self-
training, intercommunication and technical investigations carried on by amateurs, that is, by duly
authorized persons interested in radio technique solely with a personal aim and without pecuniary interest”.

The service is therefore recognized as having two missions—first, to instruct and to take partin the training
of those who, in any capacity, bear responsibility for the operation of radio services. Second, to engage in
disinterested research in order to deepen our knowledge of scientific matters. The role of radio amateurs
in technical training seems to be little known for all its great importance. The ITU is engaged on a vast
programme of technical co-operation to aid developing countries to expand their telecommunication
services. In this programme training plays a vital role. There is no doubt that the development of an
amateur radio service in the countries concerned makes a substantial contribution to the execution of this
immense task, and a contribution moreover that costs the community so little.
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The field for further contribution to the science of radio communication is as great today as ever. There
are many persons who have found that experience as a radio amateur has served them well in a professional
career. Whether the reader’s interest lies in the amateur or professional fields he will find this handbook
to be indispensable in following his chosen area of study and experiment.

M. MiL1



PREFACE

By PAT HAWKER, G3VA

Author of “Amateur Radio Techniques”, “A Guide to Amateur Radio” etc

Y the time any book has reached its fifth edition—with total printings exceeding 250,000 copies—it
may be safely assumed that it fulfils a real need in a manner that appeals to the amateur radio enthusiast,
and indeed also to many students and those concerned professionally with radio communication.

The Society does not revise this handbook annually or even frequently, but when the technology has
changed sufficiently to justify it. This means that each new edition (five in almost 40 years) is virtually a
new book, each chapter being completely revised and up-dated, often indeed entirely rewritten.

The problems that this practice presents should not be underestimated. The future in radio communica-
tion increasingly depends upon semiconductor devices but at present (and rightly so) amateur stations still
continue to make wide use of thermionic devices where these are reliable and cost-effective. So the amateur
still needs to understand valves or tubes, while learning to cope with an increasing range of bipolar and
field effect transistors, integrated circuits and digital techniques, as well as the more exotic semiconductor
devices such as Gunn diodes.

To include the new while retaining the best and most valid of the old is a process that makes impossible
demands on authors and editors alike. No matter how ruthlessly the blue pencil is wielded, the sheer
amount of information that a keen amateur expects to find in a standard book of reference grows and grows.

This edition has consequently been split into two volumes for convenience in handling; the division does
not represent any fundamental rearrangement in subject matter compared with earlier editions. Like those
editions it is written almost entirely by active radio amateurs for both active and would-be active amateurs.
It does not assume that every amateur always builds his own equipment but it does take it for granted that
the radio amateur continues to be keenly interested in the technical aspects of the equipment he uses.

In recent years, amateur radio has developed in Europe along rather different lines from North America,
with perhaps a little more interest in why as well as how. This ensures that this handbook is not just a British
version of the popular American handbooks—though we owe a real debt to those in North America who
originally conceived and pioneered technical handbooks of a style very different from the traditional
engineering textbooks.

Practical down-to-earth information—certainly every amateur needs that if he is to continue to represent
a balanced combination of designer, constructor, purchaser and operator of modern radio equipment.
However, he also needs to absorb a feeling and an instinct for what is and is not really important. One of
the attractions of radio communication is the way in which fundamental ideas and techniques remain valid
in the midst of innovation,

It is perhaps just as well that one can still, even in a computer age, put a lot within the covers of a book.

PAT HAWKER
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CHAPTER |

PRINCIPLES

PERATING an amateur radio station is a fascinating

hobby. and the enjoyment can be greatly increased by an
intimate knowledge of the equipment and the ability to
modify it experimentally. For success in such home con-
struction there are two essentials. An understanding of the
theoretical principles involved allows the amateur to get the
best out of his equipment by good design, tailored to his
exact needs. A practical grasp of components and their
limitations is also needed, allowing him to choose suitable
components for any purpose and if necessary replace a
specified type by another already to hand, perhaps with
minor circuit adjustments.

In this introductory chapter a practical section describing
common components and the choice between them is
followed by a section outlining the basic theory underlying
each piece of equipment in the amateur station. Subsequent
chapters are devoted to a detailed discussion of each piece of
equipment with practical examples. Readers new to elec-
tricity and radio should turn to p1.9.

COMPONENT SELECTION

Equipment breakdown can be frustrating, and it is worth
using the best quality components in amateur construction.
With care these can be found quite cheaply on the “surplus”
market. This section gives the relevant advantages of
different types of component. Note that it is always worth
testing components before use.

Wire

Copper is the most often used conductor, being strong,
cheap and of low resistance. Enamelled copper wire is used
in coils and transformers because the insulating enamel
takes up little extra room. Wire is sold in Standard Wire
Gauge sizes (swg), and the size needed to carry a given
current is listed in Chapter 23—General Data. Available
wire can be roughly sized by comparing it with fuse wire or
counting the number of turns per inch in a close-wound coil.

Enamelled wire should not be re-used if it has been
kinked, as this cracks the enamel.

Radio frequency (rf) currents travel only along the surface
of a wire. For this reason transmitter coils are often made

TABLE 1.1
Approx swg Turns per inch Fuse wire
of same size
20 25 —
25 45 15A
30 70 10A
a5 105 S5A

from silver-plated wire. Where high currents are involved
hollow tube can be used to reduce the cost of material, while
some high-Q coils use Litz-wound wire in which many fine
strands increase the surface area.

Resistors

Resistors are very reliable components, lasting usually for
many years, but, being present in such large numbers, they
are the commonest cause of equipment failure. Ordinary
resistors are moulded carbon, painted or encased in ceramic.
Their resistance decreases on heating and tends to increase
with ageing, so high-stability types are preferable.

Resistors less than %in long are usually rated at § or }W
power dissipation, while those #in long or more will dissipate
1-2W. There is however a maximum voltage rating of 150V
for the small carbon resistors, 250V for medium-sized ones,
regardless of power. When soldering the miniature types
use a heat sink clip, for excessive heat will permanently alter
their resistance.

Wire-wound resistors have higher power ratings (usually
stamped on the resistor) but get very hot at full power, so
they should be kept away from coils, etc. Unlike carbon
types their resistance is greater when hot.

Low-cost resistors are usually made within 10 per cent
tolerance, which means that a nominal 1,000Q resistor may
have an actual resistance of anything from 900 to 1,100Q
as measurement will quickly show. Resistors are therefore
sold in preference values at intervals of twice the tolerance.
For 10 per cent resistors this is the “E24” series of 20 per
cent steps, ie 10, 12, 15, 18, 22, 27, 33Q, etc, and subsequent
decades likewise.

The nominal value of resistance is marked either with a
series of coloured rings to be read from one end, or with the
R-code. In the colour code the first two rings indicate digits
and the third is a multiplier (see Table 1.3). A fourth ring of
gold or silver indicates a tolerance of &5 per cent or 10 per
cent respectively; where no fourth ring exists the tolerance is
4+ 20 per cent.

In the R-code the first letter marks the decimal point and
indicates any multiplier (R = Q, K = kQ, M = MQ). The
second letter gives the tolerance as F (1 per cent), G (2 per

TABLE 1.2
Resistor type Tolerance |Power rating Advantages
(per cent) w)
Moulded carbon +10 {or 20) +-2 Cheap
Carbon film +5 i—{ Better stability
Metal oxide +1-2 -4 Small, high stab-
{metal film) ility, low temp-
erature variation

Wire-wound +5-10 1-100 High power
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cent), J (5 per cent), K (10 per cent) or M (20 per cent). Thus
the resistors described at the foot of Table 1.3 would be
marked M39J, 1kM and 4R7K respectively.

There are various special types of resistor. The fusible
resistor is used as a safety resistor: when a certain current is
exceeded for a few seconds a soldered joint melts and springs
apart to protect equipment from overload. The volrage-
dependent resistor has a resistance which falls as the applied
voltage reaches 50V or so, and is used to absorb voltage
spikes. An ntc Thermistor has a cold resistance about 50
times larger than its resistance when hot. The bead type is
mounted on a transistor heat sink to adjust the bias current
with operating temperature, while the rod type is heated by
its own power dissipation. The opposite function is per-
formed by the prc Thermistor (positive temperature coeffi-
cient, or Silistor), the resistance of which rises rapidly on
heating and can protect transistors from thermal runaway.

Potentiometers (“pots”, variable resistors) are usually of
carbon film construction. The track often gets dirty and
worn, causing crackles and unreliability, but can sometimes

TABLE 1.3
Colour Digit Multiplier
Black 0 <1
Brown 1 x 10
Red 2 x 100
Orange 3 x 1,000
Yellow 4 % 10,000
Green 5 » 100,000
Blue 6 < 1,000,000
Violet 7
Grey 8
White 9
Gold x 01

1

Examples: orange/white/yellow/gold bands indicate 390kQ2 +5 per cent;
brown/black/red bands indicate 1k2 20 per cent; yellow/
violet/gold/silver bands indicate 47} 410 per cent.

Fixed resistors. Top row, left to right: sub-
miniature 10mW type, bead-type ntc Ther-
mistor, two low-power carbon types,
photoresistor, pcb-mounting type. Bottom
row, left to right. two W carbon types,
resistor with fusible link, gl psulated
high-resistance type, high-power rod-type
ntc  Thermistor, high-power wirewound
resistor.

be renovated with switch cleaning fluid. The /og-law (loga-
rithmic) potentiometer has a graduated carbon film, so that
on rotating the spindle the resistance increases very slowly
at first. This type is used as a volume control, because the ear
responds logarithmically to sound power; the terminals
must be connected in the correct sense or an antilogarithmic
effect is produced. Carbon potentiometers arc limited to
#W power dissipation, while wire-wound types can be ob-
tained for powers up to 50W. Tolerance is usually 10 per
cent or 20 per cent. Other types of potentiometer include
preset (set by screwdriver), miniature skeleton presets,
ganged or concentric pairs, and types with a full 360° rota-
tion or many turns. The photographs show a selection of the
various types of resistor commonly in use, including most of
those mentioned above.

Potentiometers (variable resistors). Left to right: the type com-
monly used as a volume control with an on-off switch built-in, skele-
ton preset for pcb mounting, screened preset for chassis mounting.



Fixed capacitors, Top row: two
large multi-section electrolytic
types. Middle row: two disc
ceramic types and a ininiature
electrolytic type as used in tran-
sistor circuits. Bottomn row, left
to right: silver mica, feed-through
and tubular ceramic types.

Capacitors

A typical capacitor contains two layers of metal foil
separated by a layer of insulation (the dielectric), rolled up in
a tubular case. The nominal capacitance is usually stamped
on the case, and tolerance is often + 50 per cent —20 per
cent. The resistor colour;code. or R-code may be used to
indicate value (eg yellow/violet/orange = 47,000pF, 6R8 =
6:8uF). Also marked is the working voltage, which is the
maximum dc voltage the device will withstand in either
direction: the ac rating is about half this. In the case of
electrolytic capacitors dc may only be applied with correct
polarity, and the ac (ripple) component must not exceed
about 10 per cent of the working voltage.

Capacitors usually fail by short circuiting, and leakage
current should be checked before use. Ordinary capacitors
should leak much less than 1pA. Aluminium electrolytics
have a leakage current given approximately by:

C (uF) x V(wkg)
6

while tantalum electrolytics leak about one third as much.
Other important properties are the temperature coefficient

l.eakage current = A

TABLE 14
Function Type Advantages
Capacitors for Paper/polyester High voltage, cheap

affi.f. coupling Polycarbonate High capacitance (to 10uF),
compact

Small, cheap but lossy

Very low loss, low leakage but
bulky

Close tolerance

Very low inductance

Ceramic
Polystyrene

RF coupling

Silver mica
Ceramic disc or
feed-through
Polystyrene

RF decoupling

Tuned circuits Tolerance 1-2 per cent very

tow loss, © negative (—150

ppm) X
High stability, low loss, toler-
ance 1 per cent, low 0 (+50

Silver mica

ppm) X
Ceramic Available with range of 6
(+75, 0, —150, —750 ppm) for
temperature compensation, but

lossy

PRINCIPLES

—

/{ﬁ %’

of capacitance change, 8 (which may be positive or negative),
the power factor, which is a measure of the power loss
introduced by the capacitor, and the physical size of the
component. Table 1.4 gives some common types and their
uses.

Electrolytic capacitors have a foil electrode immersed in an
electrolyte solution or paste, which forms the other electrode.
Passing a small forward current builds up a thin layer of
insulating deposit on the foil, so thin that huge capacitances
(eg 100,0001.F) can be accommodated in a small can. Unfor-
tunately this layer of deposit allows a substantial lcakage,
and is casily destroyed by excessive voltage, heat, or a vol-
tage of reversed polarity. During a long period of disuse the
layer may fragment and require reforming by charging
slowly through a 10k resistor.

Electrolytic capacitors have a very high power factor, so
an excessive ac ripple current will generate internal heat and
damage the capacitor. For the same reason they do not pass
rf well, and rf decoupling necessitates a ceramic capacitor in
parallel. Where an electrolytic capacitor is used for af
coupling a dc bias voltage must be provided to prevent
damage by reverse voltages (Fig 1.1): an exception is the
tantalum type, which will stand up to 0-5V of ac signal
without bias.

Tuning capacitors are air-spaced variable capacitors, often
with vanes shaped to give a “log-law” increase on rotation.
The broadcast receiver type has two or more sections
ganged on one spindle, and each section has a capacitance of
about 300pF with the moving vanes earthed via the spindle.
If a lower capacitance is required vanes can be carefully
removed; hf types have a wider gap, giving both lower
capacitance and higher breakdown voltage. A reduction
gear on the spindle will provide mechanical bandspread.

Trimmers are small preset adjustable capacitors, either
air-spaced (capacitance up to 30pF) or of the mica com-
pression type (to 750pF). If one is connected in parallel with
a tuning capacitor the minimum capacitance of the circuit
can be preset, ie the upper limit of the frequency range
covered can be adjusted. Another preset capacitor in series
with the tuning capacitor (a padder) will set the maximum

1.3
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Fig 1.1. Electrolytic capacitors must be biased to avoid reverse

voltage. When coupling or decoupling af, bias is often provided by

the circuit (a,b). Otherwise it is provided externally (c) or by signal

rectification (d) (negative plate shown solid). Note that in the last

method the effective capacitance is halved because the capacitors
are in series.

capacitance and thus the lower frequency limit. Where two
ganged capacitors tune the aerial and the local oscillator,
careful trimming and padding ensures that the circuits frack
across the whole range so that their frequencies always
differ by the same amount (see Fig 1.2).

Inductors

Coil design depends chiefly on the frequency in use. and
also on the permissible losses. Most short-wave coils are
wound of fine wire (such as 32swg) on a paxolin, poly-
styrene or ceramic former to form a compact lightweight
component. Thicker wire is nceded for a high-current coil
such as a transmitter tank coil, and also where low loss
(high Q) is important, as in aerial loading circuits, etc. At
very high frequencies losses are minimized by omitting the
former and using thick wire to form a self-supporting coil.

For maximum Q coils should be air cored, single-layer
and space-wound (ie with a small gap between cach turn to
reduce self-capacitance). Where space permits, further
improvement is obtained by making the coil slightly shorter
than its diameter, as this optimum shape uses the shortest
length of wire to achieve the desired inductance.

At low frequencies coil inductance can be increased a
hundredfold by a ferromagnetic core. Solid iron is unsuitable
because it becomes heated by a flow of eddy currents,
causing large power losses from the coil. These can be
reduced by using a core of insulated iron laminations, giving

SMHz
input

Mute

Variabie capacitors. Top left: split-stator variable type for push-pull

circuits. Top right: ganged two-section log-law tuning capacitor.

Bottom left: tubular ceramic trimmer. Bottom right: miniature
solid-dielectric tuning capacitor.

an inductance of several henrys in ac mains chokes and
transformers. A typical ac supply transformer has a primary
winding with several taps near one end (for 200V, 220v,
240V supplies), and will draw about 100mA from the supply
with no load on any winding. Incorrectly applying the ac
mains to a winding designed for a lower voltage causes a
loud buzz often accompanied by rapid heating, although the
same effect can be caused by shorted turns inside the trans-
former. The principal secondary winding is often centre-
tapped for use with a full-wave rectifier. If there is another
single lead isolated from the windings, this is usually a
Faraday screen which when earthed prevents mains inter-
ference passing from primary to sccondary windings by
capacitative coupling (Fig 1.66).

At audio frequencies smaller cores suffice. Typical speaker
transformers have a turns ratio of about 40:1 (valve type) or
5:1 (transistor type), and the primary may be centre-tapped
for push-pull circuits. The valve types are plentiful. and can
be used for various impedance-matching applications
(Fig 1.3 shows one example).

Above audio frequencies the losses in a laminated core
become too great, and it must be replaced by a dust core or
Serrite core which are available in various shapes. Dillerent
grades of ferrite produce greater or smaller inductance, but
for amateur purposes any grade can be used, the number of
turns required being found by trial and error. Particularly

Local
oscillator

Fig 1.2. Part of the well known
G2DAF receiver to show tracking
arrangements. C1, ganged tuning
capacitors. C2, dc blocking. C3a, b,
capacitors setting the highest
tuned frequency (C3b was a nega-
tive-temperature-coefficient type
to offset thermal drift). C4,
tri for fine adj of
maximum frequency. C5, padder

RFC

1.4

setting the lowest tuned f{re-
quency. Cé, capacitative tap for
the Colpitts oscillator,



Various inductors. Top left: rf
coil on paxolin former and loud-
speaker transformer. Bottom
left: self-supporting silver-plated
vhf coil and Ferroxcube-potted
high-@ coil. Centre: exploded
view of mains transformer, show-
ing two-part laminated iron core,
coil former and aluminium cover.
Top right: i.f. transformer with
and without its screening can.
Bottom right: small toroid trans-
former for use at rf.
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useful are fervite shigs, which can b screwed towards the
centre of a coil such as an i.f. transformer for fine tuning
adjustment, and the ferrite toroid which, when used as a
transformer core, gives very wideband inductive coupling
with minimal capacitative link between the windings.

For an rf choke one quarter-wavelength of wire on a
small air-cored forimer gives an impedance of about 100X,

Charts and formulae for use in the design of coils are
presented in Chapter 23, while the inductance of an available
coil can be checked with a transmitter and an oscilloscope.
as in Fig 1.4, Small capacitors can also be checked by this
method.

The resonant frequency of a complete tuned circuit can be
mecasured with a signal generator or a grid dip oscillutor
(2do): as the gdo is tune.d past the resonant frequency power
is drawn from its probe into the tuned circuit and causes a
dip in the meter current, aliowing the frequency to be read
ofl the calibrated scale to within about 5 per cent.

A relay is a magnetically operated switch, and the “"Post
Office™ relay has served generations of amateurs, bzing
cheap and plentiful. It has a large iron-cored coil designed to
operate on 50V dc but can be run on lower voltages or
from an ac supply: Fig 1.5 shows one method. Various one-
or two-way switches can be assembled on it according to

+

input Fig 1.3. A small loudspeaker
used as a microphone needs
[} its impedance matched to the
o amplifier input. To match a
3() speaker to a transistor

input (about 3k {)) requires a
transformer witn a ratio of

about 30:1.

Qutput

PRINCIPLES

need. Relays are often used for transmit/reeeive switching,
and for acrial ¢f switching coaxial relays are available.
Several different types including the Post Oftice model are
shown in the photograph on the next page.

SEMICONDUCTOR DEVICES

Semiconductor devices are very small, long-lasting,
mechanically rugged and cheap compared to valves. They
are also very versatile—a typical silicon power diode will
rectify a kilowatt or a few milliwatts of supply with equal
case. Early devices were made of germanium and were casily
damaged by heat or overload, but silicon types are much
less vulnerable and preferred for most purposes, except for
work at very low voltages.

Diodes are designed for several different uses such as
signal detectors. power rectifiers, regulators and amplifiers.
The first group, signal diodes, are rated at about 25V and
need to have a low capacitance. The following types are
commonly available:

Germanium point contact-—low capacitance but a high

(OA91) forward voltage drop (per-
haps 1V at 20mA)

Transmitter

rfoutput =

-4+— Oscitloscope
Dumany or
o0 «+— Valve voltmeter

Fig 1.4. To measure the impedance of a coil (or capacitor) approxis

mately, rf current from a transmitter is passed through it in series

with a carbon resistor (R). R is chosen so that the measuring device

indicates equal voltage drops across R and Z: then the impedance
is R ohms, and R = 2nfL (or 1/21fC).
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Gold bonded (1N141)

—low voltage drop, high cur-
rent (say 100mA)

Silicon junction (OA202) —very low leakage, high break-
down voltage

—excellent at vhf, low noise,
low capacitance (low carrier
storage), high efficiency

Hot-carrier (HP2800)

For signal detection all these are superior to valve diodes,
which require higher signal voltage (eg 10V to pass 1mA).
The germanium type will pass an adequate current at 100mV
or even lower.

Power rectifiers are usually silicon junction diodes designed
to stand a peak inverse voltage (piv) of up to 1kV, and a mean
forward current of approximately 1A. The avalanche diode
(avalanche-protected diode) is built to withstand small over-
loads of reverse voltage without permanent damage, so long
as excessive current is prevented by an adequate scrics
resistance. A simple method of testing diodes to assess the
piv is shown in Fig 1.6. Diodes must nor be used in series to
withstand higher voltages unless special precautions are
taken. For very high voltages miniature selenium rectifiers
are convenient, typically rated at 6kV at ImA. For high-
current applications diodes can be used in parallel, although
they should ideally be matched; germanium rectifiers dissi-
pate less power and may be rated at higher currents (10 or
20A), albeit at a lower piv.

_source without

AC supply D—T
‘“ch 0 by" g a shunt diode,

Fig 1.5. A relay can be powered
from an ac
Between positive half-cycles the

relay coil continues to draw
forward current from the diode,
]: since an inductance opposes

current change. A series diode
can be added at A to reduce heat
in the resi .

[\ Li\J

Various relays The large one on

the left is the Post Office type,

still widely used, and the others

are more modern types, some of

which are suitable for mounting
on a pcb.

The zener diode (occasionally called an avalanche diode)
breaks down at a low reverse voltage (usually between 5 and
15V) which remains remarkably constant whatever reverse
current is applied. A more accurate version is the reference
diode, supplied at an accurately stated breakdown voltage
with low temiperature variation, but at a higher price. There
is also an ingenious method of making a transistor function
as a rather leaky zener device but with an adjustable break-
down voltage (Fig 1.7).

Any diode when reverse-biased has a small capacitance
which decreases as the reverse voltage rises, and it can
therefore be used as a remote tuning device (see Chapter 3—
Semiconductors). The Varicap or Epicap diode is particularly
designed for this purpose, with a stated capacitance swing
from, say, 10pF down to 4pF as the voltage rises by 10V
or so0. Any rectifier diode will perform the same function, and
a little experimenting may be useful, eg an QA202 varies
from about 10pFF to 3pF at a reverse voltage of 0-10V.
Zener diodes give a much greater capacitance change, say
500pF to 150pF from 0-5V.

A voltage-variable capacitor can also be used as a para-
metric amplifier or frequency multiplier at extremely high
frequencies (up to 10GHz or so), and diodes made for this
purpose are called varactors. Input powers accepted by the
types available vary between 4 and 40W and they have
efticiencies of 25 to 50 per cent.

M0
1watt
>
AC To Y-plates ot
e A  oscilloscope

(a)

Fig 1.6. To test ullcon diodes a Iarge ac voltage is applied through a
high series r ce which p the diode. The oscilloscope
traceindicates the diode breakdown voltage (piv) at which the diode
starts to leak about 0-1mA. For zener diodes a low voltage, about
12V ac, is adequate,




Breakdown Devices

Certain devices have a high resistance until the applied
voltage reaches a threshold level, when the resistance falls
rapidly : the resistance remains low until forward conduction
ceases, and then the device recovers its high resistance. The
Jour-layer diode (Shockley diode) breaks down (triggers) at a
set forward voltage around 20V, and the diac is a two-way
version. The silicon controlled rectifier (scr, thyristor) is
a four-layer diode with a control electrode, the gare, and
breaks down when a small current is passed through the
gate. High-voltage thyristors (piv up to 1kV) are used for
supply regulation, while low-voltage versions function as
switches. The triac is a two-way thyristor, permitting current
flow in either direction when triggered, and the quadrac is a
refinement incorporating a diac in the gate lead. The unijunc-
tion transistor has no gate electrode, but the breakdown
voltage can be set by external biasing. See Chapter 3 for
details.

Fig 1.7. A constant-voltage device

using a silicon transistor. When its

emitter-base voitage reaches 0:6V,

i ie the applied voltage reaches

- (1 + RV/R) x 0-6V, the transistor

conducts and maintains the volt-
age at this level,

Transistors

Ordinary transistors are bipolar, having two pn junctions
separated by a very thin layer called the base. Choice of
transistor for a given purpose is dictated by the following
considerations:

Polarity—Silicon npn transistors are often cheaper than
pnp types, and use a positive supply voltage.

Voltage—The collector must be rated at twice the supply
voltage or more, when using an inductive load.

Frequency—In most common-emitter circuits the transistor
needs a cut-off frequency (fr, fi or fx) of at least 100
times the operating frequency in use.

Power—Small transistors will dissipate 200-300mW, so the
product of collector current and voltage in use must be
less than this. Power transistors must be rated far
above the actual power to be supplied, because their
official rating (Pp, Po, Pw €tc) is usually referred to a
constant case temperature. No practical heat sink
achieves this. As a very rough guide, a sheet of alum-
inium 15cm square with the transistor mounted firmly
in contact with the metal in the centre will dissipate a
quarter of the rated power.

These are all simply minimum requirements, so a high-
performance transistor (such as the 2N3375) could be used
for any application within its generous limits of voltage,
frequency and power.

Transistors have many other characteristics, but these
show little variation between modern types and so rarely
govern the choice for a particular application. Examples are
the current gain B or e (generally 50 to 100), leakage current
(a few pA in common-emitter circuits), emitter reverse
voltage (about 5V), etc.

PRINCIPLES

Several methods of transistor construction are in use. The
alloy transistor (alloy-junction, alloy-diffused) can be made
to stand high voltage and power dissipation, but most have a
poor frequency response. An example is the 2N3055, rated
at 100V 115W with fy = 1MHz. A variation with better
frequency response is the germanium drift or micro-alloy
diffused transistor (madt), in which the base is doped more
heavily on one side.

Fig 1.8. This transistor output
stage uses complementary
power transistors in push-pufl.
A driver transistor TR gene-
rates signal voltage across a
load R, and the power tran-
sistorsactasemitter followers
giving a low-impedance out-
put. Without applied signal
a small dc current flows, con-
trolled by the preset resistor
RV (which may include tem-
perature compensation).

=

Much higher frequency response can be obtained from
silicon planar construction. The base and ecmitter are
deposited as thin films on the surface of a silicon chip, which
forms the collector. A refinement is the planar epitaxial
transistor, where the chip is heavily doped at its base to
lower the collector resistance. An example of an epitaxial
transistor is the 2N709A, rated at 15V 0-3W with fp =
800MHz; the very thin base layer gives good frequency
response but a low voltage rating. A rather similar process in
germanium transistor construction produced the diffused-
base and double-diffused mesa transistors, also with high
frequency response.

Fig 1.9. The simplest meter
protection circuit uses a german-
ium transistor shunt which limits
the movement voltage to about
200mV, corresponding to a cur-
rent overload of about 10 times
the scale maximum. Transistor
leakage introduces a small inac-
curacy, the meter reading low.

Matched pairs of transistors selected for their similar
characteristics are available for differential amplifiers, etc.
For best matching the transistors are formed on one chip
side by side, and are known as duwal transistors (eg the
2N2223). Complementary transistors have similar ratings but
opposite polarity (eg TIS90 npn, TIS91 pnp), and are used
in push-pull amplifiers to avoid the need for transformers
(Fig 1.8).

The symmetrical transistor was a germanium type designed
to function at voltages right down to about 10mV. Any
germanium transistor will work at 100mV or so, and this
property can be used for meter protection (Fig 1.9).

Any type of transistor should be tested before use as this
takes only a few moments, and a simple tester is shown in
Fig 1.10. Most small silicon transistors should leak less than
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Multi-
meter

Fig 1.10. Testing transistors:
first the leakage current lceo
is measured with the multi-
meter, then pressing switch
S gives a current increase in
microamps of 10 times the
gain (103, or more exactly 10
X hFE, the dc gain).

-
2 )
{:'Z /

X /o/

Transistor -
under test

10+A and have a gain of 50 or more. Another transistor
tester is described in Chapter 18-—AMeasurements.

Field-effect Transistors

The field-effect transistor (fet) has a narrow silicon
channel surrounded by a gate electrode, which controls the
number of mobile current carriers in the channel and there-
fore its resistance. In use it has high input and output
impedanccs, rather like a pentode valve, and when coupled
to a high-impedance input circuit it gencrates less noise
than a comparable bipolar transistor when used as a simple
amplifier. It will also function as a square-law detector (sce
page 1.41),and as a variable resistor since the channel small-
signal impedance varies from about 1kQ up to several

regohmis depending on the gate voltage.

In the junction-gare fet (jfet) the gate and channel meet at
a pn junction, and a dc reverse bias voltage is applied to
isolate the gate. An example is the MPF102 series of n-
channel JrETs which in the absence of gate voltage pass
several milliamps at 10-20V. A negative gate voltage de-
pletes the channe! of carriers and lowers the current, which
stops entirely at the gate “pinch-off”* voltage of about — 5V,

Other FETs have the gate insulated from the channel by a
fine layer of metal oxide, the insulated-gate ¥ETs (1GFETS) or
metal-oxide-silicon FeTs (MOSFETS). One type functions in

S +

b+ output —
{input
o4 -
'-.L (a) + (b)
D D
6 D 1 2
Gy Gy
SB
(c) Sllls, (d)
iSB

Fig 1.11, Types of fet: (a) n-channel jfet with simple biasing network
(SB_ sub_st_rate.lead), (b) n-ch 1 enh rent-type mosfet with
its positive bias voltage supply, (c) dual-gate fet, (d) dual fet.

1.8

Integrated circuits. The black rectangular types are in the common
*dual-in-line”’ package; the 8-pin one on the left is an operational
amplifier, and the 14-pin and 16-pin versions on the right are digital
logic circuits. The other frequently-used package is the round metal
can shown on the left, which affords better shielding. A submini.
ature “flat-pack’ package is shown at the bottom of the picture.

just the same way as a jfet with similar characteristics,
except that the gate voltage need not be kept negative: this
type comprises the depletion mosveTs, such as the 3N1SS.
There is a second type, the enfhancement mosfet, eg the
3N157, in which no channel current passes until conduction
is enhanced by a forward gate voltage above a certain
threshold of a few volts. Mosrtrs may be n-channel or
p-channel.

decause trTs have a very high input impedance (about
10'°Q for a mosfet) the gate can easily be damaged by hum
veltage while handling and installing. To prevent this they
arc supplied with a substrate lead wrapped closely around
the other leads, and this should not be removed until the
fet has been soldered into the circuit. Some devices also have
internal zener diodes to limit the gate voltage, and are
Kknown as gate-prorecied FETs. There may be a diode junction
between substrate and channel, a source of confusion when
testing FETS.

In a dual-gate mosfet the channel passes through two
gates in succession: Fig L.11(c). The second gate may be
earthed, giving excellent input/output isolation, or an agc
voltage applied to control the gain of the device, or a modu-
lating signal applied. They must not be confuscd with dwal
MOSFETS, which contain two matched single-gatc MOSFETs
formed on the same silicon chip.

Integrated Circuits

A monolithic inregrated circuir (ic) contains several inter-
connected transistors and resistors formed on the surface of
a single silicon chip. Smali capacitors may be included, and
cxternal tags are provided for connecting large capacitors,
inductors, variable resistors etc. Linear 1cs respond to a
continuously variable signal, while digiral 1cs respond only
to "on” or "off ™ states and are mainly confined to com-
puters.

The most common linear ic is the operational amplifier, a
direct-coupled amplifier with high input impedance provid-
ing a voltage gain of 100 to 10,000 in most cases. Opera-
tional amplifiers function from dc up to about 100MHz,
and some are designed as i.f. amplifiers with provision for



Fig 1.12. Circuit diagram of a
typical integrated circuit, the
RCA CA3011 wide-band lmpluf’er,

PRINCIPLES

showing pin numbers and ex-
ternal tions. Tr i s
TR2, TRS and TR8 are common-
base signal amplifiers and the
others are emitter followers. The
diodes and R10 provide two stabi-
lized voltages, transformed to low
impedance by TR? and TRI10;
further control of dc bias is
achieved by using “long-tailed
pairs” with direct-coupled emit-
ters (TR1,2,4,5,7 and 8) and via
two dc negative feedback loops
(pins 3 and 4), Because the device
uses no conventional common-

emitter stages it gives good amp-
lification atfairly high frequencies

(up to 20MHz), Overall current

gain is 5,000.

agc. Other linear 1cs function as modulators, audio am-
plifiers, agc generators etc. Fig 1.12 is the circuit of an
RCA CA3011 ic showing the 10 transistors and associated
components.

VALVES

Thermionic valves are categorized by the number of their
electrodes, eg a pentode has five (anode, cathode, and three
grids), and their function is fully described in Chapter 2—
Valves. A few special terms are mentioned here.

A beam valve such as a beam tetrode has an extra pair of
plates which focus the electron beam onto the anode, so as to
minimize secondary emission from the anode. In the beam-
deflection valve the electron stream is deflected from one
anode to another by suitable voltages applied to the plates,
and this is useful in ssb generation. A cold-cathode valve does
not need a heater supply: the cathode coating is activated by
an avalanche effect stimulated by the voltage on a nearby
accessory anode.

A Compactron is a small unit with a 12-pin base con-
taining two conventional valves. A Nuvistor is a very small
rigid valve of metal and ceramic construction for vhf work.
The klystron is a microwave device: in the reflex klystron an
electron beam resonates in a metal cavity producing self-
oscillation.

The neon or voltage regulator contains two electrodes and
neon gas. No current flows until a certain striking voltage is
reached, when the gas ionizes and the voltage across the
electrodes drops to a fairly constant value regardless of the
current passed, typically 75V or 150V. It is used as a shunt
regulator, and also in the relaxation oscillator (p 1.35).

The thyratron was the thermionic forerunner of the
thyristor. It is a triode containing gas, and acts as a switch.
When a heavy negative bias is applied to the grid no current
flows, but once the bias is relaxed anode current ionizes the
gas, which maintains current flow regardiess of grid voltage
until the anode supply is interrupted.

METERS

The common type of dc meter has a moving-coil move-
ment with a resistance of 10Q or so, and requires about
ImA to produce full-scale deflection (fsd). It will function as

a voltmeter (by adding a series resistor) or ammeter (with
shunt resistor), but for general test measurements the basic
movement should be sensitive, say 0-3mA fsd or better
(ie 3,000Q/V or more). Many low-cost instruments have a
sensitivity of 30,000Q/V.

Most ac voltmeters comprise a dc voltmeter with a built-in
bridge rectifier and a suitably recalibrated dial. Unfor-
tunately alternating current cannot be measured so easily, as
the bridge rectifier has a considerable and non-ohmic
resistance. It can be measured with a moving-iron meter,
but only at low frequencies. To measure rf currents (usually
the output to the transmitting aerial) a thermocouple meter
can be used, in which the current heats a tiny filament. This
heats a thermocouple, which in turn passes current through
a dc meter. These meters have a small ohmic resistance, but
the filament is easily destroyed by overload.

An effective method of measuring high voltages is to
apply them directly to an oscilloscope Y-plate, having
previously calibrated the screen with a known voltage such as
the mains supply. The scale is linear, the impedance very
high, and the frequency response excellent. Details of test
equipment and methods will be found in Chapter 18.

THEORY OF ELECTRICITY
Electricity

The ancient Greeks noticed that rubbing a piece of amber
(elektron) made it attract hairs and dust by some mysterious
force, but it took 3,000 years to establish the explanation.
Matter is composed of atoms, which contain many electrons.
Some of the electrons on the surface of a piece of amber can
be rubbed off, leaving it charged, so that it attracts the elec-
trons on other bodies such as hairs, which then stick to it.

Many materials can be charged, such as glass, rubber and
plastic. In each case the charge remains on the surface where
it is placed and cannot cross the material, which is called an
insulator. Metals, however, are quite different. They contain
many free electrons which can move about within the metal,
giving it special properties. If one end of a metal rod is
charged, these electrons will conduct the charge right along
the rod. Carbon, tap-water and wet objects are also conduc-
tors of electricity.

If electrons are continually removed from one end of a
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Spiral-wound
tungsten wire
fllament

Gas-filled
glass envelope

Glass insulator
support

Fig1.13. Inalightbulb the d

isafine g

by a glass rod insulator. The wire is heated to white heat by the

passage of electrons, and is suspended in an inert gas to prevent
oxidation.

wire supported

metal wire (by a battery) and placed at the other end, a
current of electrons will flow along the wire. The stronger the
battery, the larger the current which flows. This was dis-
covered by Ohm, who established that in any given con-
ductor the flow of current is proportional to the electrical
force applied to its ends. Mathematically Ohm’s law is
written

Potential difference (in volts) __ Theresistance of the
Rate of current flow (in amps) conductor
mel = R (resistance).
I(current)

The resistance of a conductor is measured in ohms (Q),
defined as the number of volts (V) required to push a current
of one ampere (A) along the conductor. Consider a light
bulb (Fig 1.13), in which the ac mains supply is connected to
the ends of a fine wire filament. Suppose the mains (240V)
passes a current of 0-5A through this filament. By simple
proportion it would take 480V to push 1A through, so the
filament has a resistance of 480Q. Or, mathematically,

Using Ohm’s law in this way can sometimes give inac-
curate results. One example is that when electrons are
forced along a wire they generate heat (this makes the light
bulb glow), and electrons have difficulty in passing along a
hot wire. The bulb resistance is therefore net a constant, and
is in fact about ten times higher when the bulb is lit.

A battery is a column of cells joined end to end (in series)
(Fig 1.14). Each cell contains chemicals, usually zinc and
acid, which generate about 1-5V, so six cells in series make a
9V battery. If this battery were connected to each end of a
short piece of wire (ie “shorted’*), a large current would flow
and quickly exhaust the battery. If the battery is connected
to a high-resistance element such as a carbon rod (a resistor)

a small current would flow. Carbon is a poor conductor, so
the rod presents considerable resistance to the passage of
current, perhaps many thousands of ohms, thereby prevent-
ing an excessively large current flow.

Because it is inconvenient to write out large numbers,
unit prefixes are used to indicate size in electrical quantities,
as follows:

mega- (M) = 1,000,000, ie 10®
kilo- (k) = 1,000, ie 108

milli- (m) = 1/1,000, ie 10-2
micro- () = 1/1,000,000, ie 10-*
nano- (n) = 10-°

pico- (p) = 10"

For example, a 9V battery connected across a 1k
resistor will pass 9mA, and a small PP3 battery can keep
this up for 36h or so. Batteries are, however, an expensive
source of electricity: the same power from the ac mains
supply would cost about 1,000 times less than the cost of a
PP3.

“High-power” batteries are designed to stand a heavy
current drain such as that from an electric motor, and
mercury and manganese batteries will also pass a high
current for a short time. Nickel-iron batteries are suitable for
emergency equipment, as they can stand unused for many
years without deteriorating. Mercury batteries give a par-
ticularly constant voltage, after a short running-in period,
useful as a reference voltage. Chapter 16—Power Supplies
gives a fuller description of common types of battery.

For electricity to flow there must be a complete circuit of
conductors for the electrons to travel along. To stop the
current the circuit need only be broken by a small gap, eg by
a switch. When the switch is closed electrons from the battery
negative terminal (—) pass round the circuit and are recap-
tured by the positive terminal (+), as in Fig 1.15.

Electrons actually travel along wire very slowly, at only a
few feet per hour. However, closing a switch causes im-
mediate current flow around the circuit: each conductor

+ Brass cap
/7

Insutated cover

casing

Ammonium
Chioride
paste

Y

@m==_ Metal base
connected to
zInc casing

Fig 1.14. A 9V battery contains six celis in series, one arrangement

being as in (a). (b) A single common dry cell: the zinc case slowly

dissolves in the hydrolysed ammonium chloride, and hydrogen

liberated at the carbon anode is absorbed by a layer of oxidants.
(c) Circuit symbols.
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Resistor
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(closed)

w
E Bottery

T
(a)

Fig 1.15. When the ter Isofab y are j d by a complete

circuit of conductors current flows, conventlonally from positive

to negative terminals (a), although electrons actually flow in the
opposite direction. Circuit symbols are shown in (b).

Resistor

Bottery

(b)

already contains electrons, so pushing more in at one end
immediately forces some out of the far end.

Before electrons were discovered, scientists believed that
electricity emerged from the copper or carbon terminal of
batteries, which they named the positive terminal, and was
absorbed by the zinc or negative terminal. This theory
proved wrong, as electrons actually travel from negative to
positive, but it is still customary to indicate the direction of
“conventional current” flow rather than electron flow.

Meters

A method of observing the passage of electric current was
devised by Oersted. He showed that current passing down a
wire would deflect a nearby compass needle. The larger the

Fig 1.16. The principle of the

PRINCIPLES

Fig 1.17. To measure the cur-
rent flowing through a
a milliar is
connected in series with it (a).
If the resistance is known the
applled battery voltage can be
calculated: the resi
mounted inside the ml"l-
ammeter to form a “volt.
meter”. The circuit symbol is
shown in (b).

(b)

current, the more it will deflect the compass needle, and
this is the principle of the ammerer (Fig 1.16). Rather than
pivot the magnet, modern meters have a pivoted wire loop or
coil suspended between the poles of a fixed magnet. This
assembly is known as the movement. They are quite sensitive,
a typical milliammeter requiring only 1mA to produce full
scale deflection (fsd) of the pointer. To measure the current
passing through a resistor, for example, the meter is con-
nected in series with it: Fig 1,17.

No one has discovered an equally simple way to measure
voltage. It is usually measured indirectly, by applying the
voltage to a known resistance and measuring the current
passed. A voltmeter is simply a milliammeter containing a
suitable series resistor inside the case. As drawing current
may alter the voltage to be measured, a voltmeter should
have a high resistance so that it draws very little current. It
must therefore be very sensitive so that the small currents
can be accurately measured. If several different series

resistors are provided, with a selector switch, the meter can
be used to measure a range of voltages.

For example, a high-quality voltmeter may contain a
50uA fsd movement (ammeter) and choice of two series
resistors, of 200kQ and 2MQ. The voltage producing fsd
will be, from Ohm’s law,

Permanent magnet

ammeter. Oersted observed that
a current will deflect a nearby
magnet (a). In the moving-coil
ammeter (b,c) the current passes
between the poles of a large
magnet and makes the coil twut,
because each side of it is pulled in
opposite directions (d). (e) Am-
meter circuit symbol.
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Fig 1.18. An ohmmeter (a) is a milliammeter containing a battery

and preset series resistor S, which is adjusted to give full scale

deflection with the terminals shorted (zero ohms). A resistance R is

then measured by observing the fall in meter current on a reciprocal

scafe (b). In the multimeter the battery and series resistor are

switched out when measuring current and voltage, but this reverses
the terminal polarity (c).

(b) (c)

(i) 50pA X 200kQ = 10V
(ii) S0pA x 2MQ = 100V

The meter therefore has two ranges across its scale, 0 to 10V
and 0 to 100V.

The sensitivity of a voltmeter is defined as its resistance
divided by the voltage for fsd. On either range the above
meter has a sensitivity of 20,000Q/V. Note that a voltmeter
is not placed in series in a circuit as an ammeter would be,
but directly across the voltage source to be measured.

A milliammeter can be used to measure resistance, by
incorporating a battery and a series resistor (to protect the
meter from overload). Such an ohmmeter is shown in
Fig 1.18. In the multimeter version, selector switches allow
measurement of voltage, current or resistance on several
ranges. A peculiarity of these meters is that when measuring
resistance the red (+4) terminal becomes negative: this must
be borne in mind when testing semiconductor devices.

Resistance

The total resistance of a combination of different resistors
can be measured or calculated. If two resistors Rl and R2,
having resistances R, and R,, are joined in series (Fig 1.19)

I
A 1000
T
1 Rtot

v = = 1200
e

200

(b) (c)

Fig 1.19. Two resistors in series (a) cause the same voltage drop as a
larger resistor (c) equal to the sum of their resistances.
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(b) (c)

Fig 1.20. Resistors in parallel allow more current to pass, so the totaf
resistance is smaller than that of either of the two individual
resistors.

the voltage required to pass 1A through each resistor in turn
is evidently R, + R,, and is by definition the resistance of
the combination.

Rt = R, + R, (in series)

If the resistors are joined not in series but side by side (in
parallel, or shunting each other) calculation is more difficult.
Imagine a 1V battery connected across them (Fig 1.20).
From Ohm'’s law, any resistance R will pass a current 1/R
amperes from this battery, so the resistance of the combina-
tion is given by:

1
lo=h+ 1= & + %
1

Riot 2
or
Ry A8 5,

RI T Rz

Thus the total resistance in this case is a smaller resistance
than either individual resistor.

Electric power passing into a resistor is converted into
heat. The power is proportional to both voltage and current,

W (in watts) VxI

One watt generates about 0-25 calories of heat per second,
and this is as much as most carbon resistors will stand
without burning. Applying Ohm’s law gives alternative
expressions for power:

VZ
W=?OYW212XR

Thus doubling the voltage across a resistor generates four
times as much heat.

Suppose for example that a valve heater designed to draw
0-3A from a 6V supply is to be powered from the ac mains
supply. The mains voltage must be dropped from 240V to
6V. If a “dropper” resistor is to be used it must pass 0-3A at
this voltage, so it must have a resistance of :

Vv 234

—~ = 22 _ 7800
I 03

It must also withstand the heat generated,
W=VxI=234 x 03 =T70W

so it would have to be a large well-ventilated wire-wound
resistor. It would be possible to use a 75W light bulb, since
this has a resistance when hot of:
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Fig 1.21. A bar magnet (a) is surrounded by lines of force, the force which would act on the north pole of another magnet brought near it. A
wirecarrying current (b) also generates a magnetic field, of strength proportional to the current passing. A coil or loop of wire (c) has a field

like a bar gnet, and will

ize a soft-iron or ferrite core (d): note the increased field strength due to the core. in the relay (e) this

magnet pulls a lever to operate a switch.

However, because its resistance was much lower at switch-on,
the bulb would allow several amperes to flow for a moment
before it lit up, and this surge of current might damage the
valve heater.

Magnetism

A bar magnet is a hard metal bar with the interesting
property that it will push the pole (end) of another magnet
away from one end of itself towards the other end. This
force around the magnet is called a magnetic field (Fig 1.21),
and the stronger the field the harder another pole will be
pushed along the “lines of force”.

Since a wire carrying current deflects a nearby compass
needle (which is actually a pivoted magnet), the current
must generate a magnetic field. If the wire is bent into a
circular coil the magnetic field resembles that of a bar
magnet. This field will affect a soft iron core placed in the
centre of the coil, making it a powerful magnet whenever
current passes around the coil. The arrangement is called an
electromagnet or solenoid, and it is used in the relay to
operate a switch, and in the earphone to vibrate a metal
diaphragm (Fig 1.22).

Induction

When a wire is moved across a magnetic field a voltage is
induced in the wire, and current will flow if there is a com-
plete circuit. This is the principle of the electricity generator

Iron
‘horseshoe’

Fig 1.22. In the earphone or headphone, signal currents energize a

U-shaped electromagnet which attracts an iron diaphragm, so that

it vibrates and generates sound waves. In practice the electromagnet
is also permanently magnetized to avoid distortion,

or dynamo. A coil is rapidly rotated near a powerful magnet,
and a large voltage appears at the ends of the coil. Another
example of induction is the ribbon microphone, in which
sound waves agitate a wire “‘ribbon” near a magnet genera-
ting tiny electric signals resembling the sound waves.

This effect also works in reverse. When a current is passed
along a wire near a magnet a force is exerted and the wire
tries to move across the magnetic field. In an ammeter this
causes the coil to rotate. In the electric motor several coils are
provided at different angles to form the armature: each is
energized in the field of a permanent or electro-magnet
(field coil) in turn and the armature thus spins round. A
loudspeaker has a coil mounted on a paper cone near a
magnet so that currents agitate the coil and cone, thus
producing sound waves in the air: Fig 1.23.

When current passes through a meter the needle may
swing irritatingly back and forth before giving a steady
reading. One ingenious method of damping these oscillations
uses the tiny voltages which they generate in the meter coil:

Stiff paper cone
\ _—~ (vibrates to produce sound waves)

Permanent magnet

— Voice
coil

Leads from
audio amplifier

Fig 1.23. The loudspeaker has a coil suspended near a powerful
magnet. Signal currents in the coil agitate an attached cone thereby
generating sound waves.

1.13
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Voltage
I across ~
_ A—B
Current l
(b)
Fig 1.24. To d trate ic inducti Closing switch S

starts a sudden current in the primary coil and a magnetic field

springs up around it (a). The movement of this field momentarily in-

duces 2 voltage in the secondary coil. Opening the switch causes

another voltage spike as the field collapses (b). In a suitable coil the

voltage spikes may be far larger than the battery voltage, eg a car
ignition coil may produce several thousand volts.

a resistor is connected across the coil and absorbs power
from the voltages, so that the oscillations rapidly die away.
A resistor of six times the movement resistance gives ade-
quate damping without excessive loss of sensitivity. Other
meters use a metal coil former, which because it forms a
closed circuit provides damping due to eddy currents
circulating within it.

Voltage can also be induced in a stationary wire or coil by
a moving or varying magnetic field, as in Faraday’s original
experiment (Fig 1.24). A sudden change of current in one
coil moves its magnetic field, inducing a momentary current
in the second coil. Similarly, the oscillating magnetic field
in a radio wave induces tiny voltages in any conductor
exposed to it, such as a receiving aerial or coil. A suitable
core increases the inductance of the coil, giving a larger
induced voltage, as in the ferrite rod aerial.

Alternating Current (AC)

Until now only steady voltages and currents (direct
current or dc) have been considered. However, consider
the generator again (Fig 1.25): during each revolution
(cycle) the coil cuts across the magnetic field first one way
and then the other, producing positive and negative voltages
alternately. Mains supply voltage is therefore of alternating
polarity, and causes a flow of alternating current (ac). In

Peak voltage

(a)

“h Output (V)
"

-
L s
Oriven’shaoft

Fig 1.25. An ac generator (alternator) is a coil rotated between the

poles of a magnet (a). During each revolution (cycle) one side of the

coil passes first the north pole, then the south pole of the magnet,

generating a voltage first positive and then negative alternately (c).
(b) Circuit symbol of a voltage generator.
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Power
(heat)
(a) - (b)

Fig 1.26. When an alternating voltage is applied to a resistor (a)

current flows alternately backwards and forwards (b). This alter-

nating current (ac) generates heat in the resistor proportional to the
voltage-current product at each instant.

Great Britain ac supply generators are driven at a carefully
synchronized speed which ensures the supply frequency is
50 cycles per second. In recent years the term “cycles per
second” has been superseded by the unit ““hertz”” and this or
its abbreviation ““Hz” is used throughout this book.

Mains voltage reaches peak values of +340V and — 340V
alternately, but for the rest of each cycle it is smaller than
this. Consequently it gives less power than a steady dc
supply of 340V would give. It is in fact as effective as a dc
supply of 240V, so it is described as *“240V ac” (more
accurately, 240V rms—see below).

Mains voltage applied to a resistor causes a flow of
alternating current (Fig 1.26). The power generated is ¥ x I
or V*[R, the dotted curve. The actual power dissipated in the
resistor will be the mean of this square term, V?/R, and
from the graph this amounts to half its peak value, 4 Vp2/R.
An ac supply is therefore as effective as a dc voltage of
/¥, which would dissipate the same power in the re-
sistor. This is the roor mean square (rms) voltage, and for a
sinewave supply is:

Vrms = \/’} Vnkz Vx[)
A2

= 0-7 Vpx approximately

Capacitance

Consider two metal plates connected to a battery (Fig
1.27). The battery removes a few electrons from plate A,
leaving it positively charged, and pushes them on to plate B.

Extra
electrons

Etectron
flow

Fig 1.27. The quantity of electricity which flows when two plates are

charged by a 1V battery is called their capacitance, If the plates are

close together they have a much larger capacitance, because the

positive charge on one plate attracts electrons onto the other plate.

(+ indicates electrons removed from plate; — indicates electrons
added)
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Fig 1.28. Two capacitors in parallel (2) accommodate more charge

per volt applied, so the total capacitance is the sum of each. In

series (b) the applied voltage is divided between the capacitors,soa

smaller current flows during charging and the overall capacitance is
smaller than that of either capacitor.

Plate B is now negatively charged and repels further elec-
trons so strongly that current stops. The plates thus have a
very small capacitance for electricity. Now imagine the
plates brought very close together. Electrons approaching
plate B are still repelled by its negative charge but they will
also experience attraction by the positive plate in very close
proximity, which partly overcomes the repulsion. The
battery can now push many more electrons on to plate B, so
the plates have a much larger capacitance.

Such a device is called a capacitor, and its capacitance
(measured in farads) is the number of amperes for one
second needed to charge it up to one volt. If it charges at 1
amperes for ¢ seconds,

Capacitance C =

Q (quantity) _ I X1 ¢ 40 (F)
% Vv

The larger and closer the plates, the greater is their capaci-
tance.

One practical difficulty is that the capacitance of air-
spaced plates is minute. The common runing capacitor, for
example, despite many interleaved plates, has a capacitance
of only 500pF per section (picofarad: 10-'* farads) or less.
In fixed capacitors a capacitance up to a few microfarads
can be achieved with fine metal foil separated by thin paper
or plastic; for larger capacitances electrolytic construction
is used (see p 1.3).

Capacitance can be varied by moving the plates together or
apart. Rotating the spindle of a tuning capacitor enmeshes a
greater area of the plates, thereby increasing the capacitance.
A compression trimmer is adjusted by squeezing the plates
together with a fixing screw. In the condenser microphone
sound waves move one plate back and forth and the varying
capacitance is used to generate signal currents.

Capacitors may be used in combination (Fig 1.28). Two
capacitors joined in parallel simply act as another capacitor
with a larger area of plates. The charging current to reach 1V
will be the sum of the currents to each capacitor, so

Total capacitance Ciot = C; + C,(in parallel)

When two capacitors are placed in series the charging
voltage is divided between them, so they will accommodate
less energy.

Vie=V1+ V.,
It It It
Therefore G~ G + a
] R NS R
an cm=ctc in series.

PRINCIPLES

When a capacitor is charged through a series resistor
(Fig 1.29) it charges quite slowly, and as the voltage across
the resistor falls during charging the current becomes
progressively smaller. At first the current is simply V/R, and
if this were maintained it would fully charge the capacitor in
t seconds, where:

<

- X1t

C

o

polt
e

so t = RC, the time constant of the circuit. Because the cur-
rent falls, the capacitor is in fact only two thirds charged
by this time.

If the capacitor after charging is quickly discharged by a
neon valve or unijunction transistor it will commence
recharging, be discharged again, and generate a saw-tooth
waveform: Fig 1.29(d). This arrangement is the relaxation
oscillator, and is used to provide the timebase for an oscil-
loscope.

Once the capacitor in Fig 1.29(a) is fully charged, current
ceases—the capacitor blocks dc current. In contrast, an ac
voltage will cause continual charging and discharging
currents (Fig 1.30), thereby passing an alternating current.
If a mixed ac and dc voltage is applied to a blocking capacitor,
only the ac component passes through: in this way a signal
voltage (ac) can be separated from a power supply voltage
(Fig 1.31).

A larger capacitor will pass larger charging and discharg-
ing currents when the same ac voltage is applied, so it offers
less impedance to ac. Impedance, denoted by the symbol Z,
is similar to resistance, thus:

Voltage (ac)

Current (ac) = LT SRS

However, this impedance depends on the frequency of

T
m
|
T

+|E

Voltage
across C

(@) 4 (b) time

Switch
S ‘on®

Ve

I

time

(d)

(c)

Fig 1.29. A capacitor charging thro::gh akre_sistor (a) draws a high

current at first. As the cap g up the current tails

off (b). If the capacitor is then suddenly discharged by a breakdown

device such as a unijunction transistor (c) or neon tube it will re-
charge repeatedly, forming a saw-tooth wave (d).
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Current
1
\.
Vo
- -
< time
(a) (b)

Fig 1.30. An alternating voltage applied to a capacitor (a) alternately

charges and discharges it, current flowing alternately back and forth

(b). Thus a capacitor does not block the passage of alternating

current, but pr a definite i dance to it, ed in ohms.

No heat is dissipated because the capacitor alternately stores power
and returns it to the supply (dashed curve).

the alternating voltage, higher frequencies being impeded
less in the case of a capacitor. At a frequency of f Hz,

1
Impedance Z = —— ohms

2nfC
A capacitor thus behaves rather like a resistor towards ac
and obeys Ohm’s law. One important difference is that
virtually no power is dissipated as heat.

Close examination of Fig 1.30(b) shows that voltage and
current peaks do not coincide, but are separated by a phase
shift of a quarter-cycle (90°). This has several effects, one of
which is to prevent power loss as heat, because the mean
power dissipated over one cycle ¥V x Iis zero (dotted curve).
A capacitor can be used as a cold mains *“dropper”, lowering
the voltage without generating heat: Fig 1.31(b). For
example, a 1-4uF capacitor will provide 100mA for an
indicator bulb since

Vv 240 1-4

2—1/2—77-[2: 240)(277)(50)(]06
In practice a little heat does appear, because the capacitor
has a small “‘ohmic” resistance as well as capacitance, and
this wastes power. The power factor is very small, perhaps
| in 104, where

0-1A approx

Resistance

Power factor = ———
Impedance

Strictly speaking, the non-ohmic impedance of a capacitor
or coil is termed reactance, while impedance refers to the
combination of reactance and resistance.

600V
c " dcwkg
- 240V
— 50~
Lamp
6V
O-1A
(b)

Fig 1.31. A blocking capacitor passes alternating currents (signal)

while maintaining isolation from the d¢ supply. (a). Another use for

a suitable capacitor is as an ac mains dropper (b), almost no heat
being generated.

1.16

time

I
T‘[} |
I
(a)

Switchclosed (p)

- “

(c) (d)

Fig 1.32, Applying a battery voltage to a coil (a) causes a current

which builds up slowly, delayed by opposi gind d vol at each

turn, until the current is finally limited by the r nce of the coil

wire (b). The length of the delay (or self-inductance) can be in-

creased by winding more turns on the coil, or by using a core of iron
dust, ferrite (c) or iron strips (d).

or

Inductance

Consider a conductor wound into a helix (Fig 1.32). As
current begins to flow round the turns a magnetic field
arises and moves past all the turns inducing opposing vol-
tages in them. This slows the current down very greatly at
first. However, such self-induction occurs only when the
magnetic fields are moving; once a steady current is estab-
lished the fields stop moving and the coil simply behaves as a
piece of wire (of low resistance).

When a battery is connected to a coil, current slowly
increases as the self-induction effect is overcome, until the
wire resistance limits further increase. The larger the coil the
greater the induction and the more slowly the current will
rise. The inductance in henrys (H) of the coil may be defined
as the length of time taken to build up current of 1A from a
1V battery, neglecting wire resistance.

When a steady current through a coil is suddenly switched
off the magnetic field collapses and a huge voltage *‘spike™
appears across the coil (Fig 1.33): in a car ignition circuit
this provides a spark at the sparking plugs. Switching off any
coil (such as a relay or a motor) is likely to produce a spark
at the switch, causing radio interference and also damage in
some instances.

+i +‘
el U V.
\ N\
v v \ v N
] time L t . S B
5
Swnlch/
openea  If,,
) 1 ! (c)

(a) . (6) '
T 1 -L f LLO'——J

Fig 1.33. Sudden cessation of the current in an inductance causes a

large transient “spike’ (a) which may arc across switch contacts and

cause radio interference. A capacitor (usually 0:01—1-0uF) connected

across the switch allows the current to decay slowly at switch-off,

preventing arcing (b). Commercial suppressors often contain a
resistor and capacitor in one capsule (c).




Both these problems can be avoided by fitting a capacitor
suppressor to absorb the voltage spike: Fig 1.33(b). Where
a transistor is used to switch off the current to a coil it needs
protection from the voltage spike. This is achieved by the
use of a diode connected as shown in Fig 1.34.

+

Relay

coil Fig 1.34. At switch-off the relay

coil would develop a high voltage
spike liable to damage the transis-
tor. As the spike is of opposite
polarity to the supply voltage it
can be removed by a diode.

If an alternating voltage is applied to a coil only a little
current flows, because by the time a small current begins to
flow in one direction the supply changes polarity, and the
current has to decrease and flow the other way (Fig 1.35).
The more rapidly the supply alternates the less time the cur-
rent has to build up, so the coil presents a greater impedance
to high frequencies. It behaves like a resistance of’:

Z = 2znfL ohms, at a frequency f Hz

Mathematically, the voltage across a coil is proportional to
the rate of change of current,
Yo Ldl
dr
Alternating current usually has the waveform of a sine
wave, with current

I Tpeax sin 27 ft)
Therefore

ZL = V= L—dlﬁi—’ = 2nfL ohms
1 1
Once again current and voltage are 90° out of phase, but
unlike a capacitor the coil current lags behind the applied
voltage. As before, no power is dissipated in a coil save that
due to the resistance of the wire.

An af choke is a large coil with an iron core to give it a
very high inductance, up to 20H. It is used for smoothing
(Fig 1.36), since the dc supply passes easily through while ac
ripple encounters high impedance. Chokes are rarely used in

Current in coil

Fig 1.35. Alternating voltage applied to a coil causes a current which

slowly increases during positive half-cycles and ilowly decreases on

negative half-cycles. The current peaks are thus delayed 90° by the

coil’s self-inductance, and no power is dissipated as the mean volt-
age-current product is zero.

PRINCIPLES

AC input
10 Henrys

1

Fig 1.36. A smoothing choke pr a high
ripple, about 3k (), but allows dc to pass with Ilttle voltage drop

DC output

O —

=

psus supplying transistorized equipment, because these
usually require a high current and therefore a thick-wire
choke, which would be inconveniently large and heavy.

A much smaller inductance will pass mains or audio
frequencies, but will block radio frequencies (rf) of several
megahertz. Such an rf choke can be made by winding a
quarter-wavelength of wire on a small air-cored former,
giving an impedance of about 100kQ at that wavelength. At
very high frequencies a few turns is enough, and even a
ferrite bead threaded on to a supply lead will prevent
leakage of rf currents along it. In the typical transmitter pa
stage shown in Fig 1.37 the rf choke L blocks rf current
changes while allowing dc supply current and audio modula-
tions to reach the valve anode. The rf signal is thus diverted
via a ““coupling” capacitor to the tank circuit and transmitting
aerial.

Transformers

When two coils are wound on the same core any current
in one coil (the primary) induces a voltage in the other coil
(the secondary). This is called mutual induction, see Fig 1.38.
The larger the secondary coil the larger is the voltage induced
in it, this voltage being

Vg n Vp

Transmitting
+ aerial
c2
¢
fL I
£
dc and af €1 Tank
currents circuit

impedance at
af rf
9¢  (1kHz) (35MH2)
Coil L
(2-5mH) o] 15{1' 50k
C1and C2
(0-005)F) [ore) 30k 100

Fig 1.37. In a typical transmitter pa stage a radio-frequency choke L

blocks rf current changes while allowing dc supply current and audio

modulations to pass to the valve anode. The rfsignal current instead

passes via a coupling capacitor C1 into the tank circuit; any rf

which does leak past the choke is smoothed out by a capacitor C2.
Both capacitors block both dc and audio frequencies.
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Fig 1.38. A mains transformer contains two or more coils on a
common iron core (a): in the circuit symbol (b) a curved arrow may
be used to indi | induction between the coils. An auto-
transformer contains one tapped coil (c), so that part of the coil is
common to both primary and secondary circuits—as the currents in
each are of opposite polarity the total current in the common section
is actually less than elsewhere, and thick wire is unnecessary. The
“Variac” transformer (d) supplies an adj bl It

P ‘g

where n is the turns ratio (secondary turns : primary turns)
and ¥y is the voltage applied to the primary.

Thus mains voltage can be transformed into any desired
voltage; a 40:1 turns ratio yields 6V from a 240V mains
supply, or a 1:3 ratio will step up the mains to 720V. Such
manipulation is possible only with an alternating supply,
and it was for this reason that mains supplies throughout the
world are ac, although many (including those in Great
Britain) were originally dc.

Although a step-up transformer increases the available
voltage, there is no power gain. Current drawn from the
secondary induces a ‘‘resistive’” current in the primary coil
in phase with the supply voltage, drawing as much power
from it as is being supplied by the secondary.

Two currents flow in the primary winding, one inductive
(with a 90° phase shift) and one resistive (0° shift), given by:

Loy =Y

I, (0°) =
2nfL »(07) = nls

If the secondary supplies a load of resistance R,

Vs

Is=R

Ve Vo ¥y
Iy (0°) = n28 — mY® _
t0 PO = = = R

In other words, a resistance of R/n? is reflected into the
primary winding. By suitable choice of turns ratio the
secondary load can be transformed to any desired resistance
for matching purposes.

The inductive current in the primary depends on the
inductance of the transformer, and limits the maximum input
voltage. If this voltage is exceeded the transformer will buzz
and become hot, even with no current drawn from the
secondary. A shorted turn inside the transformer would have

a heavy current induced into it, thus producing the same
effects.

If high frequencies are applied to an iron-cored coil or
transformer, power is wasted in the core, which is heated by
a flow of eddy currents. Laminated cores (insulated iron
strips) minimize eddy currents, and they can be further
reduced by using non-conducting magnetizable core material
such as iron dust or ferrite compounds. At higher frequencies
the core must be small to reduce power loss; it often takes
the form of a small ferrite slug which can be screwed into
the coil to adjust its inductance. At very high frequencies
(vhf) even this is unsatisfactory and air-cored coils are used.

Rectification

Radio equipment needs a steady dc supply voltage. To
produce this, ac mains voltage must be rectified in a power
supply unit (psu) to form dc. The heart of the psu is a device
which allows electrons to flow one way only, a diode. There
are two types, semiconductor and thermionic.

Silicon is a semiconductor: it has no free electrons when
pure, but can be doped with impurity to provide either free
electrons (n-type alloy), or free positive current carriers,
holes (p-type alloy). Either type alone acts as a simple resis-
tance, but in the silicon diode the two types meet at a central
junction (Fig 1.39). When the diode is forward biased elec-
trons and holes are driven to this junction and will carry
current across it. If a voltage of opposite polarity is applied,
however, current stops because the junction is depleted of
these carriers. Consequently when an ac voltage is applied

+ =
(a) (b)
!
(c)
p-type .+ +
+* +* +
5 +
+* *
et Depletion
-— layer
N _ oo ®
n-type o< i [ e =0
- |
(d)
- + ul
Applied Voltage
I/"\ Current flow
'r{ '
(e) — ! » time
] [} i
] \ i
/ N/
A\
’ \_l

Fig 1.39. The semiconductor diode contains a central junction be-
tween two alloys, one with negative current carriers (electrons)fand
the other with positive carriers (holes). Forward bias forces carriers
to the junction (a) and they combine, carrying current across it.
Reverse bias draws them away from tbe j ion leaving a depleti

layer (which is an insulator), so current ceases (b). (c) Diode symbol:
the n-type end is marked + because it will be connected to the
positive end of the load resistance. (d) Top-hat and stud-mounting
types. (o) Applying an alternating voltage results in forward current

pulses on alternate half-cycles, or half-wave rectification.
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Fig 1.40. The vaive diode has a heated cathode which emits electrons

into the vacuum. Forward bias attracts these to the anode and

current flows (a), but as no electrons can leave the cold anode
reverse bias produces no current flow (b).

current flows only on forward half-cycles. This subject is

dealt with more fully in Chapter 3—Semiconductors.

In the thermionic or valve diode two electrodes are
mounted in a vacuum and one is heated so that it emits
electrons into the vacuum (Fig 1.40). When the cathode, the
hot electrode, is negatively charged electrons are repelled
towards the anode and conduct current across the vacuum.
Reversing the polarity repels electrons away from the anode,
so no current can flow. Chapter 2— Valves covers the subject
in more detail.

A diode produces unidirectional pulses unsuitable for
powering equipment, as they would produce a loud mains
hum and distortion. To smooth these pulses into a steady dc
voltage a large reservoir capacitor is connected across the
supply. It is charged up by each pulse and maintains a fairly
steady supply voltage, with only a small variation or ripple.
Power supply design is considered in Chapter 16—Power
Supplies.

Basic psu design is instructive and quite simple. Suppose
it is wished to supply 100mA to an apparatus at 9V dc. As
shown in Fig 1.41(b), the ac input voltage peaks must
slightly exceed the output, so an input of 10V peak (7V rms)
would be suitable. A reservoir capacitor of 10V working
voltage and a very large capacitance (to give good smooth-
ing), say 1,500uF, is required. Also required is a rectifier
diode rated at 100mA (the mean current drawn: the manu-
facturer will have designed it for much larger current pulses
to charge the capacitor). This diode must be rated at 20
peak inverse volts (piv), since the input voltage varies
down to — 10V while the output voltage remains at +9V.
Of course, all these are minimum specifications—com-
ponents with higher ratings will do equally well.

o—ﬂil——w
. DC for
AC input Cres transistors, etc

(a) o T

_—0 —

R

DC output
¥ » time
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Fig 1.41. The half-wave rectifier contains a large reservoir capacitor

which stores the current pulses (a). Its charge is topped up by supply

peaks to maintain a steady dc voitage (b) with a small variation or

ripple. Between peaks the capacitor slowly discharges to provide

output current. The special capacitor symbol indicates an electroly-
tic type.
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Fig 1.42. Without hing, the simple half-wave rectifier (a) gives

an output of 9V dc with a ripple component of 0-5V ac. The ripple can

be reduced by a smoothing network (R2,C) to only 0-06V, but a

higher input voltage is needed to offset the loss in R2 (b). The series

resistor R1 protects the diode and capacitor from very high charging
current peaks, and further reduces ripple.

The ripple from this simple psu (Fig 1.42(a)) can be calcul-
ated easily. Between cycles the capacitor discharges 100mA
for nearly one fiftieth of a second. Its voltage will fall by:

Ir _ 01 x002

e e B e = . V
C 00015 1-4V approx

The output voltage therefore fluctuates by +0-7V, so the
ripple voltage is 0-7V peak (0-5V rms).

To reduce this ripple further, a more sophisticated smooth-
ing circuit is needed: Fig 1.42(b). The ripple is divided
across an extra resistor and capacitor. The capacitor has a
low impedance to ac (about 3Q), so the ripple will be reduced
to:

5
Ry+ 3

A single-diode rectifier like the above makes use of only
half the supply cycle. Full-wave rectification can be achieved
with a transformer or a diode bridge (Fig 1.43), giving better
stability and less ripple. Another refinement is to stabilize
the voltage, maintaining a constant output voltage despite
supply or load changes: the simplest method is the shunt
regulator (Fig 1.44), or a more complex type as shown in
Fig 1.88.

Sometimes there is a need to generate a dc supply from a
smaller ac voltage. Two half-wave rectifiers in series as
shown in Fig 1.45(a) will double the voltage, or the voltage
can be increased almost indefinitely by a volrage multiplier,
as shown in Fig 1.45(b). Although the circuit arrangement
can be used to obtain millions of volts it is more commonly
used in the eht circuits of oscilloscopes.

Output ripple ¥V’ = 0-5V X = 60mV approx

SIGNAL CIRCUITS

Sound travels through the air as small compression waves,
and the frequency with which waves arrive at the ear is
sensed as “pitch’. The lowest audible tone has a frequency
of about 30Hz and the highest about 20kHz, while most of
the energy in speech lies in the range 300-3,000Hz. A micro-
phone will convert these sound waves into small voltages
carrying all the information of the original speech. Such a
voltage is often called a signal, and some examples are
shown in the photograph. They are alternating voltages, in
this case at the same frequencies as the sound waves, ie
audio frequency signals (af).
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Fig 1.43. The usual full-wave rectifier (a) contains a centre-tapped
transformer which supplies positive half-cycles from each end of the
winding alternately. The bridge rectifier needs no transformer (b),
and is used in ac meters: a disadvantage is that neither output
terminal is at earth potential with respect to the input.

A popular microphone is the crystal type (Fig 1.46), in
which sound waves cause vibration in a piezoelectric crystal,
a crystal which generates voltage when it is compressed or
deformed. Louder sounds generate larger signal voltages, up
to about 100mV ac. A crystal gramophone pickup works

Zener
voltage
' \'2
- +
(a)
AC
input
+ DC output
T (b) ()

Fig .44, A zener diode conducts at a fixed reverse voltage, its zener

voltage (a). A simple stabilized psu (b) can be constructed by shunt-

ing excess power away via a zener diode, limiting the output to the

reverse breakdown voltage of the diode, usually § to 15V, Above 50V
a neon regulator would replace the zener diode (c).
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+9v
o— Y + 700V 1,400V
dc dc
tnput -
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18Vdc Input \
C— output 250Vac
o_r| '__..
+ 350V 1,050V
L _|4_I__°_ - dc dc
(a) JR-V] (b)~
Fig 1.45. A ) doubl. of two half-wave rectifiers in

series (a). With a.voltage multiplier (b) any desired voltage can be
achieved by a cascade effect. In each circuit capacitors with isolated
cans are needed.

similarly, the crystal being agitated by the vibrations of the
gramophone stylus.

Signals can be modified in several ways. Audio signals,
for example, can be amplified to a high power, enough to
operate a loudspeaker. This might require about 50mW for
comfortable listening volume. (This is for speech—to
produce loud bass notes for music reproduction much more
power is needed.) Signals can also be arrenuared (made
smaller): two resistors in series will divide the signal voltage
between them (Fig 1.47) so that the output is only a fraction
of the input voltage. The signals can also be filrered, by
passing them through resistors and a capacitor for example
(Fig 1.48). The capacitor allows high frequencies (treble) to
pass more easily than others, so the combination gives more
attenuation at some frequencies than at others (a non-
uniform frequency response).

Resonance

A coil and a capacitor connected in parallel have some
interesting properties. If the capacitor is momentarily
charged by an external voltage it discharges through the coil,
but the coil then continues to pass current until its magnetic
fields have collapsed; see Fig 1.49. By this time the capacitor
is charged in the reverse direction, so it again discharges
through the coil, and once more becomes charged by the coil
current. The whole cycle is repeated many times, and the
larger the coil and capacitor the longer each cycle takes. The
frequency of this resonance is given by

\\\ SOUND WAVE ///

—_—— —_———

Aluminium cone

Meta! plate

ISupport

= Z 2772777 7 2z

Piezo-electric
crystal
slice

Fig 1.46. The crystal microphone an al cone which

is agitated by the sound waves. This makes the crystal vibrate, and

small voltages from it are picked up by the metal contacts on each
side.
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A microphone converts sound waves into signal. voltages, small ac voltages which alternate at the same frequency as the sound waves,
These photographs show oscilloscope traces of signals produced by whistling (i) middle C, (ii) a note two octaves higher, (iii) the same note
but more loudly, and (iv) the signal from a human voice calling *C@",

When an ac voltage is applied to the circuit the result
depends on the applied frequency (Fig 1.50). If the applied
voltage alternates at exactly the resonant frequency a large
current builds up inside the circuit and little external current
can pass through. The circuit is said to be tuned to this
frequency, at which it has a very high impedance or dynamic
resistance of perhaps 100kQ. A small current is drawn from
the applied source while a much magnified current circulates
inside the circuit. Such a parallel-tuned circuit can be used
to select signals at its resonant frequency, or to reject them
(Fig 1.51). The use of a variable capacitor allows the circuit
to be tuned over a range of frequencies.

Wy

in in
Input
signal <
voitage 3%
v 1M$e—oout out
Qutput ::
p. p:
ok voltage b3 R
> ]
) :
— . 4
L (a) < (b) L ()

Fig 1.47. To attenuate a signal it is applied to two resistors in series:
the signal voltage is divided proportionately between them (a). The
potentiometer allows the degree of attenuation to be varied, the
output voltage being proportional to R (b). Because the human ear
is most sensitive at low volume levels, a volume control potentio-
meter for an audio stage should have a li (log-law) resist-
ance scale () if uniform changes in loudness over its range are to be
achieved.

A coil and capacitor in series also form a tuned circuit,
but with almost opposite properties to that mentioned
above. At resonance the circuit has almost zero impedance
and draws a large current from the supply. For this reason it
is called an acceptor circuit. It is often used to magnify the
output voltage in a vhf amplifier (Fig 1.52), because at
resonance the high current generates a very large voltage
across both coil and capacitor, providing voltage gain.

Input

Slgno’l_l.mipeduncz_'l.. Output

freq of C (approx)
100Hz | 300k} 20°/.
1kHz 30kQ 15°/e
UOkHz 3k0 5ele J
(b)

|

20-/.—1 AW (c)
Output ‘
amplitude MWW
o) S S

T T
100 1000 10,000
Frequency {H2)
Fig 1.48. A treble filter (a). The capacitor impedance changes with
frequency and so varies the attenuation (b). Its low impedance at
high frequencies gives a falling frequency response, ie the treble
frequencies are filtered off.
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time

(a) (b)

Fig 1.49. A coil and capacitor form a resonant circuit (a). A charge
placed on the capacitor flows through the coil, which continues to
pass current until almost the whole charge has accumulated on the
other plate of the capacitor. This reversed charge then flows back
through the coil, and current oscillates back and forth at the circuit
resonant frequency, slowly losing amplitude. After @ cycles the
current has fallen to about 5 per cent of its initial value, due to
resistive losses,

The ratio of this resonance current (or voltage) to that
supplied externally is a measure of the “goodness” of the
circuit, and is known as the magnification factor (Q).

The magnification factor produced by a resonating
circuit is theoretically infinite, In practice the ohmic resist-
ance of the coil wire (and a small loss in the capacitor) limit
Q to between 10 and 300 times magnification. Building
high-Q tuned circuits is an art for which amateurs are
justly famous. The coil must be of the shortest possible
length of thick wire for minimum resistance, which necessi-
tates a short squat coil (wider than its length). It should
generally be a single-layer air-cored coil of as large an induc-
tance as is feasible, and the capacitor should be a low-loss
type.

The effect of ohmic resistance on Q can be calculated.
Consider a series-tuned circuit of L, C and a small ohmic
resistance r, which is passing a current / at frequency f. The
total voltage across the circuit is the sum of that across each
element,

V=1I1Z - 1Z, (+1Irat0)
The subtraction occurs because coil and capacitor voltages

are of opposite phase. This voltage falls to a minimum when
Zy, = Z., ie resonance occurs at a frequency such that:

1
L — —
el =
whence
1
f res — ——————
2n\ LC

At resonance the first equation reduces to:

V = Itesr
To
receiver
Ko 7
—
T (a) '-J" (b)
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Fig 1.50. A parallel-tuned circuit has a very high impedance at its

resonant freq y, fres, b a small applied current excites a

huge circul g current inside the circuit. Current at a lower

frequency can pass easily through the coil, while frequencies higher
than fres pass through the capacitor,

so the dynamic resistance is simply r, The voltage across the
coil at resonance will be:

Vi = ItesZy = é‘

The voltage magnification, Q, is therefore:

_Zy _ 27fresL
e-= ro r
Equally,
Ze 1
e-= r 27 fresCr

As the ohmic resistance of a tuned circuit is almost entirely
due to the coil, amateurs often refer loosely to the “Q” of a
coil, but the intended resonant frequency must be specified
(since Q varies with frequency).

For a parallel-tuned circuit similar calculations show that
the current magnification is again

Q=ZL_Zc

r r

but in this case the impedance at resonance (the dynamic
resistance) is
L

R, = =
P Cr

» Fig 1.51. Signals can be selected with a
/:. Noteh parallelstuned circuit by shorting

tumng unwanted frequencies to ground (a),
transforming the desired signal to a

high voltage (b), or by generating a

high current at resonance (c). An

unwanted local signal can be atten-

— uated by a “wave-trap” placed be-

tween aerial and receiver (d).
= (d)
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Fig 1.52. A series-tuned circuit (a) passes a high current at its reso-

nant frequency (b), which generates a very large voltage across the

coil. This is used to provide voltage gain in vhf amplifiers (c), the

magnified voltage being coupled to the next stage by a small capa-
citor. (Biasing not shown).

Any load which draws power from a tuned circuit will
damp down the oscillations and reduce Q. For example, a
transmitter tank circuit (Fig 1.53(a)) is loaded by the aerial;
close aerial coupling will give a very low Q, but loose coup-
ling will transfer little power to the aerial. The best com-
promise (for maximum aerial power) lowers Q to about 12
and needs careful adjustment, preferably by a variable
loading control in a pi-tank circuit. The low Q has certain

advantages, making the pa stage more efficient and easier to
tune.

Bandwidth

Because a tuned circuit contains some resistance it will not
only resonate at its exact resonant frequency but also at any
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Fig 1.53. When a tuned circuit is heavily loaded (ie closely coupled to
a resistive load) oscillations in it are damped by the load, and it
becomes less selective. In the tank circuit of a transmitter the aerial
must be quite loosely coupled to the pa to minimize this effect (a).
To reduce loading in transistor i.f. transformers the collector
impedance is placed across only part of the primary winding (b).
Other ples of loose pling to reduce loading are shown in
Figs 1.51 (b) and (c).

nearby frequency, the magnification falling as the frequency
departs from fres (Fig 1.54). The 70 per cent bandwidth of
the circuit is the range of frequencies which will pass through
it with at least 70 per cent of the full magnification (ie at half

power or more compared to a signal at fres). It can be shown
that this range is

Bandwidth /= Lgi Hz

At high frequencies a tuned circuit makes a very poor filter.
For example a circuit with a @ of 100 tuned to 7-05SMHz
will pass all frequencies between 701 and 7-099MHz—
almost the whole of the 40m amateur band!
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Fig 1.54. Tuned circui