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PREFACE

The syllabus of the City and Guilds of London examination in
Radio and Line Transmission A was revised in 1965, and this book has
been prepared on the basis of the revised syllabus. A selection has been
made of questions from previous Radio and Line Transmission A
examinations, and of questions which are now considered appropriate
to this syllabus, but which were previously set in other telecommunica-

tion examinations.

The answers, some of which contain more detail than would be
expected under examination conditions, have been grouped under the
headings given in the Table of Contents, which corresponds to the
published syllabus, the divisions of which are reproduced at the begin-

ning of each section.

The Board of Editors wishes to acknowledge the help of members
of the Post Office Staff in the preparation of the answers, and to thank
the Department of Technology, City and Guilds of London Institute, for

permission to reproduce the questions.
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SYLLABUS

The use and advantage of logarithmic units for the expression of
ratios of powers, currents and voltages. Definition of the decibel.

Sinusoidal variation with time. Frequency. The audio-frequency
range. Harmonics. Bandwidth as an essential requirement for the
transmission of information.

The use of a carrier; amplitude modulation; modulation depth.
Waveforms of a carrier amplitude-modulated by a sinusoid.
Statement of frequencies comprising the modulated waves of a
carrier, amplitude-modulated by (a) a sinusoid, () a musical note
and (¢) speech.

Carrier frequency ranges in common use; frequencies normally
transmitted over lines and radio links. Relationship between
frequency, wavelength and velocity of propagation.

Block schematic diagr;ims of a simple line-communication system
and of a simple radio-communication system. Introduction to
2-wire and 4-wire terminations. Multi-station broadcasting.

Characteristics and performance of common types of resistors,
inductors, transformers and capacitors used in line and radio
systems for communication and broadcasting.

Characteristics and performance of carbon, crystal and moving-
coil microphones. Moving-iron and moving-coil loudspeakers and
telephone receivers.

Series and parallel tuned circuits; approximate frequency of
resonance (without derivation). Use in selection of narrow bands
centred on carriers of different frequencies. Bandwidth, half-
power (— 3db) points.

Characteristics and essential features of semiconductor diodes and
transistors, thermionic diodes, triodes, tetrodes, beam tetrodes and
pentodes.

Descriptive treatment of Class-A, Class-B and Class-C operation
of simple tuned transistor and valve amplifiers. The principle of
operation of simple resistance-loaded small-signal transistor and
valve amplifiers. Use of load lines. Simple equivalent circuits.
Factors affecting stage amplification. Qualitative consideration of
the effect upon frequency response of the interstage couplings, and
of the input impedance of the subsequent stage.

Descriptive treatment of simple triode-valve oscillators with tuned
circuit in anode or in grid. Simple mutual inductance-coupled
transistor oscillators.

Descriptive treatment of the detection of amplitude-modulated
waves by semiconductor and thermionic devices.
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1—THE DECIBEL

The use and advantage of logarithmic units for the
expression of ratios of powers, currents and voltages.
Definition of the decibel.

Question 1

Define the decibel and explain why it is a convenient unit for use in
transmission problems.

The input level to an amplifier is + 24 db relative to 1.V and the
amplifier has a gain of 30 db. If the input and output impedances of
the amplifier are equal and the output is matched to the load, calculate
the input and output voltages.

ANsweER. The decibel is a logarithmic unit used in communication work
to express ratios. If P, and P, are two values of power, and N the
number of decibels denoting their ratio, then

N = 101log;, % decibels.
2

The sign associated with the number of decibels indicates which
power is the greater; thus a negative sign means that P, is less than P,.

The practical value of the decibel arises from its logarithmic nature.
This permits the enormous ranges of power involved in communication
work to be expressed in terms of decibels without running into incon-
veniently large numbers. The logarithmic character of a decibel also
makes it possible to express the ratio of input to output powers in a com-
plicated circuit as the sum of the ratios, expressed in decibels, of the
input and output powers of the different parts of the circuit. Further, the
decibel is very convenient for expressing sound intensities since the
effect that sound waves have on the ear is roughly proportional to the
logarithm of the intensity. Finally, the power which a radio wave is
able to supply to a receiving aerial is proportional to the square of the
electric field strength. Hence the field strengths of two radio waves
may be compared in decibels or, by suitable calibration of an aerial,
the ficld strength of a radio wave may be expressed in decibels relative
to 1xV or ImV or 1 volt per metre.

Since the impedances are equal, the power is proportional to the
square of the voltage. Then

_ P iy Vi
N = 10logs 35> = 10 logi, (—V;) — 20 logus -
Now, in the question, N =24 db, V, = lpV and V; = V.
- 24 =20 logT®
Vi = antilog 1-2 = 15-8 V.
For the conditions stated, the output = (24 + 30) db relative to 1V
= 54 dbrelative 1 pV
Vou

s N=54 =201log—2%; or27 =log V..
Vo = antilog 2-7 = 501 «V.

,or 12 =log Vi
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Question 2.

Define the decibel and give three reasons why its use is convenient in
transmission problems.

The input signal to an amplifier varies between 23-5 mW and
1:25 W. Express each power in db relative to 1 mW and state the

fluctuation in the level of the signal in db.

ANswEeR. For the answer to first part of question see Answer 1.
In the first case, P, = 23-5 mW and P, = 1 mW.
B3 _10x 13711
= 13-711 db rel. 1 mW.
In the second case, Py, = 1-25 W = 1,250 mW and P; = 1 mW.

SNy =10 logbz—l—s—g =10 X 3-0969

=30-97 dbrel. 1 mW.

The fluctuation in signal level = 10 log% = N; — N,

= 3097 — 13-71
= 17-26 db.

. N, =10 log
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2—FREQUENCY AND BANDWIDTH

Sinusoidal variation with time. Frequency. The audio-
frequency range. Harmonics. Bandwidth as an essential
requirement for the transmission of information.

Question 3.

Explain how a sinusoidal waveform can be derived from a rotating
radius vector. Using this method, or otherwise, construct a curve
representing one cycle of a sinusoidal alternating voltage having a
periodic time of 1/200 second and amplitude of 10 volts.

On the same axes construct a sinusoidal current waveform of the
same frequency leading the voltage by a phase difference of 90° and
having an amplitude of 1 ampere. Without calculating any component
value, sketch a simple circuit that will produce this phase difference
between current and voltage.

ANswEeR. Sketch (@) shows a radius vector rotating at a uniform speed
about an axis perpendicular to the paper at O. The instantaneous

S

10 voLT s HLAMPERE

[
300 SECOND

(a)

amplitude of the vector is represented by PM while 0 represents the
instantaneous angular displacement of the vector, OM is produced
to form the horizontal axis of an amplitude/time graph. Uniform
time intervals on the horizontal axis correspond to uniform angular
displacements of the vector. As the vector rotates the values of PM
corresponding to particular values of 6 are plotted on the graph.
The curve so produced is sinusoidal since PM is proportional to sin 4,
The periodic time is the time taken for the vector to complete one
revolution.

In sketch (@) OP = 10 volts and the periodic
time, represented by AB, is 1/200 second.

ON represents a current vector, of amplitude
1 ampere, leading the voltage vector by a phase
difference of 90°. The value of NQ is projected
on to the amplitude/time scale as before producing
a sinusoidal waveform displaced from the voltage
waveform by 90°.

Sketch (b) shows a simple circuit that will (b)
produce the desired phase difference.

11
L1
<
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Question 4.

Explain the meaning of the following terms used in connexion with
alternating current:
(a) frequency, periodic time, amplitude.
What is meant by the phase difference between the voltage across a
circuit and the current flowing in it ?
(b) Draw diagrams to illustrate the following:
(9) a sinusoidal voltage having an amplitude of 1 volt and a
Jfrequency of 50 c/s.
(ii) a sinusoidal current that leads the voltage in (i) by 90°,
(iii) a sinusoidal current in antiphase with the voltage,

(iv) a voltage of double the frequency and amplitude of that
in ().

ANSWER. (@) The frequency of an alternating current is the number of
repetitions of the wave pattern per second, f.

The periodic time of an alternating current is the time in seconds
occupied by one complete wave pattern. The periodic time is related
to the frequency by:

periodic time = 1/frequency, i.e. t = 1/f.

The amplitude of the waveform of an alternating current is the
maximum excursion above, and below, the mean of a complete wave
pattern. It can also be defined as half the peak-to-peak excursion of
the waveform.

The phase difference between the voltage across a circuit and the
current flowing in it is the angular difference between corresponding
points in the two waveforms, taking 2= radians as representing one
complete cycle of either wave pattern.

These four quantities are illustrated in sketch (a) for two waves of
the same frequency but different amplitudes.

ISTWAVE I wave N
P " SN R Uy —f——
\
/ \AMPLITUDE /
/ \ 7
| ! \ /
AMPLITUDE I} \ /
) \
PHASE / \ /
DIFFERENCE \ /
/——il \ ]
\ LY p—

l
r~——¢PERIODIC TIME
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(b) In sketch (b) are shown:

(i) A sinusoidal voltage having an amplitude of 1 volt and a
frequency of 50 c/s. One wave pattern of this voltage occupies
1/50 seconds, and has a peak-to-peak amplitude of 2 volts.

- - SN T e — = — —

T

/
b AN ____Ni__

®

@ii) A sinusoidal current that leads the voltage in (7)) by 90°. In
determining the relative phase of two sine waves it should be noted
that a point on the right-hand side of the time axis occurs after a
point on the left-hand side. In moving from left to right on the time
axis, therefore, a current zero occurs first; and 90° later in time, i.e.
«/2 radians further to the right, a voltage zero occurs.

(iii) A sinusoidal current in antiphase with the voltage. ‘Anti-
phase” means 180° out-of-phase, and the same result is arrived at
whether the phase difference is considered to be either leading or
lagging by = radians (i.e. 180°).

(iv) A voltage wave of double the frequency and amplitude of that
in (). There are two complete wave patterns of this wave in the time
interval occupied by one wave pattern of the 50 c¢/s wave. It has a
frequency of 100 ¢/s and a peak amplitude of 2 volts. The peak-to-peak
value is therefore 4 volts.

Question 5.

State the approximate values of carrier frequencies and bandwidths
used for the following applications:
(a) A sound-broadcast service to serve a relatively small area.
(b) A long-distance overseas point-to-point radio-telephony
service.
(¢) The provision of 600 telephone channels over a coaxial cable.
(d) The provision of 24 voice-frequency telegraph channels over a
pair-type cable.
Briefly explain what determines the bandwidths required in each case.
The velocity of propagation in a cable is 2 X 108 m/s. Calculate the
wavelength of a 200 Mc/[s television signal through such a cable.
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ANswER. (@) To provide a high-quality sound-broadcast service to
serve a relatively small area, transmission in the v.h.f. band will be
very suitable, i.e. the carrier frequency would be in the range 80-
100 Mc/s. In order to reproduce the overtones and harmonics, which
give character to the various instruments of an orchestra, it is necessary
to reproduce frequencies within the range from about 30 ¢/s to 15,000 c/s.
Thus, with double-sideband amplitude modulation a radio-frequency
bandwidth of 30 kc/s is required. With frequency modulation, the
bandwidth will be 150 kc/s.

(b) A long-distance overseas point-to-point radio-telephony service
would use carrier frequencies in the high-frequency range 3-30 Mc/s
(more especially 4-25 Mc/s), and employ single-sideband or independent-
sideband transmissions. In either type of transmission, the radio
frequency occupied by each telephone channel would be 3 kc/s, such a
bandwidth being adequate for commercial speech.

(¢) Twelve telephone channels are commonly assembled at 4 kc/s
intervals to form a ‘“‘group” within the frequency band 60-108 kc/s.
Five such groups may then be assembled to form a “super-group”
within the frequency band 312-552 kc/s. Finally, to provide for 600
telephone channels over a coaxial cable, ten such super-groups may be
assembled to occupy a bandwidth of 2,400 kc/s (i.e. 600 X 4 kcfs)
within the frequency band 60-2,540 kc/s, using carrier frequencies
spaced at suitable intervals between 612 and 2,852 kc/s.

(d) To provide 24 voice-frequency telegraph channels over a
pair-type cable, 24 telegraph channels, each occupying a bandwidth
of 100 c/s, are commonly assembled at 120 c/s intervals to occupy
2,880 c/s of bandwidth, within the frequency band 420-3,300 ¢/s. The
24 carrier frequencies range from the lowest at 420 c/s up to the highest
at 3,180 c/s, spaced at 120 c/s.

The velocity of propagation, v, is related to its frequency, f, and
wavelength, A, by

v=f XA
where v is in metres/second, A is in metres, and f is in cycles/second.

Hence, A = .

7
Substituting the values given,
2 X 108
A= m = 1 metre.

Question 6.

With reference to an amplitude-modulated wave, what is meant by
the term sidebands ?

Why do medium-wave broadcast receivers, used for the reception
of amplitude-modulated signals, require a total bandwidth of about
9 kcls? :
Briefly describe the effects on the reception of a medium-wave
broadcast signal if the total bandwidth of the receiver were made
(@) much less than, and (b) much greater than, 9 kc/s.
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ANsweR. The sidebands of an amplitude-modulated wave are the
component waves that appear in addition to the carrier wave when the
carrier wave is modulated by a band of frequencies. Sketch (a) shows

4

999 100i kc/s 9987 |0003 1004 ke/s
1000

(@ (b)

the spectrum of a 1,000 kc/s carrier wave amplitude-modulated by a
1 kc/s sine-wave tone. The spectrum now consists of three component
waves, the carrier A of frequency 1,000 kc/s and two additional waves
B and C, of lower amplitude than A and having frequencies 1,001 kc/s
and 999 kc/s, i.e. 1,000 - 1 kc/s. These waves are known as the upper
side-frequency (B) and the lower side-frequency (C). Sketch (b) shows
the spectrum of a 1,000 kc/s carrier wave amplitude-modulated by
commercial quality speech having components in the band 0-3 to 4 kc/s.
Each single-frequency component in the complex speech wave generates
an upper and lower side-frequency and the band of side-frequencies
corresponding to the whole speech wave are called the upper sideband
(D) and the lower sideband (E). The upper sideband extends from
(1,000 4 0-3) kc/s to (1,000 + 4) kc/s and the lower sideband from
(1,000 — 0-3) kc/s to (1,000 — 4) kc/s.

In order to accommodate a reasonable number of radio broadcast
transmissions on the long and medium wavebands, it has been agreed
internationally that the carrier-frequency spacing shall be 9 kc/s. Hence,
the highest audio frequency transmitted by any station is 4-5 kc/s; this
gives reasonable quality when music is broadcast.

If the total bandwidth of the receiver, used to receive the above
transmissions, is much less than 9 kc/s, then the highest audio frequency
produced at the output of the receiver would be much less than 4-5 kc/s.
This, particularly with music, would mean very poor quality reception.

If the total bandwidth of the receiver, used to receive broadcast
transmissions having a 9 kc¢/s spacing of carrier frequencies, is greater
than 9 kc/s, the side-bands from adjacent-channel transmissions would
be received simultaneously with the wanted transmission, and result in
interference.

A

Question 7.

State, with explanations, the bandwidths required for each of the
Sfollowing line systems:

(a) 18 channels of voice-frequency telegraphy, each signalling at
50 reversals per second (bauds)

(b) 12 telephone channels

(¢) a high-quality music channel

(d) a 405-line television channel.
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AnsweR. (@) The baud, which is the unit of signal speed in telegraphy,
expresses the number of signal elements occurring per second. As only
the fundamental component of the waveform need be transmitted the
minimum bandwidth of the telegraph signal, per channel, in the example
is 25 cfs. For multi-channel transmission, this signal will be used to
amplitude modulate a carrier wave, and consequently the minimum
bandwidth necessary to accommodate both sidebands will be 50 c/s
per channel. To allow for the fact that the necessary bandpass filters
cannot have perfectly rectangular insertion-loss characteristics, 120 c¢/s
is allocated to each channel. Thus, the full bandwidth required for an
18-channel signal would be 18 x 120 = 2,160 ¢/s.

(b) For commercial telephony a frequency band from about 300 to
3,400 c/s is transmitted for each conversation. For multi-channel
operation, this band of frequencies is modulated on to one of a number
of carrier frequencies in the frequency range 64-108 kc¢/s. For economic
reasons, single-sideband transmission is usually employed so that each
channel only occupies 4 kc/s of high-frequency bandwidth. The difference
between the 3-1 kc/s bandwidth of the telephony signal and the 4 kc/s
of h.f. spectrum allocated to it gives small frequency gaps between
adjacent channels to allow for the filter characteristics. Thus, 12 X 4
= 48 kc/s bandwidth is required.

(¢) High-quality music requires a greater bandwidth than speech.
For the very highest quality a band from about 20 c¢/s to 15 kc/s is
required, but such bandwidths are not normally used for line trans-
mission or radio broadcasting. Very good quality is obtained if the
upper frequency limit is made 10 kc/s, and a band of 30 ¢/s to 8 kc/s is
acceptable for many purposes.

(d) In a television picture it is desirable to make the vertical and
horizontal definitions approximately equal. In the British 405-line
system, 25 pictures are transmitted per second. The aspect ratio i.e.
the ratio of picture width to picture height is 4%; there are therefore
405 X % horizontal picture elements corresponding to 405 vertical
picture elements. The total number of elements per picture is, therefore,
405 x 405 X %.

Thus, number of elements per second=405 X 405 X % x 25.
In the worst case, picture elements will be alternately black and white.

.. No. of cycles per second =4052% X $ X 25x $=3-45 Mc/s.

In practice, not all 405 lines are transmitted (time must be allowed
for S);nchrom'zing pulses and flyback time), and the bandwidth used is
3 Mc/s.
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3—AMPLITUDE MODULATION

The use of a carrier; amplitude modulation; modulation
depth. Waveforms of a carrier amplitude-modulated by
a sinusoid. Statement of frequencies comprising the
modulated waves of a carrier, amplitude-modulated by
(a) a sinusoid, (b) a musical note and (c) speech.

Question 8.

With reference to an amplitude-modulated wave, what are meant
by the terms side-frequencies, sidebands and depth of modulation?

Sketch the waveform of a radio-frequency wave, amplitude-
modulated by a sine-wave tone to a depth of 15 per cent.

If a radio-frequency carrier wave is amplitude-modulated by a
band of frequencies, 300 c/s to 3,400 c/s, what will be the bandwidth
of the transmission and what frequencies will be present in the
transmitted wave, if the carrier frequency is 104 kc/s ?

ANSWER, Side-frequencies. When a carrier wave is amplitude-modulated
by a low frequency, the resultant waveform has three components.
There is one at the original carrier frequency, and two more, one above
and one below this frequency. The latter two components, which are
called the upper and lower side-frequencies, respectively, are displaced
from the carrier frequency by an amount equal to the modulating
frequency. Thus, for example, if the carrier frequency was f. and the
modulating frequency f,, the three components of the modulated wave
would have the frequencies f, — fm, fe and f; -+ fa.

Sidebands. 1If the carrier wave is modulated by a band of frequencies,
every frequency present in this band will produce its own pair of side-
frequencies, and these are collectively called sidebands. There are two
sidebands: the upper sideband, which comprises the band of upper
side-frequencies, and the lower sideband, which consists of the lower
side-frequencies.

Depth of modulation. If the amplitude of an unmodulated carrier
wave is A, and it is amplitude-modulated by a low-frequency wave of
amplitude B, then the amplitude of the envelope of the modulated
wave will vary, at the frequency of the modulating wave, between the
lir/nits A — B and 4 + B. The depth of modulation, m is equal to
B/A.

______ S T envevore oF 75 per cent
154 Ug“°§|‘é&‘”5° W I— AMPLITUDE -MODULATED
AI;‘IEI}N'P[IJEDE AR CARRIER WAVE

e/ AL L

i
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The sketch shows the waveform of a carrier wave when amplitude-
modulated by a sine-wave to a depth of 75 per cent.

If f’» is the highest modulating frequency, the highest sideband
frequency will be f. + f’» and the lowest sideband frequency will be
fe — f'm. Therefore, the bandwidth of the transmission is

(fet f'm) — (e = f'w) = 2fm.

Using the figures quoted in the question, the bandwidth occupied
by the transmission will be 2 x 3,400 c/s = 6,800 c/s.

The upper sideband will extend from 104-3 kc/s (= 104 kc/s +
300 c/s) to 107-4 kc/s (= 104 kc/s + 3,400 c/s.)

The lower sideband will extend from 103-7 kc/s (= 104 kc/s —
300 c/s) to 100-6 kc/s (= 104 kc/s — 3,400 c/s).

Therefore, the frequencies present in the transmitted wave will be
as follows:

(a) the lower-sideband components from 100-6 to 103-7 kc/s,

(b) the carrier-frequency, 104 kc/s, and

(c) the upper-sideband components from 104-3 to 107-4 k/cs.

Question 9.

With reference to amplitude-modulation explain the terms
“modulation envelope” and ‘“‘depth of modulation” and distinguish
between “‘side-frequencies’ and *‘sidebands”.

The amplitude of a 310 kc/s wave is modulated sinusoidally at
a frequency of S kc|s between 0-9 volts and 1-5 volts.

Determine the amplitude of the unmodulated carrier, the depth
of modulation and the frequency components present in the
modulated wave.

ANSWER. When a carrier wave of frequency f, is amplitude-modulated
by a single low-frequency tone of frequency-f,, the resultant waveform
has three components, the original carrier frequency f., and two other
frequencies f, + f, and f, — fi. The latter two components are called the
upper and lower side-frequencies. If the carrier wave is amplitude
modulated by a band of frequencies, every frequency present in this
band will produce its own pair of side-frequencies and these are col-
lectively called sidebands.

+ -

H\ [\

If the amplitude of an unmodulated carrier wave is 4 and it is
amplitude-modulated by a low frequency of amplitude B, then the
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amplitude of the modulated wave will vary, at the frequency of the
modulating wave, between the limits (4 — B) and (4 + B) as shown in
the sketch. It is usual to refer to the dotted line, which outlines the
changing amplitude, as the modulation envelope. The depth of modula-

. . B
tion, m, is equal to —- .

A
With reference to the question:
A+ B = 1-5_volts .. . . )
A — B =109volts .. .. .. )]

Adding equations (1) and (2), 24 = 2-4.
.. A, the amplitude of the unmodulated carrier = 1-2 volts.
Substituting in equation (1) or (2) gives B = 0-3 volts.
.. Depth of modulation, m = —g— = %;— = 0-25 or 25 per cent.
Carrier frequency, f, = 310 kc¢/s.
Side-frequency, f. + fo = 310 + 5 = 315 kc/s.

Side-frequency, f. — fo = 310 — 5 = 305 k¢/s.

Question 10.

Sketch the waveforms of a radio-frequency carrier wave, amplitude-
modulated by a sinewave tone, when the depth of modulation is:

(@) 100 per cent
and (b) 25 per cent.

If a radio-frequency carrier wave is amplitude-modulated by a
band of speech frequencies, 50 c/s to 4,500 c/s, what will be the band-

width of the transmission and what frequencies will be present in
the transmitted wave, if the carrier frequency is 506 kc/s?

ANSWER. Sketches showing the waveforms of an r.f. carrier wave
when modulated 100 per cent and 25 per cent are shown in (a) and
(b), respectively.

ENVELOPE OF 100 PER CENT
CARRIER TED AMPLITUDE ~ MODULATED
CARRIER WAVE

15
0
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J /
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When a carrier wave is amplitude-modulated by a low frequency
the resultant wave has three components. There is one at the original
carrier frequency, and two more, one above and one below this
frequency. The latter two components, which are called the upper
and low side-frequencies, respectively, are displaced from the carrier
frequency by an amount equal to the modulating frequency. Thus,
for example, if the carrier frequency was f, and the modulating frequency
/= the three components of the modulated wave would have the frequen-
cies, fo — fus fo and f. + fu. If the carrier is modulated by a band of
frequencies, every frequency present in this band will produce its own
pair of side-frequencies, and these are collectively called sidebands.

If f, is the highest modulating frequency, the bandwidth of the
transmission will be (£ 4+ f*w) — (fe — f ') = 2fa.

Therefore, using the figures quoted in the gquestion, the bandwidth
occupied by the transmission will be 2 X 4,500 ¢/s = 9,000 c/s.

The upper sideband (f; + f4.) will extend from
506 kc/s + 50 ¢/s = 506-05 kc/s
to 506 kc/s + 4,500 c/s = 510-50 kc/s
and the lower sideband (f, — f*) will extend from
506 kc/s — 50 c/s = 505-95 kc/s
to 506 kc/s — 4,500 c/s = 501-50 kc/s.
In addition, there will be the carrier itself at 506 kc/s.

Question 11.

Explain, with the aid of a diagram, how an oscillator may be anode-
modulated by an external audio-frequency signal.

The amplitude of a 205 kc/s wave is modulated sinusoidally at a
Srequency of 3 kc/s between 0-5 volt and 1-5 volts.

Determine the depth of modulation and state the frequencies
present in the modulated wave.

Answer. The circuit diagram of an anode-modulated medium frequency
LC oscillator is given in the sketch. The tuned circuit L1C1 is connected
to the grid of the triode valve V1, and oscillations are maintained by
inductive feedback from coil L2, coupled to coil L1. The grid capacitor
C2 and leak resistor R1 provide self-bias. The output is taken through
an h.t. blocking capacitor, C4. The output is amplitude-modulated by
applying an audio-frequency signal to the primary of the audio-frequency
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transformer T1, the secondary being connected in series with the h.t.
supply to the anode of V1. The radio-frequency choke L3 and coupling
capacitor C3 prevent radio-frequency currents entering the audio
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circuits; C5 is an audio-frequency decoupling capacitor which keeps
audio-frequency currents out of the h.t. supply unit.

If the amplitude of an unmodulated carrier wave is 4 and it is
amplitude modulated by a lower frequency, of amplitude B, then the
amplitude of the envelope of the modulated wave will vary, at the
frequency of the modulating wave, between the limits of 4 — B and
A + B. The depth of modulation, m, is equal to % .

With reference to the question,

A+ B =15volts........ ¢))
A—B=05volt........ (@)
Adding (1) and (2),24 = 2:0 or A = 1-0 volt.
Substituting for A4 in (1) or (2) gives B = 0-5 volt.
. . _ B _ 05
.. Depth of modulation, m = T =10

When a carrier wave of frequency f. is amplitude modulated by a
tone of frequency fn, the resultant waveform has three components.
They are f., f. + fm and f. — fa.

Referring to the question, the frequencies present in the modulated
wave will be as follows:

Carrier frequency, f, = 205 kc/s.
Side frequency, f. + fu = 205 + 3 = 208 kc/s.
Side frequency, f. — fm = 205 — 3 = 202 k¢/s.

= 0-5 or 50 per cent.

Question 12.

What is an amplitude-modulated wave ?
Why do broadcast receivers used for the reception of amplitude-
modulated signals have a total bandwidth of about 9 kc/s ?

ANswer. To obtain efficient transmission and reception of radio
signals, fairly high frequencies must be employed; for example, a
broadcast transmitter may employ a carrier frequency of 1 Mc/s.
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To transmit information this carrier frequency must be modulated.
Amplitude-modulation consists in varying the amplitude of the carrier
wave in sympathy with that of the modulating signal.

AMPLITUDE l/'\

\—/

FREQUENCY f,

AMPLITUDE O]

FREQUENCY f,

A+B

AMPLITUDE T

(©)

Sketch (a) shows an unmodulated carrier wave of amplitude A4
and frequency f., and sketch (b) shows an audio-frequency sinusoidal
modulating signal of amplitude B and frequency f.. Sketch (¢) shows
the carrier wave amplitude-modulated, the amplitude of the wave
varying by an amount -+ B between the limits 4 — B and 4 + B;
the frequency of the variation is that of the modulating signal, namely,
Jfa. The depth of modulation m = B/A.

It can be shown that the wave indicated in sketch (c¢) consists of
three components, the original carrier wave of frequency f, together
with two other waves, known as sidebands, of frequencies f, — f, and
fe + fa. Thus, the signal occupies a frequency band of 2f,.

In order to accommodate a reasonable number of radio broadcast
transmissions on the long and medium wavebands it has been agreed
internationally that the carrier frequency spacing shall be 9 kc/s.
Hence, the highest audio frequency, f,, transmitted by any station
is 4-5 kc/s; this gives reasonable quality when music is broadcast.
To avoid loss of quality it is therefore necessary for the receiver to
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have a bandwidth of 9 kc/s. If the receiver bandwidth is greater than
9 kc/s the sidebands from adjacent-channel transmissions will be received
simultaneously and interference will result.

Question 13.

Draw careful skeiches to show the appearance of each of the
Sollowing signals when displayed in a cathode-ray oscilloscope:
(i) A carrier wave amplitude-modulated to a depth of 50 per
cent by a low-frequency sinewave.
(i) A carrier wave amplitude-modulated by a low-frequency
rectangular-wave having a mark/space ratio of 2 : 1.
Assume the carrier leak during the “space” period to be
—- 20 db relative to the unmodulated carrier amplitude.
(iii) A sine-wave to which has been added 50 per cent second
harmonic.
(iv) A sine-wave to which has been added 50 per cent third

harmonic.
Each sketch must clearly show the scales in the axes.

ANsweR. The required diagrams are given in sketches (@), (), (¢) and
(d). The carrier leak during the “space” period, shown in sketch (b),
is % of the amplitude of the unmodulated carrier, i.e. — 20 db.

UNMODULATED CARRIER  CARRIER MODULATED
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+15 DISTORTED WAYEFORM DISPLAYED

0 PR FUNDAMENTAL
, AN / 50 PER CENT

wsl| /. —
ZaN N \\/an HARMONIC
4 \ N4

AMPLITUDE 0 | : ) TIME

(©

DISTORTED WAVEFORM DISPLAYED
410

405

AMPLITUDE ¢

=05

-0

(@)



PROPAGATION 21

4—PROPAGATION

Carrier frequency ranges in common use; frequencies
normally transmitted over lines and radio links. Relation-
ship between frequency, wavelength and velocity of
propagation.

Question 14.

If the maximum frequency tolerance for fixed service-stations
operating in the frequency band 4-0 to 27-5 Mc/s is + 30 parts in 10°
(4 0-003 per cent) and for television operating in the frequency band
40-0 o 70-0 Mc/s is + 10 parts in 108 (£ 0-001 per cent), to what frequency
variations in cycles per second do these tolerances correspond in the case of:

(a) a fixed-service station on 12-3 metres,
and (b) a television station on 5-5 metres ?

At what wavelength does a fixed service-station, having a
variation of 4= 300 c/s, become outside the permitted tolerance ?

Velocity
ANswEeR. Frequency = Wavelength
and, for electromagnetic waves in free space,
300 x 10¢

cycles/second.

frequency = wavelength in metres

(a) When the wavelength of the fixed-service station = 12-3 metres,

{1
frequency = %(—231—0 cycles/second

= 24-39 x 10° c/s.
.. Maximum frequency variation permitted

—_— 30 . L]
= & g¢ X 2439 X 10 c/s

= 4 731-7 ¢/s.

(b) When the wavelength of the television station = 5-5 metres,

300 x 10¢
frequency = —Tc/s

= 54-54 x 10°c/s.

.. Maximum frequency variation permitted
= & o X 5454 x 10% cfs
= 4 545-4 ¢/s.

Maximum frequency variation permitted
= maximum permitted tolerance X frequency of station.
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Permitted variation
Permitted tolerance

.. Frequency of station =

_ 4300
= X 3o7i0%
= 10 x 10% ¢/s = 10 Mc/s.
300 x 10¢
Wavelength = m metres
10 x 10¢
= 300 x 10° = 30 metres.

Hence station becomes outside tolerance at 30 metres.

Question 15.

State the approximate values of carrier frequencies you would expect
to find used for the following applications:

(a) a high-quality sound broadcast service to serve a relatively
small area

(b) a group of 12 telephone channels to be transmitted over a
pair-type cable

(¢) a point-to-point television radio-relay system.

A radio wave is propagated through a block of polythene, in
which its velocity of propagation is 2 x 10° metresfs. If its wave-
length is found to be 4 cm, what is the frequency of the wave ?

ANswER. (@) To provide a high-quality sound-broadcast service the
medium-wave band is no longer satisfactory in this country, owing
to the very large number of stations broadcasting simultaneously in
Europe. As the question specifies that the service area is relatively
small, the v.h.f. band will be very suitable, the carrier frequencies
lying between 80 and 100 Mc/s.

(b) Groups of telephony channels are commonly assembled at
4 kc/s intervals within the frequency band 60-108 kc/s. This band is
either transmitted directly, or translated down to the band 12-60 kc/s.

(¢) The microwave bands are used for point-to-point television
radio-relay systems, suitable frequencies lying between 1,000 and
10,000 Mc/s. Within these frequencies limits certain bands are
specifically allocated for this type of service by international agreement.

The velocity of propagation of a wave V is related to its frequency
f and wavelength A by the relation: P

V = fa,
where V is in metres/second, A is in metres, and f is in cycles/second.
Hence, f = V/A,

Substituting the values given,

2 x 108
f=Z 1o+ = 3000 Mcjs.

Question 16.

State for what types of radio-transmission service the following

frequencies are used:
16 kc/s; 1 Mc/s; 45 Mc/s.
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Indicate, very approximately, the distance over which useful
signals are obtained in each case.
A half-wave dipole aerial is to be used for the reception of signals
at a frequency of 45 Mc/s. What will be the length of the aerial ?

ANSWER. Frequencies of 16 kc/s are used for slow-speed telegraph
transmission. Speech frequencies cannot be used because the bandwidth
of the signals would necessitate the use of a large part of the very-low-
frequency spectrum; the design of transmitters and receivers would also
be difficult. These signals will travel many thousands of miles with
comparatively little attenuation, and world-wide communication is
possible. Propagation conditions are almost constant and reliable
transmission occurs at all times of the day and year.

Frequencies of 1 Mc/s are used for sound broadcasting. Reliable
transmission over distances of 50-100 miles is obtained at all times.
Considerably greater range, several hundred miles, occurs at night
due to propagation by signals which are absorbed during the daytime.

Frequencies of 45 Mc/s are used for the transmission of television
signals. These signals require a large bandwidth and the necessary
frequency spectrum is available at these frequencies. The range is
the distance over which “line of sight” transmission is possible and is
about 30 miles; reliable reception is, however, obtained over rather
longer distances.

v = fA,
where v = velocity of propagation in metres/sec
f = frequency in c/s
A = wavelength in metres.
Now, v = 3 x 10® m/s,
and f = 45 x 10°¢ ¢/s.
So3 X 100 =45 x 10% x A
3 x 108
45 x 10°

Length of aerial = A/2 = —6—26—7

A= = 6-67 metres

= 3-34 metres.

Question 17.

Indicate the frequency bands in common use for present-day radio

communication.
Outline the general uses of the medium-frequency and high-

frequency bands.

ANsSwWER. The radio-communication frequency bands are listed below,
together with brief notes on their properties and uses.

Below 30 kc/s (very low frequencies). These waves have very low
ground-wave attenuation and are used for world-wide communication
from a fixed station to ship or land stations. The General Post Office
Rugby radio station uses a frequency of 16 kc/s.
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30 kc/s-300 kc/s (low frequencies). These waves have greater ground-
wave attenuation. The ground wave, however, provides reliable
communication at all times for distances up to 1,000 km (660 miles).
Frequencies within the band are used for broadcasting, navigation,
coast and ship stations.

300 kc/s-3 Mc/s (medium frequencies). This frequency band is
used for:

Distress signals — 500 kc/s
Navigational aids — 320 kc/s and 410 kc/s
Marine telegraphy — 510 kc/s
Broadcasting — 535 kc/s to 1,605 kc/s
Meteorological aids — 2 Mc/s

Standard frequency transmissions — 2-5 Mc/s

During the daytime the coverage is by means of the ground wave,
the sky wave being almost completely attenuated, and the range is
small. At night appreciable energy reaches distant points, far beyond
the range of the daytime signals, by means of the sky wave.

3 Mc/s-30 Mc/s (high frequencies). One of the main uses of this
band is for long-range point-to-point communication circuits, the
signals travelling many thousands of miles by means of the sky wave.
Certain frequencies within the band are used for long-range broadcasting.
Various frequencies within the band are allocated for amateur use.
Standard frequency transmissions are made at 10, 15, 20 and 25 Mc/s.
Frequency bands at 28 Mc/s and 30 Mc/s are allocated for meteorological
aids and navigation.

30 Mc/s-300 Mc/s (very high frequencies) and 300 Mc/s—3,000 Mc/s
(ultra-high frequencies). These signals travel approximately along
optical paths and the transmitter and receiver must be almost in sight
of each other; the range is therefore limited to about 30 miles. The
frequency bands are used for various communication and broadcast
services. The 2,000 Mc/s band is used for radio-relay purposes.

The high carrier frequencies make these bands ideal for transmitting
wideband signals such as television signals.

Question 18.

State the carrier frequencies and bandwidths suitable for the
following applications:

(a) a long-distance telex service to ships,

(b) along-distance overseas point-to-point radio telephony service,

(¢) a short-distance broadcast service,

(d) a private mobile radio telephone service.

A fixed service (point-to-point) transmitter is assigned a wave-
length of exactly 37-5m. It is found to be working on a frequency
of 8,000-21 kc/s.

Calculate the deviation in cycles per second and determine whether
the transmitter is working outside the permitted tolerance of +30
parts in 108,

ANSWER. (a) A telex service is a telegraph service using start-stop
apparatus (teleprinter). A long-distance telex service to ships would
use carrier frequencies in the high frequency range between 3-30 Mc/s,
more especially in the internationally allocated maritime mobile bands
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between 4 and 23 Mc/s. For such a service a baud speed of 50-100 is
commonly used. Allowing for such factors as frequency stability, fading
and adjacent channel interference a bandwidth of about 1-0 kc/s may
be used.

(b) A long-distance overseas point-to-point radio telephony service
would use carrier frequencies in the high frequency range between
3-30 Mc/s, more especially between 4-25 Mc/s and employ single
sideband or independent sideband transmissions. In either case the
radio frequency bandwidth occupied by each telephone channel would
be 3 kc/s, such a bandwidth being adequate for commercial speech.

(¢) To provide a short-distance broadcast service a carrier fre-
quency inthe V.H.F. band, normally between 80-100 Mc/s, would be used.
For a high quality broadcast service the bandwidth would be about
30 kc/s for amplitude modulated signals and about 150 kc/s for
frequency modulated signals.

(d) A private mobile radio telephone service would use carrier
frequencies in the V.H.F. range, more especially between 80 and 160 Mc/s.
Double sideband amplitude modulation or frequency modulation may
be employed utilizing a channel bandwidth of 25 kc/s.

The velocity of propagation V is related to its frequency f and
wavelength A by:

V=fxa
When ¥ is in metres/second; A is in metres and fis in cycles/second.

Hence, f = Y and substituting the values given, the assigned fre-

A
. 3 x 108
quency of the transmitter = 375 c/s = 8,000,000 c/s

The working frequency is found to be 8000-21 kc/s = 8,000,210

c/s
Hence the deviation is 8,000, 210—8,000,000 c/s
=210c/s
This deviation, expressed as a fraction of the assigned frequency
_ 210 s "
= 5,000,000 — 26-25 x 10

This is within the permitted tolerance of 430 parts in 10%.
Alternatively, the permitted deviation is

—130% X 8 x 10%c/s = 240 ¢/s
Thus, the deviation of 210 ¢/s is within the permitted deviation.
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5—~COMMUNICATION SYSTEMS
Block schematic diagrams of a simple line-communication
system and of a simple radio-communication system.
Introduction to 2-wire and 4-wire terminations. Multi-
station broadcasting.

Question 19.

With the aid of a block diagram, explain the connexions required
Jor an overseas radio-telephone call between a subscriber on a
remote island in one continent and a subscriber in another continent.

Suggest suitable carrier frequencies which might be used on the
national telephone network and the international radio circuits
involved.

ANSWER. A block schematic diagram of the connexions required for
an overseas radio-telephone call between a subscriber on a remote island
in one continent and a subscriber in another continent is shown in the

sketch.
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The calling subscriber A, on the remote island, is connected on an
ordinary local-line circuit to his local telephone exchange. The con-
nexion is then routed, via the national telephone network, to the
international exchange and on to the radio-telephony terminal, where
amplified land-lines extend it to the radio transmitter. At the radio
transmitter, the speech signals are made to amplitude-modulate a
high-frequency carrier, and this amplitude-modulated high-frequency
radio signal passes to the distant radio receiving station. Here the
call is extended—via the distant radio-telephony terminal, interna-
tional exchange, national telephone network, and local telephone
exchange—to the distant subscriber B.
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The national telephone network may consist of overhead land-lines,
underground multi-pair cables, coaxial cables, v.h.f. or u.h.f. radio
links and micro-wave radio links. Subscriber A, on the remote island,
will probably be connected to the national telephone system by sub-
marine cable or v.h.f. radio link. The carrier frequencies which might
be used on the national telephone network are 30-100 Mc/s for v.h.f.
radio links, 1,000-8,000 Mc/s for micro-wave radio links, and 400 kc/s—
8 Mc/s for coaxial-cable carrier systems. The frequencies used on long-
distance radio-telephone circuits are in the range 4-27 Mc/s.

Question 20.

Draw suitably annotated block schematic diagioms of the following
simple line and radio communication systems:

(a) Connexions required for an overseas radio-telephone call
between two subscribers on different continents.

(b) Connexions required for a multi-station sound broadcast
from an outside-broadcast event.

(¢c) Connexions required for an overseas radio-telegraphy call
between a shipping company and one of its ships.

State in each case the approximate carrier frequency and
bandwidth appropriate to any radio link involved.

ANSWER. (a) Sketch (a) shows the connexions required for an overseas
radio-telephone call between two telephone subscribers on different
continents. The frequencies used for the long-distance radio path
would be in the band 3-30 Mc/s. The bandwidth required, using
single-sideband transmissions would be 3 kc/s.
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(b) Sketch (b) shows the connexions required for a multi-station
sound broadcast from an outside-broadcast event. In the event of a
radio link being used to connect the outside-broadcast unit to the
national telephone network, its frequency would be in the v.h.f. (30-300
Mc/s) or u.h.f. (300-3,000 Mc/s) bands and the bandwidth would be
of the order of 25-150 kc/s.
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(¢) Sketch (¢) shows the connexions required for an overseas
radio-telegraphy call between a shipping company and one of its ships.
The frequencies used for the overseas radio path would be in either the
medium wave (300-3,000 kc/s) or the high frequency (3—-30 Mc/s) band.
The bandwidth required would be of the order of 100 ¢/s up to about
1-0 kc/s, depending upon the signalling speed of the system of telegraphy
used.

Question 21.

Show by means of a block schematic diagram the equipment required
to provide a repeatered audio-circuit on (a) a 2-wire and (b) a 4-wire
basis. Which would you prefer to set up and maintain on a long
open-wire route? Give reasons for your reply.

ANswER. (a) To provide amplification in a 2-wire audio circuit the
repeaters must each amplify signals passing along the line in each
direction and, to prevent oscillation due to circulating currents, the
repeaters are arranged with balanced bridges at input and output.
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Sketch (a) shows the basic layout of a repeatered 2-wire line and sketch
(b) shows the repeater in greater detail.

( 1 ] 1
H TERMINAL H | INTERMEDIATE ;

©

The repeater consists of two amplifiers connected to the line via
hybrid transformers. If the balancing network has the same impedance
as the line connected to the same transformer, the hybrid transformer
is balanced and the output of one amplifier (say amplifier 1) will not
develop a voltage at the input to the other (amplifier 2). Thus, the
repeater will not oscillate. It is not possible to maintain the balance
between line impedance and balance impedance at all frequencies and
the networks are designed to match the line over the audio range; to
prevent oscillation at high frequencies low-pass filters are connected
in tandem between the hybrid transformers and the amplifiers’ input
circuits. The hybrid transformers each give a 3 db loss plus transformer
losses for signals passing from an amplifier output to line and from line
to an amplifier input.

(b) The layout of a 4-wire repeatered system is shown in sketch (¢);
one terminal and one intermediate station are shown with ‘“Trans-
former and Line Corrector” equipment in use. Hybrid transformers are
required only at the terminal stations where the repeatered 4-wire circuit
is transformed to 2-wire circuits. Intermediate repeaters have two
amplifiers, one for each direction of transmission, which are completely
separate electrically. The terminating units are generally an arrange-
ment of two transformers to give transmit and receive impedances of
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600 ohms, and the balancing network may be either a 600-ohm resistor
or, if a long 2-wire end is used, a network simulating the impedance of
the 2-wire line.

With repeaters equally spaced along a 2-wire line the gain of each
repeater in each direction must be equal. If the required gain, 2-wire to
2-wire, is to be G db, the amplifier gain will have to be G db + 6 db +
losses of two transformers, half of the excess over G being required to
compensate for the 2-wire to 4-wire loss in each hybrid transformer.
A measure of the balance between the line impedance and the balance
impedance is the balance return-loss and this is equal to 20 log [(Z,-+ B)/
(Z, — B)] db, where Z, is the line impedance and B is the balance
impedance. The loss across the hybrid transformer from amplifier out-
put to amplifier input is equal to the balance return-loss + 6 db - twice
the transformer losses. If R, is the balance return-loss of balance 1 and
R, is that of balance 2, the repeater will be stable if there is a loss in the
loop from the transmit 4-wire winding of transformer 2 to the output
of amplifier 1. The repeater will be stable if the circuit losses exceed the
amplifier gains, i.e.if R, + 6 + R, + 6> G + 6 + G + 6 (ignoring
transformer losses). Thus, if R,-= R, == R the stability condition is
R > G, and to prevent too large variations in 2-wire to 2-wire gain,
or loss, R should exceed G by at least 10 db.

For a repeatered 4-wite circuit the overall gain will not be in excess
of 0 db and R will then have to exceed 10 db. This requirement is easily
met by the use of a simple balance network. If the gain of a 2-wire
repeater is to be 20 db it would be advisable to have the balance return-
loss in excess of 30 db over the audio-frequency band. Such a balance
needs many components, all of which may have to be accurately adjusted.
Open-wire lines are affected by weather conditions and the line imped-
ance will likewise be affected. Therefore, to maintain a 2-wire repeatered
circuit on open-wire lines would probably require frequent readjustment
of the balance components to keep the circuit in satisfactory operation;
attenuation will also change with weather, and, therefore, frequent gain
adjustment would be necessary.

Question 22.

Show, by means of block schematic diagrams, the equipment needed
to provide a repeatered audio-junction circuit on (a) 2-wire basis
and (b) a 4-wire basis.

Quote typical losses for each part of the circuit, and explain the
advantage of 4-wire operation compared with 2-wire operation.

ANswWER. Sketches (@) and (b) show the required layout for 2-wire and
4-wire repeatered circuits, respectively. Typical figures for the losses and
gains through the circuits are given on the sketches. The ringed figures
show typical signal levels at the various points, expressed in decibels
relative to one milliwatt.

With 2-wire repeatered circuits the length of cable which may be
used depends on the accuracy with which the impedance/frequency
characteristics of the cables are matched by the line-balancing networks
in the repeater. Sketch (a) shows a typical maximum-length circuit using
one repeater. In British Post Office practice only one 2-wire repeater is
used on a circuit and normally a total line loss of about 11 db is not
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exceeded, with not more than 8 db on one side of the repeater. This
restriction arises because the repeater is designed for use on circuits of
about 30 miles in length and the precision balances used have only a
limited range of adjustment.

With 4-wire working, if required, many repeaters may be connected
in tandem without producing an instability problem, and the use of
precision line balances is unnecessary. The permissible spacing between
repeaters is determined largely by crosstalk considerations. In the
example illustrated, it will be seen that throughout the circuit the level
difference between go and return circuits does not exceed 23 db.

Considering the closed loop formed via the two hybrid transformers
in the 2-wire and 4-wire circuits and summing the gains and losses,
assuming the loss across one hybrid between go and return circuits to
be L db, gives the following.

(a) 2-wire Circuit
—L+16 —L + 16 =32 — 2L,

Hence, for stability 32 — 2L 42 0.

Therefore, L 4 16 db.

(b) 4-wire Circuit
- L—-9+4+23—-23+23—-9—-L—9+23—-23+23—9
= — 2L + 10.

Hence, for stability — 2L + 10 < 0.

Therefore L 42 5 db.

The simplified problem of maintaining stability with 4-wire working

is therefore apparent.



32 MODEL ANSWERS—RADIO AND LINE TRANSMISSION A

Question 23.

What transmission advantages would arise from making the circuit
Jrom subscriber to subscriber 4-wire throughout ? What would be the
disadvantages of such an arrangement ?

ANSWER. The subscriber’s instrument could be simplified, the transmitter
being connected to the subscriber’s transmit pair and the receiver to his
receive pair. To obtain the maximum transference of power, transmitter
and receiver could be designed so that their impedances matched the
lines’ characteristic impedances, or transformers could be provided to
give this matching condition. In the present 2-wire instrument a form of
hybrid transformer connects the 2-wire line to the transmitter and
receiver; this inevitably gives rise to a loss between the 2-wire line and
the transmitter and receiver. This loss would be eliminated by the use of
a 4-wire instrument, so increasing the sending and receiving efficiencies,
and this could be taken advantage of by increasing the local-line limits
or by decreasing the conductor gauge. There would be no side-tone
from the 4-wire set and this would have the effect of causing the speaker
to raise his voice, so increasing the sending efficiency. The total effect
would thus be to increase the efficiency of transmission between the two
subscribers. As the circuit between subscribers is to be 4-wire throughout
no hybrid transformers would be fitted and there would be no “singing
loop™ to guard against. This could allow a widening of the limits within
which the gain of a circuit must be maintained since there would be no
possibility of an electrical “singing loop.”

There would be one obvious disadvantage in that all the trans-
mission paths of the local equipment, from subscribers to the existing
trunk exchanges, would have to be duplicated and the cost of this would
be considerable. Because of the increase in sending and receiving
efficiencies the crosstalk in lines and exchange equipment would be more
disturbing by the sum of the improvements in the sending and receiving
efficiencies, and. to reduce this disturbing effect the crosstalk attenuation
of lines and equipment would have to be increased. The complete
absence of side-tone might prove to be disturbing to the subscribers, the
circuits appearing “dead,” and it is likely that a small amount of side-
tone would therefore have to be introduced.
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6—~COMPONENTS

Characteristics and performance of common types of
resistors, inductors, transformers and capacitors used in
line and radio systems for communication and broad-
casting.

Question 24.

Describe, with the aid of sketches, the construction of (a) a carbon-
Jilm (surface-type) resistor, and (b) a moulded carbon-composition
resistor.

Compare the general characteristics and performances of these
two types of resistor.

ANSWER. (a) Sketch (a) shows the construction of a cracked-carbon (or
crystalline-carbon film) resistor, which is one form of surface-type
carbon resistor. The resistance element consists solely of carbon in a
hard grey crystalline form without any binding material mixed with it.

CERAMIC SPIRAL COLOUR  conNECTING
END SEAL cut CODING WIRE

SPRING END CARBON DEPQSIT CERAMIC
CAP ON CERAMIC TUBE OUTER COVER

(@

A film of this crystalline carbon is formed, by a heat process, directly
on an insulating rod or tube. The carbon film is then sometimes cut
spirally to the required resistance value. In other forms of construction
the surface film is not spiral cut. Connecting caps of springy metal are
pressed on the ends of the rod and a rigid electrical and mechanical
contact is thus obtained, to which the terminal connecting wires are
attached in some convenient way. The whole is then enclosed in a pro-
tecting and insulating ceramic case with ceramic end-seals and is vacuum
impregnated for protection against humidity. When a higher wattage
rating is required, a non-insulated type (i.e. without the outer insulating
cover) is used. Certain manufacturers indicate the resistance values by
coloured bands conforming to an internationally-agreed colour code.
Others print the resistance and tolerance values on the resistor.

(b) Sketch (b) shows the construction of a typical moulded carbon
composition resistor of the insulated type. Different manufacturers
adopt different constructions. The raw material of the resistance element
(carbon black, resin binder, and refractory filling) are first graded, then
mixed in the required proportions, and sifted. The resultant black
powder is compressed into shape and “cured” in a kiln which solidifies
the unit. Tests are then carried out with automatic sorting of resistance
values before marking with the standard colour code, or resistance value,
on the outer insulating cover. The end connexions are made to the
resistor by moulding the enlarged ends of tinned copper connecting wires
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_directly into the car_bon rod. There are various other methods of attach-
ing the end connexions. A thermosetting plastic insulation is moulded
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around the resistance element, hence the term insulated type, to prevent
short circuit to adjacent components and metal chassis, and to form
protection against humidity.

Characteristics

(i) Power handling capacity. Much the same. Commonly up to
about 2 watts. Rarely much higher.

(ii) Resistance accuracy. Composition, 4+ 5 per cent, 410 per
cent, 420 per cent of the nominal batch resistance value during manu-
facture, the tolerances being wide because of the lack of precise control
in composition. Film resistors are accurate to 0-1 to 2 per cent.

(iii)) Maximum operating temperature. Composition, 115°C,
Film, 150°C. Composition seriously affected by high temperature,
mainly by changes in the structure of the binder in the resistance mix.

(iv) Frequency range. Composition, several Mc/s. Film, hundreds
of Mc/s.

(v) Maximum operating voltage. Determined by physical shape.
Much the same (about 1,600 volts) for insulated types. Non-insulated
composition (about 1,500 volts) higher than film (about 800 volts),

Performance

(i) Stability. This is the permanent change in resistance under
storage or working conditions. With normal working, composition is
of the order of 5 per cent (but up to 25 per cent in more severe condi-
tions). Film, 1 to 3 per cent. Storage (one year), composition = 5 per
cent, film = 0-5 per cent. High temperature results in permanent
change in resistance value; the composition change is much greater than
the film.

(i{y Humidity. Causes increase in resistance, the effect being largely
reversible amrd not permanent. Composition change is about seven times
that of film.

(iii) Noise due to internal changes in the resistor when current
flows. High level in composition, low level in film.

(iv) Temperature coefficient (the temporary change in resistance
with temperature). Composition high compared with film.

(v) Voltage coefficient (the change, usually a decrease, in resistance
when voltage applied). Composition has a 0-02 per cent change per
volt d.c. compared with 0-001 per cent for film.
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(vi) Solderability. Composition is more prone to relatively large
percentage change in resistance due to overheating when soldering
(about 6 to 1 change compared with film).

It is clear that the film type is of close tolerance and high stability,
compared with composition.

Question 25.

Describe the general form of construction of a wire-wound non-
inductive resistor and of a composition type of resistor for use at
radio frequencies.

List the advantages and disadvantages of the composition type
relative to the wire-wound type.

ANsweRr. There are several methods of wind- END CONNEXION
ing non-inductive resistors for use at radio
frequencies. The Ayrton-Perry method is
illustrated in sketch (a).

In this type of resistor a single wire is
first wound on a thin sheet of mica leaving,
at the edges of the mica, spaces between
successive turns equal to the diameter of
the wire. A second winding is then wound
in the space, in a direction opposite to”that
of the first winding, and the two windings (@)
are connected in parallel. This results in the
direction of the current in adjacent turns being always opposite, thus
effecting an almost complete cancellation of the magnetic field in their
vicinity; the self inductance of the winding is therefore very small.
Self-capacitance is also small. The material used for the resistive
element should have high resistivity, a melting point well above the
operating temperature, and a low temperature coefficient of resistance.
The most common wires are nichrome (alloy of nickel and chromium)
and eureka (an alloy of copper and nickel).

Alternative methods of winding non-inductive wire-wound resistors
are those known as fish-line and bifilar.

The method of construction of compo-
sition-type resistors varies among the different enp  TESISTIVE CARBON
manufacturers. The general principle of the CONKERION COMROSTION
construction of one type is illustrated in
sketch (b). In this resistor the constituents
of the resistance element are carbon black,

a resin binder and refractory filling. These "”"””””"’
are mixed, compressed into the required  pNFHOSEIIRGT
shape and then subjected to heat treatment

which solidifies the unit. Connexions are ®)

made to the resistor by moulding the enlarged

ends of copper wire directly into the carbon rod. A thermosetting plastic
insulation is moulded around the resistance element.

The advantages of composition-type resistors, as compared with
wire-wound types are:

(@) Low cost.

(b) Small size.

(¢) Available in a very large range of values.
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(d) Readily self-supporting.

(e) Lightweight.

The disadvantages of composition-type resistors as compared with
the wire-wound types are:

(a) Noticeable decrease in resistance value as the applied voltage is
increased.

(b) Resistance values do not remain stable with time.

(¢) Operating temperature must be low and this limits the power-
handling capacity.

(d) Inherently noisy.

Question 26.

A wire-wound resistor for high-frequency application is required to
have minimum self-inductance and minimum self-capacitance.
Sketch and describe the construction of a suitable type, explaining how
the self-inductance and self-capacitance are minimized.

Under what circumstances can carbon resistors be used for such
applications ? Explain why carbon resistors are not always used, the
wire-wound resistor being preferred.

ANSWER. An ideal resistor for high-frequency application should be
completely non-reactive and thus present the same resistance at all
frequencies. If the resistor has inductance and capacitance, inductive
and capacitive reactances will exist in addition to the ohmic resistance,
and the effective resistance, or impedance, will be different with different
frequencies. The resistor may then be unsatisfactory in application as
its impedance will not be constant with frequency.

When a length of wire is wound in turns about a central non-
magnetic core, a magnetic field is set up when current flows, and this
changes when the current changes. The coil thus exhibits inductive
reactance. This can only be reduced by reducing the magnetic field.

Adjacent turns, or adjacent sections of turns, of a resistor winding
may be regarded as the electrodes of a capacitor, the dielectric being
formed by the space, or insulation, between the turns. The winding
therefore exhibits capacitive reactance when the current changes and
is said to possess self-capacitance. This can be reduced by minimizing
the potential between adjacent turns and separating the turns as widely
as possible.

SECOND WINDING FIRST WINDING
WOUND IN /

OPPOSITE
DIRECTION TO
FIRST

THIN BAKELITE ‘
CARD FORMER —

TINNED COPPER
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The sketch shows the construction of a typical resistor with an
Ayrton-Perry winding, giving small inductance and capacitance. The
former consists of a thin bakelite card with tinned copper-wire terminals.
A single wire (eureka, nickel-chromium alloy, etc.) is wound so that the
space between the turns is equal to the diameter of the wire, or a little
more. A second wire is then wound in the opposite direction, in the
space between the first turns, so that the magnetic effects of the two
wires cancel out and the winding is almost non-inductive. The distri-
buted capacitance is also very small as adjacent turns are at nearly the
same potential. The single-layer winding, the low permittivity of the
bakelite former, and the use of bare wire, which has no high-permittivity
insulation, also contribute to low capacitance. The two windings are
soldered to the wire terminals and so the windings are in parallel from
the electrical point of view.

Thus, in general, the windings of non-reactive wire-wound resistors
are arranged in two equal parts, a “‘go” section and a ‘“‘return” section,
but no matter how this fundamental method is varied, there always
remains a small residual magnetic effect since the inductance can only
be made zero if the go and return sections coincide exactly, and this is
difficult to achieve in practice. The turns of each section are placed as
close as possible to minimize this effect, but this, in turn, increases the
self-capacitance. To reduce self-capacitance to a minimum, not only
must the potential difference between turns be as low as possible but the
turns should also be widely spaced and this conflicts with the
non-inductive requirement. It follows, therefore, that a satisfactory
resistor is a compromise between the effects of inductance and
capacitance.

The carbon-composition type of resistor is not of solenoid con-
struction and is thus non-inductive and non-capacitive for all practical
purposes. There is a small capacitance between the two end-caps,
which carry the wire terminals, but this is negligible. The carbon-film
resistor which has a spiralled groove simulating a single-layer coil intro-
duces a slight inductive and capacitive effect. This, however, is very
small as the simulated coil is of single layer, and the ‘“‘turns™ are few
and relatively widely spaced. Thus carbon resistors could be used for
non-inductive and non-capacitive applications in high-frequency work.

The power ratings of carbon resistors are usually small and the
resistance value is not always to close tolerances. Thus, in circumstances
where a relatively high power rating, or a close-tolerance resistance
value, or both, is required, the carbon resistor would not normally be
used, a suitable wire-wound type being preferred.

Question 27.

What do you understand by the following terms with respect to
resistors:
(a) Bifilar, (b) Ayrton-Perry, and (c) Fish-line ?

Explain in some detail, how each arrangement achieves its
purpose and comment on the relative efficiencies of the three arrange-
ments.

ANSWER. The three terms relate to methods of winding wire-wound
resistors to minimize reactance.
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An ideal resistor for high-frequency applications should be non-
reactive and thus present the same resistance at all frequencies. If the
resistor has inductance and capacitance, inductive and capacitive
reactances will exist in addition to the ohmic resistance and the effective
resistance (impedance) will be different at different frequencies. The
resistor may then be unsatisfactory in use.

If a length of wire is wound in turns, a magnetic field, similar to
that of a bar magnet, is set up when current flows. When the current
changes, the field changes and the coil exhibits inductive reactance. The
coil is said to possess self-inductance, which can be reduced by reducing
the magnetic field. This may be achieved by arranging for the field set
up by one conductor to be cancelled out by an opposing field set up by
an adjacent conductor.

Adjacent turns, or sections of turns, of a resistor may be regarded
as the electrodes of a capacitor, the dielectric being formed by the space
(or insulation) between turns. The winding exhibits capacitive reactance
when the current changes and is said to possess self-capacitance. This
can be reduced by minimizing the potential difference between adjacent
turns and separating the turns as widely as possible.

(a) Bifilar

The wire is bent sharply back on itself and the double wire is wound
on a former. This winding is virtually non-inductive since the magnetic
effects of the “go” and “‘return’ halves cancel out, but the distributed
capacitance is relatively high as adjacent turns are at a relatively high
potential difference.

(b) Ayrton-Perry

A single wire is wound, leaving space between turns a little more
than the diameter of the wire. A second wire is then wound in the space
between the first turns, in parallel with the first, but in the opposite
direction so that the magnetic effects of the two wires cancel out, the
resistor being almost non-inductive. The distributed capacitance is also
very low as adjacent turns are virtually at the same potential.

(¢) Fish-line

The wire is wound, in a single layer, around a silk cord with a
relatively large space between the turns. This coil is then space-wound
in a wide helix in grooves on a cylindrical former. The flux due to the
turns is in concentric opposition relative to the “core” of the helix. The
coil-turns on one side of the former thus magnetically phase-aid, and
those on the other side phase-oppose. The “core” flux due to the helix
and the resultant ‘“bar magnet” type field is virtually zero. The self-
capacitance is low due to the low potential difference, and the relatively
wide spacing, between adjacent coil-turns. While there is a relatively
large potential difference between the few turns of the helix, the capaci-
tive effect is negligible due to the wide spacing between these turns.

The basis of (@) and (b), and in part that of (¢), is to arrange the
winding in two equal parts, a “go’ and “return,” but no matter how
this fundamental method is varied, there always remains a small
residual magnetic effect since inductance can only be made zero if the
go and return sections coincide exactly. The turns of each section could
be placed in close proximity to achieve this, but this in turn would
introduce self-capacitance. To minimize self-capacitance, not only must
the potential difference between adjacent turns be as low as possible,
but the turns should also be widely spaced, which would increase the
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residual inductance. It follows, therefore, that no matter which winding
method is adopted, a satisfactory resistor for high frequencies is a
compromise between the effects of residual inductance and residual
capacitance.

In theory, while the Bifilar method could approach the ideal of
exact balance of go and return sections more than the other techniques,
in that the self-inductance is virtually zero, the self-capacitance is high.
In practice, the self-inductance would be much the same as the Ayrton-
Perry, which technique has the additional advantage of negligible self-
capacitance. The Fish-line technique has low self-inductance and low
self-capacitance, but, in theory, both these residual effects could be
made less by the Ayrton-Perry technique.

Question 28.

Describe any constructional features which may be adopted in the
design of a magnetic-core inductor to reduce the losses when the
inductor carries high-frequency currents.

ANsweR. The losses at high frequencies are as follows:

(i) Winding losses. These consist of the resistance of the winding and
eddy currents in winding and screens.

(i) Core losses. These consist of eddy currents flowing in the core
and hysteresis effects.

(iii) Dielectric losses. These are due to the self-capacitance of the
winding.

(i) Alternating current in a wire is accompanied by a changing
electromagnetic field which links the wire. The resultant induced e.m.f.
in the wire has the effect of causing the current to flow mainly near the
outer surface, thus effectively reducing the cross-sectional area and
increasing the resistance and the loss (skjn effect). This loss may be
reduced by increasing the effective surface area of the conductor by
stranding, or by the use of copper tube or strip.

Eddy currents are set up in adjacent turns and screens when a.c.
flows; these currents produce fields opposing that due to the current
in the inductor and thus reduce the inductance. This loss may be reduced
by stranding the conductor (insulated) and by mounting the inductor
as far as possible from other conducting bodies.

(i) The changing flux passing through the core produces eddy
currents in it; these currents set up fields opposing the field due to the
current in the winding and thus reduce the inductance. Core losses may
be reduced by using high electrical-resistivity cores obtained by sub-
dividing the core either by thin insulated laminations of high-permeability
alloy or by using iron in the form of dust contained in a moulded in-
sulating material.

Hysteresis in the core causes the magnetic flux to lag behind the
magnetizing force and causes a loss due to power being expended during
magnetization. This loss can be reduced by using low-hysteresis loss
magnetic material and by working at low flux densities.

(iif) Dielectric loss results from solid dielectrics being subjected to
alternating electric fields and power is dissipated in heat. This loss occurs
in the former and in the insulating material on the wire. The loss in the
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former is minimized by avoiding the use of high-permittivity materials.
The self-capacitance of the winding is effectively a shunt loss between
the turns and causes a dielectric loss. The methods of avoiding excessive
self-capacitance aim at minimum insulation on the wire and avoiding the
use of high-permittivity materials for such insulation, using air separation
where possible, and at reducing the stress on the dielectric by separating
parts of the coil at different potentials. Winding methods to obtain low
self-capacitance in this way are:

(a) Sectional winding. The turns are grouped into sections, each
consisting of several layers with a small number of turns per layer.

(b) Bank winding. Alternate turns are wound on the top of the
previous turn in a two-turn layer to ensure that the potential difference
between adjacent turns is small.

(¢) Spaced-layer winding. The turns of a multi-layer winding are
wound backwards and forwards in the usual way, but layers are separated
by air spaces.

(d) Basket winding. A single-layer winding in which adjacent turns
cross at an angle.

(e) Spider-web winding. A coil of one turn per layer is formed by
winding the wire in and out of a number of pins arranged radially in
one plane around a central boss.

(f) Honeycomb or wave-winding. A multi-layer coil is obtained in
which turns of one layer are separated by air spaces and the turns of
adjacent layers cross at an angle. The effect is produced by winding in
a zigzag manner from side to side of the winding surface.

Question 29.

What do you understand by the term “high stability” with respect to
capacitors ?

Sketch and describe the construction of a capacitor of the high
stability type. Give reasons for the choice of materials used and point
out the features in the construction which contribute to high stability.

The smoothing arrangements of a power unit utilize an electrolytic
capacitor of 40 microfarads. Why is the type you have described not
used for this purpose ? Give brief reasons for your answer.

AnNsweRr. High stability with respect to capacitors is the ability of a
capacitor to maintain its stated characteristics, in particular the capaci-
tance value and the maximum voltage, under storage or service con-
ditions. This implies that there should be small power loss, negligible
permanent change in this small loss, and thus negligible change in the
capacitance and permissible voltage.
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The silver-mica capacitor is a high-stability type. The sketch shows
a simplified cross-section of a typical construction. The details of con-
struction differ with different manufacturers. Mica is a most suitable
dielectric because of its very low loss, high-voltage rating, and high
stability over a wide range of frequencies and temperature. The electrodes
consist of films of silver, fired on to the mica plates. The films are close
grained, strongly adherent to the mica, and have accurately aligned areas
with sharp, well-defined edges. The mica plates are usually 0-001in.thick.
The capacitor may be single or multi-plate, and, when multi-plate, con-
sists of a carefully lined-up stack of silvered-mica blades. Alternate silver
electrodes are interconnected by silver-plated connecting tags on the
respective sides, as shown. These tags connect to the respective silver-
plated wire tags which form the two terminals of the capacitor. A thicker
mica end-plate (or plates) is used as a strengthening member. Mica is
used for these end plates as, particularly with smaller capacitance values,
an electrically inferior material affects the electrical properties of the
capacitor. The stack of mica blades is clamped and the fixings serve
to attach the wire tags. The assembled stack is vacuum impregnated
with a high melting-point wax, and is finally given a wax coating to pre-
vent ingress of moisture which would cause loss due to leakage currents.

In some capacitors, in addition to the normal mica blades, a modi-
fied blade, known as the grid plate, is included at one end of the stack to
permit the final capacitance value to be precisely adjusted. The silver
film on this grid plate is in the form of a number of arms and the precise
capacitance value is achieved by scraping across the arms, so reducing
the effective area of the electrode.

Mica is used for the diclectric because it has the following character-
istics:

(a) High permittivity with little change in value with life. The high
permittivity facilitates the construction of capacitors of small physical
size.

(b) High dielectric strength. This minimizes the danger of break-
down of the dielectric due to potential gradient across the capacitor.

(¢) High specific resistance. This minimizes leakage currents and
thus the losses.

(d) Low dielectric absorption. This minimizes reduction in
capacitance at high frequencies.

(e) Low electrical loss with negligible change in the loss with life.
This negligible change is due to mica being a chemically stable material.

(f) No discontinuities in the potential gradient, due to mica being
a homogeneous material. Non-homogeneous materials would contain
areas of different permittivities and as the potential gradient would be
greater acrpss a low permittivity area than across a higher permittivity
area, the low permittivity area would tend to breakdown.

Silver is used for the electrodes as it has very low specific resistance.
Resistance introduces a power loss in the capacitor and low resistance
minimizes this loss. The low specific resistance also permits the use of
small electrodes without introducing undue loss. Also, high-resistance
surface films, which would give a power loss, do not form on silver
under normal conditions.

Wax is used for the sealing and the outer covering, as, when applied
in the molten condition, it covers every part of the capacitor to exclude
air and moisture and thus protect it.
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High stability is ensured by the use of mica and silver for the reasons
stated above, and, in particular, because mica is a stable, electrically low-
loss material. The almost perfect contact obtained by depositing the
silver on to the mica, and the effective sealing by the wax, are features
which resist permanent change of the electrical characteristics and also
contribute to high stability.

It would be expensive to make a large capacitor by silvered-mica
construction and for this reason this type of capacitor would not be
used for power-unit smoothing. Also, silvered-mica construction gives
a close tolerance capacitor which is unnecessary for smoothing. Electro-
lytic capacitors give large wide-tolerance capacitance (which is adequate
for smoothing) in small volume, and require a polarizing voltage to
maintain the anode positive relative to the cathode, a condition which is
present in power-unit smoothing. These factors, combined with lower
cost for a given large capacitance, make electrolytic capacitors most
suitable for smoothing purposes.

Question 30.

Discuss briefly the factors which determine the choice of dielectric
in the electrolytic, fixed and variable types of capacitors used in a
radio receiver.

Quote typical capacitance values for (@) a preset trimming
capacitor as used in a tuned radio circuit, and (b) an electrolytic
capacitor. Mention two uses of an electrolytic capacitor.

What determines the shape of the plates required in a variable
tuning capacitor?

ANswER. The main factors which effect the choice of the dielectric in a
capacitor are its electric strength, which determines both its thickness
for a given working voltage and its size for a given capacitance, the
losses in the dielectric (e.g. absorption loss), and the cost. The choice of
the type of capacitor and dielectric is largely determined by the purpose
for which the capacitor is to be used in the receiver.

In electrolytic capacitors the dielectric is usually aluminium oxide,
the high permittivity and electric strength of which permits an extremely
thin film of oxide to be used. In this way high value capacitors of small
physical size can be made.

Ceramic dielectric is used in fixed capacitors of low capacitance.
This dielectric is chosen because of its very high electric strength and
permittivity which give low loss and high power ratings with compara-
tively small size. Fixed capacitors having larger values of capacitance
use paper and mica dielectric. In the paper-type, insulating paper is
impregnated with petroleum jelly or chlorinated napththalene which
gives fairly high loss and low voltage rating but is relatively cheap and
reliable for general use. Mica dielectric capacitors are relatively expensive
and are only used where low loss and high electric strength are important.

Small variable capacitors use ceramic dielectric for similar reasons
to those quoted above for the corresponding fixed type. Large variable
tuning capacitors use air as dielectric. The constructional features of
this type of capacitor are largely determined by their functional use,
and air, as well as having little or no dielectric loss, is a very convenient
form of dielectric.
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Typical capacitance ranges for a preset trimming capacitor as used
in a tuned radio circuit are 2-7pF and 15-50pF. The typical capacitance
range of electrolytic capacitors is 2-64uF but much larger values are
possible.

Possible uses of an electrolytic capactior are (i) to by-pass the
cathode bias resistor in an audio-frequency amplifier, (ii) to decouple an
audio-frequency stage in a radio receiver, (iii) as a reservoir or smoothing
capacitor in an a.c. power supply unit for a receiver and (iv) as the
coupling capacitor in a RC-coupled transistor amplifier.

In a variable tuning capacitor, the capacitance is proportional to the
area of the overlap of the fixed and moving plates and hence proportional
to the angle of rotation. The shape of the plates is determined by the
need to achieve linear calibration for the scale or dials in terms of
capacitance, wavelength or frequency. Thus in sketches (a), (b) and (c)
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the angle of rotation is directly proportional to the capacitance, wave-
length and frequency, respectively.

Question 31.

State, with regard to the dielectric of a capacitor:
(a) its purpose,
(b) the desired properties of the material, and
(c) how its dimensions influence capacitor performance.

Describe, in general terms, the construction of two capacitors
having different dielectric materials. Comment on why each dielectric
material has merit for the capacitors you describe.

Answer. (@). The dielectric, an insulator, enables the electric charge
to be stored. A displacement of electrons occurs in the dielectric due
to the two oppositely-charged electrodes producing an electric field in
the dielectric separating them.
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(b) The desired properties of a dielectric material are as follows:

(i) High permittivity with little change with life. This facilitates
the construction of capacitors of small physical size.

(&) High dielectric strength. This minimizes the danger of break-
down of the dielectric due to potential gradient across the capacitor.

(ii) High specific resistance. This minimizes leakage current and
losses.

(iv) Low dielectric absorption. This minimizes reduction in capaci-
tance at high frequencies.

(v) Low electrical loss with negligible change in loss as the material
ages.

(vi) The material should be homogeneous as non-homogeneous
materials would contain areas of different permittivities. The potential
gradient would be greater across a low permittivity area and this area
would tend to break down.

(¢) The capacitance value is proportional to the effective surface
area of the dielectric on contact with the electrodes. It is inversely pro-
portional to the distance of separation of the electrodes, and thus
to the thickness of the dielectric.

The silvered-mica and the foil-type dry-electrolytic capacitors will
be described.

In the silvered-mica capacitor, the electrodes consist of films of
silver deposited on the micas by firing. This process results in a capacitor
of high stability, producible to close limits of capacitance. The capacitor
may be single-plate or multi-plate; when multi-plate, it consists of a
lined-up stack of silvered-mica blades. Alternate silver electrodes are
interconnected by silver-plated connecting tags on respective sides. These
tags connect to the respective silver-plated wire tags which form the two
main terminals of the capacitor. The stack of mica blades is clamped,
and the fixings serve to attach the wire tags. Mica protection end-plates
ensure mechanical rigidity. The assembled stack is vaccum impreg-
nated in high-melting-point wax to prevent ingress of moisture and con-
sequent loss due to leakage currents. The wax coating forms the outer
covering of the capacitor.

Mica has merit in this type of capacitor for all the reasons stated as
desired properties in (b), and in particular because of its high permittivity
(6-7) and high stability.

In the foil-type dry-electrolytic capacitor, two strips of aluminium
foil are used. One, the positive, or anode, has a very thin film (a few
millionths of an inch) of aluminium oxide, the dielectric, formed on
both sides. The second foil is not formed and functions as the contact
electrode for the electrolyte cathode. The two foils are separated by
two layers of porous paper soaked with the electrolyte, which is usually
a mixture paste of glycol and ammonium tetraborate. This electrolyte
is the negative, or true, cathode. In addition to carrying the electrolyte
the paper also functions as a spacer to separate the anode and cathode
foils from direct contact. This assembly is rolled up and the ends closed
with wax, and then sealed into an aluminium container having a bakelite
end-disk carrying the external soldering tags. Tabs on the anode and
cathode foils are connected to the external soldering tags by aluminium
rivets.
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Aluminium oxide has merit as the dielectric in this type of capacitor
because it can be formed in an extremely thin film, and thus a large
capacitance can be obtained in a small volume capacitor.

Question 32.

Discuss the main differences in the constructional features of in-
ductors used in the audio and radio-frequency stages of a radio receiver.
A tuned circuit comprises an inductor and capacitor in series and
is tuned to a resonant frequency of 1 Mc/s.
If the value of the inductance is increased by 21 per cent, what is
then the frequency of resonance ?

Answer. The main differences in the constructional features of inductors
used in the audio-frequency and radio-frequency stages of a radio
receiver relate to the core, former and winding of the inductor.

The core of an audio-frequency inductor will be of magnetic
material, taking the form of either laminated iron, powdered iron or a
rod of the high-permeability material known as ferrite. For audio-
frequency inductors carrying d.c. an air-gap is usually included to prevent
magnetic saturation. Radio-frequency inductors usually have no core,
although in the lower regions of the h.f. band a ferrite rod may be used.

No special consideration is necessary for the formers of audio-
frequency inductors, other than low cost and physical strength, and
materials such as paxolin or resin-bonded hard-compressed paper may
be used. However, at high radio-frequencies, in order to reduce the
losses, it is necessary to use low-permittivity formers of materials such as
polythene and steatite.

The windings of audio-frequency inductors are usually made with
enamelled copper wire, the layers being separated by oil impregnated
paper. In large inductors the wire may be further insulated with silk or
cotton covering. The only important constructional feature is to ensure
that the thickness of the wire is sufficient to carry the required current
without overheating. High-frequency inductors have to be wound in
such a way that the self-capacitance and the high-frequency resistance
effect, known as “‘skin-effect™, are kept to a minimum. For this reason
enamelled copper wire is wound into the form of pies, as shown in
sketch (a), or the coil is wound as a long single-layer solenoid, as shown
in sketch (b). Litz wire would be preferred but solid copper is usually
used because it is cheaper.

FOR'4ER

COILS IN SERIES AIDING

TERMINAL TERMINAL

(a)
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In the numerical part of the question, the approximate frequency of

1 L. ..
resonance is given by f = M/__L—E’C/S’ where L is in henrys and C is in
"

farads.
Since Cremains constant and L increases by 21 per cent,

1

then f; = zﬂm, ¢}
1

and fo = i’ @

fi_ 2av/ICc 1 1

Dividi N by (1 == — —
1V1 lng() Y( ) f1 274/121LC A4/1-21 1-1

e S 10 —0-
= 11 Mc/s =0-909 Mc/s.
Therefore, the new resonance frequency is 0909 Mc/s, or the original

resonance frequency is reduced by a factor of 1-1.

Question 33.

Why are inductors sometimes iron-cored and sometimes air-cored?
Explain, in general terms, why different inductance values are likely
to result from two types.

Explain, with reference to that part of the construction of an
iron-cored inductor concerned with the magnetic path only, how good
performance may be obtained.

AnsweR. Inductance results when a magnetic flux links electrical con-
ductors. Circular lines of flux are produced when a current flows
through a straight conductor. This flux links adjacent conductors to give
inductance. The linkage is considerably increased when the conductor
is wound as a coil, but despite the increased flux linkage, the inductance
value is relatively small due to the small flux value, which, in turn, is
due to the low permeability of the air core.

When the coil is wound on an iron core, the flux, the flux linkage,
and thus the inductance value, are very much greater than those of an
air-cored inductor because of the very high magnetic permeability of
the iron.

Thus air-cored inductors give a relatively small and precise induct-
ance value. Iron-cored inductors give a relatively large inductance value
in a small volume.
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Both air-cored and iron-cored inductors give losses, the greater the
frequency the greater the loss. These losses arise from the self-capacitance
of the coil, the dielectric loss of any coil-supporting structure, the skin
effect and eddy-current losses of the winding, the ohmic resistance of
the winding, and the eddy-current and hysteresis losses in the core.

Air-cored inductors can be designed to give less total loss than iron-
cored inductors (e.g. the core losses do not arise). Thus air-cored in-
ductors are usually more suitable for very high frequency applications,
iron-cored inductors being used at low frequencies.

Good performance of the magnetic path of inductors is achieved by
high flux density for a given current and number of turns, with minimum
magnetic and power losses. The constructional features to achieve this
will depend upon particular inductors, but the following factors should
be taken into account.

(a) High flux density is achieved by:

(#) Using high permeability material.

(i) Minimizing air-gaps in the magnetic path, as the magnetic reluct-
ance of air is considerably greater than that of the magnetic metal parts.
Some inductors (carrying both d.c. and a.c. in the winding) include an

aiy—gap to prevent d.c. saturation. The air-gap should then be the
minimum consistent with the performance required from the inductor.

(iii) Keeping the length of the magnetic path short and the cross-
sectional area large for minimum total reluctance, as magnetic reluct-
ance is proportional to the length and inversely proportional to the
cross-sectional area of a magnetic part.

(iv) Winding the coil as closely as possible to the core to minimize
this air-gap and thus reduce the reluctance.

(b) Low loss is achieved by the following:

() Small eddy-current loss. These losses can be reduced by using
cores of high resistivity and by sub-dividing the core, either by using
laminations of high-permeability alloys (e.g. silicon steel, nickel-iron,
etc.), or by using compressed powder magnetic material (e.g. pow-
dered molybdenum alloy). The insulated sheets of the laminated core,
and the insulating binder of the powder core confine the eddy cur-
rents to separate paths, increase the electrical resistance and reduce the
eddy currents. On the other hand. these arrangements tend to reduce the
permeability and while this in turn reduces the eddy currents, it also re-
duces the inductance. Ferrite cores (oxides of iron, zinc and manganese)
are sometimes used to overcome this limitation. These cores have no
binding agent, nor air-gaps between particles, and for a given volume
contain more magnetic material than do cores of magnetic powder or
very thing laminations. Thus they have a high permeability and at the
same time a low eddy-current loss.

(i) Small hysteresis loss. By using low hysteresis-loss magnetic material
and, where possible, working at a low flux density, hysteresis losses
may be minimized.
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7—MICROPHONES, RECEIVERS AND LOUDSPEAKERS

Characteristics and performance of carbon, crystal and
moving-coil microphones. Moving-iron and moving-coil
loudspeakers and telephone receivers.

Question 34.

With the aid of a sketch, describe a moving-coil loudspeaker and
explain its operation. Why are baffle boards normally used with such
loudspeakers ?

An output tetrode valve is designed to work into an anode load of
5,000 ohms. What turns ratio is required in order to match a 3-ohm
moving-coil cone loudspeaker ?

ANswer. The construction of a moving-coil loudspeaker is shown in the
sketch. The moving (or speech) coil, which usually consists of a few
turns of a non-magnetic conductor wound on a light cylindrical former,
is suspended so that it can travel backw.:ds and forwards, but is not
capable of movement in any other direction. It lies in the field of a
permanent magnet, whose field is radial and therefore at right-angles to
the moving coil at every point, and is rigidly secured to a light cylindrical
cone, which is usually made of paper or treated linen. A flexible self-
centring device is attached to the apex of the cone.

PRESSED STEEL
OR CAST ALLOY / /
A »

——CENTRING DEVICE
— GAUZE PROTECTION

f——SPEECH COIL

L EXTENDED
PERMANENT POLE - PIECE
RING MAGNET

The moving coil, when carrying alternating current, is acted on by
an axial force (as determined by Fleming’s left-hand rule) varying in
accordance with the magnitude and duration of the currents. As a result,
the coil vibrates backwards and forwards in the air-gap, and these
vib;lations are directly transmitted to the cone which sets up sound waves
in the air.

A baffle is used because it is necessary to isolate the front of the
cone from the back to prevent the serious reduction of radiation which
would otherwise occur. For example, if no baffle was employed, when the
coil moves forward the compressed air at the front of the cone would
pass round to the rear of the cone, where the air is rarified, and so the
full effect of the sound would not be obtained.
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A transformer with a turns ratio of » will be required to match the
anode load of 5,000 ohms to a 3-ohm moving-coil cone loudspeaker,
number of turns in the primary winding
number of turns in the secondary winding

5,000
= 2V~ 4],
JE

Question 35.

Describe, with the aid of sketches, the construction and operation of:
(a) a moving-coil telephone receiver and (b) a moving-iron tele-
phone receiver.
Briefly explain the effect on the operation of each type if the
permanent magnet is removed.

wheren =

ANSWER. (a) Sketch (a) shows a cross-sectional view of a moving-coil
receiver. It consists of a powerful permanent magnet fitted with circular
pole pieces to produce a radial field across the air-gap occupied by the
moving-coil. The moving-coil, consisting of a large number of turns of
fine wire, is rigidly fixed to the diaphragm so that it moves axially be-
tween the circular pole-pieces. In operation, the signal from the trans-
mission line passes through the coil and sets up a magnetic field which
tends to move the coil relative to the permanent field, as in an electric
motor. This movement of the coil causes the diaphragm to move in
sympathy, so reproducing the original sound waves.

MOVING COIL (4 pHRAGM

@ PERMANENT MAGNET

If the permanent magnet were removed from the moving-coil
receiver it would cease to operate, because the operation of this type of
receiver depends upon the interaction of the permanent magnet and
the moving-coil fields.

SILK CLOTH
COVERING
HOLE

NICKEL - IRON-ce? SMALL HOLES
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(PERMENDUR)
DIAPHRAGM
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(b) Sketch (b) shows a cross-sectional view of a modern moving-iron
telephone receiver. The polarizing magnet is a powerful permanent
magnet of 33 per cent cobalt steel. It carries two soft-iron pole pieces
upon each of which is fitted a coil wound with many turns of fine gauge
copper wire, the two coils being connected in series (aiding). A circular
diaphraghm made of stalloy, a silicon-iron alloy, is rigidly clamped
around its periphery between the moulded plastic earcap and the metal
case of the receiver. The latter is made of a non-magnetic material,
usually aluminium. The size of the air-gap between the normal position
of the diaphragm and the pole faces is usually about 0-01 in. In the
operation of the receiver the signal from the transmission line passes
through the pair of coils and produces small changes in the intensity of
the much larger steady magnetic flux set up by the permanent magnet.
These changes cause the diaphragm to move in sympathy with the signal
and the corresponding vibrations of the diaphragm create the sound
waves which are received by the listener.

If the permanent magnet were removed from the moving-iron
receiver, frequency doubling would result, because the diaphragm would
make one complete vibration for each half-cycle of the alternating
current in the coil. The sensitivity of the receiver would also greatly
decrease.

Question 36.

Describe with the aid of diagrams the construction and method of
operation of a carbon-granule microphone. Explain clearly why a
direct current is essential to its operation.

ANSWER. A modern carbon-granule microphone is shown in the sketch.
Sound waves consist of alternate compressions and rarefactions in the air.

SPRING RING

BRASS GRANULE
CHAMBER

BREATHING
HOLE

220

o
Wi

MICA & SILK
WASHERS
ARBON ELECTRODES
?FACES POLISHED)

DIAPHRAGM
(ENAMELLED)

When a thin flexible diaphragm is placed in the path of such a train of
waves it vibrates under the stimulus of the varying air pressure, and
the frequency and amplitude of the waves is converted into vibrations of
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the diaphragm of corresponding frequency and amplitude, The dia-
phragm is arranged so that these movements alter the pressure on a small
quantity of carbon granules, thereby altering the electrical resistance of
the conducting path presented by the carbon granules. A unidirectional
current, which is passed through the carbon granules, then varies at a
rate corresponding to the frequency of the impressed sound wave, and
with a magnitude proportional to the amplitude of the waves.

If a direct current is passed continuously through the carbon
granules, the current will vary in sympathy with the sound waves; the
frequency of the sound creates the same frequency of current changes and
the loudness of the sound controls the magnitude of the variation. The
current nevertheless remains a direct current, which rises and falls in
value but never changes direction. It is equivalent to a direct current of
constant value with a superimposed alternating current whose frequency
and amplitude are controlled by the sounds. A transformer is used to
separate this alternating component and transmit it to the outgoing
transmission line, a battery being included in the local circuit to provide
the direct current. The transformer usually has a fairly high ratio of
secondary to primary turns to match the low-impedance transmitter to
the higher impedance of the outgoing line.

Let R ohms be the normal resistance of the quiescent transmitter
and its circuit,

I amperes be the steady d.c. produced in the circuit by a
battery of ¥V volts,
r be the reduction in resistance produced by a given sound
wave, and
i be the corresponding change produced in I.
Then, in the absence of sound, I = V/R.
When the sound deflects the diaphragm, a change of current 7 is
produced.

. 14
Therefore, I+ i = =7’

Hence,i = g~ R~ "R®=» 'R—+'
If r is small compared with R,
. r
i~1 E .
The amplitude of the a.c. component produced by a given sound
wave is therefore proportional to

(a) the quiescent d.c. in the circuit,

(b) the ratio of the change of carbon-granule resistance to the
resistance of the transmitter circuit and the quiescent transmitter.
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8—~TUNED CIRCUITS

Series and parallel tuned circuits; approximate frequency
of resonance (without derivation). Use in selection of
narrow bands centred on carriers of different frequencies.
Bandwidth, half-power (— 3db) points.

Question 37.

Explain what is meant by resonance in a tuned circuit.

A tuned circuit comprises an inductor and capacitor in series. The
inductor has a value of 50 microhenrys and the frequency of resonance
is 1,500 kcfs.

If the capacitance is increased by 100 picofarads, at what
Jfrequency does the circuit resonate ?

ANsSWER. A tuned circuit may be arranged either in the series form
shown in sketch (a) or the parallel form shown in sketch (5).

@ ®

In the series circuit, at frequencies below resonance the capacitive
reactance predominates and current 7, is very small. At frequencies above
resonance the inductive reactance predominates and current I, is again
small. At some intermediate frequency called the resonant frequency
the capacitive and inductive reactances are equal in magnitude but
opposite in sign and their effects cancel, so current 7, is limited only by
theresistance. Thus, at resonance the overall impedance becomes purely
resistive and has its minimum value, whilst the current has its maximum
value,

In the parallel circuit, the line current, I, divides between the in-
ductive and capacitive branches. At frequencies below resonance
I, > I, so that I is a relatively large lagging curren. At frequencies
above resonance o > I, so that I, again is relatively large, but now is a
leading current. At some intermediate frequency, called the resonant
frequency, I is exactly 180° out of phase with I, so that they nearly
cancel, leaving only a small in-phase residual current flowing from line.
Usually the resistance in the capacitive branch can be neglected, and the
line current at resonance is determined solely by the series resistance of
the coil.
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When the Q-factor of the coil is sufficiently high, the coil resistance
also can be ignored (so far as its effect on the resonant frequency is
concerned) and then the frequency of parallel resonance is determined
solely by the values of L and C and is equal to the series resonance
frequency for the same values of L and C.

1
For series reso =
nance, f = 5 Vic

C=—b (o= 24f)
1012
= @= X 15 % 109750 x 10° PF
= 225 pF.
The new value of C is therefore 325 pF.

1
274/50 X 10-° x 325 x 101 ©
=125 % 10° ¢/s
= 1-25 Mc/s.

/s

Thus, the new frequency =

Question 38.

Explain what is meant by “‘resonance” in a tuned circuit. Briefly
discuss the variation of impedance with frequency of a tuned circuit near

resonance.
An inductor is tuned to series resonance at 1,500 kc/s by a

capacitor of 1,600 pF. What is the new frequency of resonance if the
capacitance is increased by 4,025 pF ?

ANSWER. A tuned circuit may be arranged either in the series form shown
in sketch (a) or the parallel form shown in sketch (b).

L c
;" Lk %
@ ()

In the series circuit, the capacitive reactance is large at the
lower frequencies and decreases with increasing frequency. On the other
hand, the inductive reactance is low at the lower frequencies and in-
creases with an increase of frequency. At some intermediate frequency
capacitive and inductive reactances are equal in magnitude and since
they are opposite in sign the effective reactance of the circuit is zero.
The overall impedance of the circuit is, therefore, determined by the
resistive elements of the circuit and has its minimum value. This is
known as the condition of resonance of the tuned circuit and the fre-
quency at which it occurs is the resonant frequency.
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In the parallel case this is best considered by reference to the currents
flowing in the various parts of the circuit. The line current I divides
between the inductive and capacitive branches. At the lower frequencies,
because the capacitive reactance is larger, I;> I so that I is a relatively
large lagging current. At the higher frequencies, because the inductive
reactance is large, I, > I, so that I is again relatively large but is now a
leading current. At some intermediate frequency I, and I, are equal in
magnitude and being 180° out of phase they tend to cancel and leave a
small in-phase residual current flowing from the line due to the resistive
elements of the circuit. The overall impedance of the circuit, therefore,
becomes purely resistive and due to the configuration of the circuit has
its maximum value. This is known as the condition of resonance of the
tuned circuit and the frequency at which it occurs is the resonant fre-
quency.
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Sketches (¢) and (d) show the variation of impedance of a series-
tuned circuit and a parallel-tuned circuit, respectively, close to the
frequency of resonance. The slope of these impedance-frequency curves
on either side of the resonant frequency, f,, determines the ability of a
tuned circuit to select the desired signal at or near its frequency of reso-
nance and to discriminate against signals removed from its frequency of
resonance. This property is known as the selectivity of the circuit. The
use of either the series-tuned or parallel-tuned circuit for such discrimi-
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nation depends largely in practice upon the impedance of the source to
which the tuned circuit is connected.
For a series-tuned circuit, the frequency of resonance is given by:

1
f;‘ = ZWVE C/S,
where L is in henrys and C'is in farads.
In the question,
fir = 1,500 kcfs = 1,500 x 10%¢/s = 1 —
20/ L x 5
10¢

= e .o (@D
274/L x 1,600 S

When the capacitance is increased by 4,025 pF then C: becomes
1,600 + 4,025 = 5,625 pF.
_ 1 10
5,625 = 27 4/L X 5,625 .. @
27T/J L x —10—12-
Dividing equation (2) by equation (1),
10¢
__Jfa /T x 5625 /L X1,600
1,500 X 10° = ¢ T VL x5655°

274/L x 1,600

_ V1,600 _ 40

V5,625 157

1,500 x 10% x 40
S = —’——L,/S——— c/s.

1,500 x 40
= ——ﬁ——— kC/S,

= 800 kc/s.

Question 39.

The anode load of a radio-frequency amplifier consists of a parallel-
tuned circuit, the inductor of which has a value of 150 nH. Neglecting
circuit resistance, what value of capacitance will be required to tune
the circuit to a frequency of 1 Mc/[s?

Give a circuit diagram of such an amplifier with typical com-
ponent values.

State briefly your reasons for the type of valve chosen.

ANSWER. The impedance of the parallel-tuned circuit will be a maximum
at an angular frequency w, given by
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1
LC
where L = inductance in henrys
C = capacitance in farads.
The above formula neglects circuit losses.
Now, o = 27 X 10° rad/s
L = 150 x 10°® henrys.

1

w? =

@ X109 = 15 % 1o % ©
. C p— 1
T 150 x 107° X (27 X 109)2
169 x 10712 F

— 169 pF.

The circuit diagram of a typical amplifier is given in the sketch.
A pentode valve is used for the following reasons:

(i) No neutralization is necessary. The screen grid, being earthed
to r.f., acts as an efficient screen between the grid and anode. The grid—
anode capacitance is reduced to negligible proportions and feedback
between the input and output circuits is avoided.

0 luf 10,0000

HI-

(i) In general, a r.f. amplifier employing a pentode valve gives a
higher gain than one employing a triode valve.

(iii)) The high anode-slope resistance of a pentode results in a
selectivity curve approaching the impedance/frequency curve of the
tuned circuit.

Question 40.

If one section of a two-gang variable tuning capacitor is used to tune
the aerial circuit to the incoming signal, calculate the maximum and
minimum values of the capacitor required to cover the frequency range
500-1,500 ke/s when tuned with an inductance of 150 pH. Hence
write down the range of the second section required to tune the
frequency-changer oscillator over the range 1,000 kc/s to 2,000 kc/s,
if the same value of inductance is used to tune the oscillator circuit.
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ANswER. The resonant frequency, fo, of a tuned circuit having capacitance
C and inductance L, is given by
1

1 .
f = 2m/LC’ ie.C'= 4n*fo’L
Thus, to tune the signal circuit to resonance at 500 kc/s,
1
C = 47X (500 X 109 X 150 x 10~
= 678 pF.

With the inductance, L, constant,

farad

1 1
f;ocv,c::, OrCoC'f’—,.

This relationship may be used to calculate the capacitance required
for resonance at 1,500 kc/s and 2,000 kc/s in the following manner:
1

Capacitance at 1,500 kc/s = Capacitance at 500 kc/s X 15002
( 500
= Capacitance at 500 kc/s X 1/9

= 75-3 pF.
Capacitance at 1,000 kc/s = Capacitance at 500 kc/s X (IT!__OOO”
500

678
=g PF

= 169-5 pF.

Capacitance at 2,000 kc/s = Capacitance at 500 kc/s X —_( 5 0100) 5
500

678
=16 PF

= 42-5 pF.

Thus, the range of capacitance in the aerial circuit is, say, 70-700 pF,
and the range of oscillator capacitance is, say, 40-170 pF.

Question 41.
Explain, by reference to a frequency response curve, how a tuned
circuit may be used to provide selectivity in a radio frequency
amplifier.
The measured response of a parallel tuned circuit is as shown in
Table I
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Table 1.

Frequency in kc/s 245 | 246 | 248 | 249 | 250 | 251 | 252 | 254 | 255

Voltage 35| 551835 96100 | 96 |83-5| 55 35

Plot the response curve and use it to determine the bandwidth of
the tuned circuit at the half power (—3db) points.

Briefly comment on the suitability of such a circuit for use in a
medium-wave broadcast receiver.

ANswER. Two examples of the variation of impedance with frequency
for a parallel-tuned LC circuit are shown in sketch (a). These curves

———
IMPEDANCE

f, —FREQ

(a)

show that the impedance of a parallel-tuned LC circuit is a maximum
at the frequency of resonance, f,, and decreases in value on either side
of f,. This characteristic of a parallel-tuned LC circuit may be used in
a receiver by connecting such a circuit as the anode load in the radio
frequency amplifier stage of the receiver. Since the voltage amplification
factor of a radio frequency amplifier is almost directly proportional to
the value of its anode load impedance, a desired signal at the resonance
frequency of the anode load will be amplified more than undesired
signals received at frequencies off resonance. This property of the
tuned circuit, known as selectivity, is dependent upon the slope of the
curve on either side of the resonance frequency. Thus, referring to
sketch (a), curve A has a greater selectivity than curve B.

The response curve is given in sketch (b).
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VOLTS
/ \
AN A

‘

| - —1

! s \

| _/BANDWIDTH |45

]Z AT HALF \
POWER-POINT, g0

APPROX:6kc/s

244 246 248 250 252 254 256
—=kc/s
®)

The half-power (—3 db) point may be found by using the relation-
ship that

N = 10 logse L- decibels — 20 log % decibels.
P 2 Vl
For the half-power (—3 db) point,

2
Vi . =3 _ o
log 2 =30 = 0-15

Ve _ 4.

or log V. = 0-15.
V. .

= anti-log 0-15 = 1-413.

£

Since ¥, = 100 volts then V; = Tlg% = 70-7 volts.

Referring to the response curve, the bandwidth at a voltage of
70-7 volts is given by AB. This bandwidth = 6 kc/s.
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Alternatively:
Since Px V?
then Ve \/ P
1
Thus, 1f yuh —2—
then V‘ = -—— = 0-7071

\/—
sV =100 X O 7071 = 70-7 volts, as before.

In order to accommodate a reasonable number of radio broadcast
transmissions in the long and medium wavebands it has been agreed
internationally that the carrier frequency spacing shall be 9 kc/s. Hence,
the highest audio frequency transmitted is 4-5 kc/s; this gives
reasonable quality when music is broadcast. Since the response curve
shown in figure () only has a total bandwidth of 6 kc/s at the half-
power points, such a circuit would give rather poor quality reproduction
when used in a broadcast receiver, particularly for the reception of
music.
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9—THERMIONIC VALVES AND SEMICONDUCTOR
DEVICES

Characteristics and essential features of semiconductor
diodes and transistors, thermionic diodes, triodes,
tetrodes, beam tetrodes, and pentodes.

Question 42.

By reference to the formation of a potential barrier and to a current/
voltage characteristic explain the rectifying action of a p—n junction.

ANswer. If a crystal of n-type germanium and a crystal of p-type
germanium are joined, the junction is known as a p-n junction and has
properties which enable it to be used as a rectifier. In practice it is not
possible to join two separate germanium crystals and form a perfect
junction but it is possible to prepare a single crystal which has n-type
characteristics at one end and p-type characteristics at the other and
which behaves as a perfect junction.

"

I SN Y, |

P-TYPE
GERMANIUM

N-TYPE
GERMANIUM

o e e e o]

{

DEPLETION
LAYER
@

Sketch (a), which is for explanatory purposes only and should not
be taken as a sketch showing the construction of the device, shows a
p-n junction with n-type germanium on the left and p-type germanium
on the right. N-type germanium has an excess of electrons which act
as negative charge carriers and p-type germanium has an excess of
positive charge carriers known as “holes”. At the junction electrons
from the n-type material tend to move into the p-type area and ‘“holes™
from the p-type area into the n-type area. This movement of “holes”
and electrons across the p-n junction causes a thin layer known as the
depletion layer, to be set up which consists of n-type germanium
positively charged and p-type germanium negatively charged. This con-
dition is equivalent to a source of potential and may be represented by
an imaginary battery, E.

If now an actual battery is connected across the p-n junction in such
a direction that it assists the barrier potential the strengthening of the
barrier has the effect of increasing the junction resistance. However,
due to thermal agitation there is a flow of minority carriers which causes
a small reverse current to flow, and this remains relatively steady
until the breakdown voltage is reached. These conditions may be
represented by part OPQR of the graph in sketch (4). The reverse-
current scale is different from the forward-current scale in the graph.
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If the battery is connected across the junction to oppose the po-
tential barrier then the effective resistance of the junction is lowered
allowing a flow of majority carriers, which gives rise to a large current
flow. This condition is represented by OS of the graph in sketch (b).

When an alternating voltage is applied across such a junction,
current will flow during alternate half-cycles, resulting in a rectifying
action.

Question 43.

Measurements made on a triode valve are as follows:

Anode ‘ Anode Current (mA)

Volts |

V) | Vo=0V,=-1 V,=—11V,=—=3,V,==4|V,=—6
100 | 82 36 0-8 - = —
150 ' 152 7-6 2-4 0-4 — —
200 22-8 132 5.6 2:0 — —
250 | 32:0 20-0 100 5-0 2:0 —
300 — . 268 16+7 ‘ 9.0 4 04

Plot the mutual characteristics for V., = 200, 250 and 300 volts and
the anode characteristics for V, = 0, — 1 and —2 volts. Use these
curves to determine the mutual conductance, anode slope resistance
and the amplification factor of the valve over the straight part of
its characteristics.

ANSWER. The mutual and anode characteristics for the triode valve are
given in sketches (@) and (), respectively.
The mutual conductance, g, is defined as:
__ Change in anode current
" Change in grid voltage ’

the anode voltage remaining constant. From sketch (@) it is seen, when
the anode voltage is 250 volts, that a change in grid voltage from A to
B causes the anode current to change from B to C.

(20 — 15)mA ~ 5mA
(1-5 — 1-:0) volts — 0-5 volts

Hence, gn = = 10 mA/volt.
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The anode slope resistance, r,, is defined as;
- Change in anode voltage
Change in anode current’
the grid voltage remaining constant. From sketch (b) it is seen, when the
grid voltage is — 1 volt, that an increase in anode voltage from E to F
causes the anode current to change from F to G.
(270 — 215) volts _ 55 volts
(225 — 15) mA 7-5 x 10 amp
The amplification factor, u is defined as:
__ Change in anode voltage
¥ = "Change in grid voltage ’
for the same change in anode current. From sketch () it is seen that a
change in anode current CP is produced by a change in anode voltage
from 250 to 200 volts or by a change in grid voltage of QP.
(250 — 200) volts _ 50

Hence, v = (7765 = T-0)volts — 065 _ L=

Hence, r, = = 7,340 ohms,

Question 44.

Sketch sets of characteristics curves for the following:

(a) 1, against V, for various values of V. for a triode valve.

(b) 1, against V, for various values of V, for a pentode valve.

(c) I. against V., for various values of I, for a transistor in the
common emitter connexion.

(d) 1, against I, for a given value of V, for a transistor in the
common-base connexion.

State what information may be derived from the slope of the
straight portion of each of these curves.

ANsweR. The curves showing the required characteristics are given in
sketches (a), (b), (c) and (d).

Vg (VOLTS)

@
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(a) The curves shown in sketch (@) are known as the triode mutual
characteristics. The slope of the straight portion of these curves deter-
mines the control which the grid has on the anode current. This control
is usually quoted in milliamperes of anode current change for one volt
change in grid potential and is called the mutual conductance of the
valve.

¥5=250VOLTS

300 \z -2 5VOLTS
x

100

0 200 400 600
Vg (VOLTS)

(b

(b) The curves shown in sketch (b) are known as the pentode anode
characteristics. The slope of the straight portion of the curves gives the
control which the anode potential has on the anode current for the
particular values of control and screen grid potential. This slope is called
the anode conductance but its reciprocal, the anode a.c. resistance of
the valve, is more widely used.

(mA)
-8

i

v (VOLTS)

©

o (¢) The curves shown in sketch (c) are known as the output character-
istics for the transistor in the common-emitter connexion. Just as in (b),
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the reciprocal of the slope of the straight portion of these curves gives a
resistance. This resistance is the effective internal resistance of the tran-
sistor when it is acting as a source of a.c. supply to a load circuit.

IC
(mA}
-8 Vo= - 45 VOLTS
-4
v -4 T8
1o {mA)
@

(d) The curve shown in sketch (d) is known as the transfer character-
istic for the transistor in the common-base connexion. The slope of this
line indicates the current-gain factor of the transistor.

Question 45.

Discuss the shortcomings of triode valves and explain why pentode
valves are commonly preferred to triodes in the high-frequency sections
of medium -wave radio receivers.

ANsweR. The principal difficulty of radio-frequency amplification by
means of triodes arises from the capacitance that exists between the
control grid and the anode, and which becomes of increasing importance
at the higher frequencies. As a result of this inter-electrode capacitance,
which may amount to several picofarads, the valve input impedance
becomes to some extent dependent on anode-load impedances. Thus, at
frequencies at which the anode-load impedance becomes inductive,
positive feedback of energy from the anode to the grid circuit may take
place. When this positive feedback becomes sufficient it will cause the
stage to oscillate. Alternatively, the load impedance may become capa-
citive, resulting in negative feedback of energy from anode to grid with
a tendency to suppress the input signal.

There are three principal reasons why pentode valves are preferred
to triodes in"the high-frequency sections of medium-wave radio receivers,
qamely, better stability, increased amplification anc improved selec-
tivity.

The cause and effect of instability has already been referred to
above. Pentode and tetrode valves each have a screening grid, located
between the control grid and anode, which is effectively at earth potential
to the signal frequencies. This additional grid reduces the control-grid-
anode capacitance, so greatly reducing the unwanted coupling and im-
proving the stability of an amplifier using such valves.
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Pentode valves commonly have much higher amplification factors
than triode valves and this factor, coupled with the improved stability
possible with amplifiers employing pentode valves, enables an increased
amplification to be achieved.

Finally, the anode impedance of a pentode valve used in the high-
frequency section of an amplifier is much higher than that of a triode
valve. Since this anode impedance is effectively in parallel with the
tuned-anode circuit of the amplifier then it follows that the pentode
valve will have far less effect in reducing the selectivity of the tuned-
anode circuit than would a triode valve.

Question 46.

The data given in Tables A and B refer to a transistor in the common-
emitter configuration.

Table A
Collector voltage | [ ‘ ' i
2 -2 -4 | -6 }—8 - 10
 Base ‘ ? f
current —64 —-7° —76,6 —82. —88
" — 120p4 |
Collector ‘} i
current Base :
I, current =~ — 44 —48 —52 — 56 — 60
(mA) — 80u4 ‘ J
Base . !
current —22 —24:—-26, —28 —30
— 40pA4 ‘
Table B
Collector voltage V. = — 45V
Base |
current I, 0 —5 — 10 - 15 — 20
() J
Collector !
current I, | — 0:15| — 045) — 075 — 11 — 14
(mA) !
Use the data in Table A to plot the collector voltage/collector current
characteristics for Iy = —40, —80 and —120 pA, and from the
characteristic I, = —80 uA deduce the output resistance of the tran-
sistor. Use the data in Table B to plot the collector current/base
current characteristic for V. = —4'5 volts and from the graph

deduce the current gain.
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ANSWER. (a) The output characteristics for the base current, I, = 40,
80 and 120 uA4 are given in sketch (a).

The output resistance of the transistor may be found from the
reciprocal of the slope of the straight portion of the characteristic for
I, = 80 pA. Thus, between points A and B,

Change in V.
Changeinl, ’
(100—-—2)v. 8 x 10°

“6—4HmA 16
= 5,000 ohms.

Output resistance =

ohms,

-10
Tp= —1204A

-8 " !
Ih= ~B0NA

A
COLLECTOR — /'{

CURRENT,I¢ i

(mA) =" I S

-4 4.

-6

Ib=-_:(_)pA

-2

M -2 -4 -6 -8 -io -12
COLLECTOR VOLTAGE, Ve (VOLTS)

@

(b) The transfer characteristic (i.e. the collector current/base current
relation) for ¥, = —4-5 voltsis given in sketch ().

e 1
Vo= =45 vou/c

W

-10
COLLECTOR /
CURRENT, I¢
(ma)
-0'5 / e

- -10 -5 ~20
BASE CURRENT,1,(pA)

®

The current gain of the transistor may be found from the slope of
the straight portion of this characteristic.

o
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Thus, between points C and D,

Changein I,
Change in Iy’
(14 — 045y mA

= e L —

(20 — 5) pnd

_ 095 x 100,
=5 = 63-3,

The current gain =

Question 47.

Outline the functions of the electrodes in a triode valve when used
as an amplifier and explain the process of amplification. Define the
terms “mutual conductance” and ““anode a.c. resistance.”

Derive an expression for the amplification of a single-stage triode
valve amplifier with resistance as anode load.

ANswezR. The triode valve, shown in sketch (a), has a cathode, a grid

@

ANODE

HEATER CATHODE

and an anode as its three electrodes, with a heater wire within the
cathode and insulated from it. The whole is contained in an evacuated
glass bulb. The oxide-coated cathode is maintained at a temperature of
about 1,000°K by the heater and emits copious supplies of electrons.
These, being negatively charged, are attracted to the surrounding anode
which is maintained at a positive potential relative to the cathode. The
anode is connected back to the cathode via the external anode load
circuit. The grid is an open spiral of wire coaxial with the cathode and
situated in the space between it and the anode. Any potential applied
to the grid will affect the electrons passing from cathode to anode, and
provided this potential is negative and relatively small it will hinder
electrons, without collecting them, in proportion to its potential.
Variations of grid-cathode voltage will, therefore, appear as similar
variations in the number of electrons passing from cathode to anode, i.e.
as anode current variations. As the anode current can be made fairly
large, a considerable a.c. voltage can be developed across an anode
load by a small alternating grid-cathode potential. The valve, therefore,

amplifies.
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The anode-current/grid-voltage curve for the triode, sketch (b),
shows how the amplification can be found from the valve characteristic.

T

>

<
()]

When ¥, varies from a to b around a mean value of grid voltage,
¢, the anode current varies from A to B around C. Typical values might
require ab to be a 2-volt swing for an anode current swing of 20 mA ina
load of 5,000 ohms. The output signal is, therefore, 100 volts for an
input signal of 2 volts.

Mutual conductance is a measure of the amplifying property of the
valve. It is the anode current change (in mA) for a one volt swing of the
grid voltage.

31,
..Mutual conductance gn = ’~ mA per volt when the anode

voltage is held constant. 3V,

The anode a.c. resistance is the apparent internal resistance of the
valve between cathode and anode and is given by

3V,
Ta =3 A ohms,

The simple amplifier circuit of sketch (¢) may be represented by the
equivalent circuit of sketch (d). The grid generator, E,, in sketch (c)
becomes pE,, in sketch (d) where p is the amplification factor of the
valve.

& ° ]
£ HEg EER'“ Your
(©) @)

r. = anode a.c. resistance of valve, R; = load resistance,
p = rs X Zm.
If I be the r.m.s. value of the alternating current round the circuit
of sketch (d) and if E,, be the aiternating voltage on the grid then
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_ #Ea
I - ta + RL ’
_ _ . J"EaRL
V = Qutput Voltage = IR, = r R
. . . - Z . #RL
. Voltage amplication = E TE R

Question 48.

Describe, with sketches, the construction of either a beam tetrode
valve suitable for use in the output stage of a domestic radio receiver,
or a junction transistor suitable for use in a low-power audio amplifier.

Say what materials are used for the various parts and sketch a
typical family of characteristic curves for the device you have
described.

ANSWER. Beam Tetrode Valve. Sketch (a) shows the constructional

24 "
TR N

i o |
famas
T

(@)

features of a beam tetrode valve. The cathode comprises a nickel tube coat-
ed with a rare-earth oxide or mixture of oxides. This is heated by a heater
wire inserted within the cathode tube and insulated from it by means of
an aluminium oxide. Surrounding the cathode is the control grid, which
may consist of any type of open-mesh structure which provides holes of
ample size for the passage of electrons and which, at the same time, has
an influence on the electrostatic field near the cathode. Commonly, it
consists of a coil of fine molybdenum wire with widely spaced turns,
attached to nickel support wires. A second, or screen, grid surrounds the
first, and is of similar construction; its function is to reduce the anode
control-grid capacitance. Surrounding this is the anode, which is a
cylinder or similarly shaped structure of molybdenum.

The electron stream from the cathode to the anode is in the form of a
flat beam. This is achieved by a combination of suitably placed deflect-
ing electrodes, sometimes called beam-forming plates, which are main-
tained at cathode potential, and the alignment of the control-grid and
screen-grid wires. This causes the electron beam to be focused at a point
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between the screen and anode so that secondary-emission electrons are
repelled back to the anode.
The whole structure is mounted inside an evacuated glass envelope.
A typical family of characteristic curves is given in sketch ().

Vg=0
100+
Vg=-5
Ta (mA) Vg =-10
!
/,/’- vg .
- e Vg =-20
e Ng = =25
0 300
vg (voLts)
®
METAL COVER
—_
SEMI- CONDUCTOR DEVICE
NICKEL CONNECTING
WIRES
BASE
GLASS-METAL SEALS EMITTER COLLECTOR
JUNCTION JUNCTION
J INDIUM PELLET . ‘ INDIUM PELLET
METAL BASE
B NICKEL CONNECTING WIRES
©) @

Junction Transistor. Sketch (¢) shows the constructional features of
a typical junction transistor as used in a low-power audio amplifier.
The semiconductor device is soldered to nickel connecting wires which, in
turn, are spot-welded to the support wires. These are taken through glass-
metal seals in the glass plug of the metal base of the transistor capsule.
The semiconductor is protected by the metal cover which is cold-
welded to the flange on the capsule base. An enlarged view of the semi-
conductor device is given in sketch (d). The base consists of a square or
circular slice of n-type germanium which is pure germanium doped with
a small amount of arsenic or antimony. The emitter and collector
consists of layers of p-type germanium formed by the alloying of indium
on to the germanium. The case is usually filled with dry air.
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-ioF Ip = ~M40uA

: Iy = -120pA
e®n) | / Iy = ~100A
F / Ip = ~80uA
L / Ip = -40pA
Iy = ~20¢A

— Ip = OpA
-8

ve (voLTS)
(@

A typical family of output-characteristic curves is given in sketch (e).
These static characteristic curves show the variation of output current
with output voltage for a series of fixed input currents for a transistor
used in the common-emitter configuration. Particular attention is
drawn to the signs of the scales.

Question 49.

By reference to a sketch, explain the purpose of each of the three
grids in a pentode valve.

Briefly discuss the reasons for using pentode valves rather than
triode valves in the high-frequency stages of medium-wave radio
receivers.

AnsweR. The electrode structure of an indirectly heated pentode valve
HEATER
CATHODE

CONTROL GRID

- A ~
I e == -0
z';,,”‘: i :"b ANODE
‘t—‘ Lcird :«l’l
> =5 >3
~ i)
it Y o el SCREEN-GRID
1 —’hl ;
i F—Hr—
i i SUPRESSOR GRID

is shown in the sketch. Closely surrounding the cathode is the control
grid which may consist of any type of open-mesh structure made of
nickel or molybdenum wire. Because of its closeness to the cathode, any
changes in the potential of the control grid are able to control the anode
current. The measure of such control is called the mutual conductance
of the valve. A second, or screen grid, surrounds the first and is of
similar construction. This screen grid is earthed via a capacitor and is
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given a positive potential by connecting it, usually via a resistor, to the
h.t. line. Its function is to minimize feedback from anode to grid circuits
via the inter-electrode capacitance of the valve. The third, or suppressor
grid, is a wide-mesh grid of similar construction to the control and
screen grids. It is usually connected internally to the cathode electrode
and is thereby effectively biased to prevent the interchange of secondary
emission electrons between the screen grid and anode.

There are three principal reasons why pentode valves are commonly
preferred to triodes in the high-frequency sections of medium-wave radio
receivers, namely better stability, increased amplification and improved
selectivity.

The principal difficulty of radio-frequency amplification by means of
triodes arises from the capacitance that exists between control grid and
anode. As aresult of this inter-electrode capacitance, which may amount
to several picofarads, the valve input impedance becomes to some extent
dependent on the anode load impedance. Thus, at frequencies at which
the anode load impedance becomes inductive, positive feed-back of
energy from anode to grid circuit may take place causing the stage
ultimately to oscillate. Alternatively, with a capacitive load impedance,
negative feed-back of energy may result with a tendency to suppress the
input signal. Pentode valves, by having a screening grid located between
the control grid and anode, effectively reduce the control grid-to-anode
capacitance, so greatly reducing the unwanted coupling and improving-
the stability of an amplifier using such valves.

Pentode valves commonly have much higher amplification factors
than triode valves and this fact, coupled with the improved stability
possible with amplifiers employing pentode valves, enables an increased
amplification to be achieved.

Finally, the anode impedance of a pentode valve used in the high-
frequency section of an amplifier is much higher than that of an equiva-
lent triode valve. Since this anode impedance is effectively in parallel
with the tuned anode circuit of the amplifier it follows that the pentode
will have far less effect in reducing the selectivity of the tuned anode
circuit than would a triode valve.

Question 50.

Explain the following terms with reference to sketches of typical
I./V,and L]V, curves for a thermionic triode valve:

(a) the anode slope resistance (anode a.c. resistance),
(b) the mutual conductance,

(¢) the amplification factor.

Draw the circuit of a single valve amplifier with a resistance as
anode load. Derive an expression for the voltage amplification of this
stage, and hence show why this is less than the amplification factor
of the valve.

Answer. If in a thermionic triode valve the grid-cathode potential
difference is denoted by V,, the anode-cathode potential difference by
V, and the anode—cathode current by I, the following definitions can be
written down in terms of small changes, denoted by 8, in V, Vs, L.
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(a) Anode slope resistance, r,, = 88 1. for a fixed grid voltage V,,

)
(b) Mutual conductance, gm, 3{, for a fixed anode voltage V,,
g
. . _ 8V,
(¢) Amplification factor, 1, =57 v where ¥V, produces a given

small change in I,, with ¥, constant and ¥, produces the same change
in I, with V, constant.

Typical families of I,/ V, and I,/ V, curves for a triode are shown in
sketches (a) and ().
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The 1,/V, curves are almost straight over much of their length, so
that, given a fixed value of grid voltage, the anode-current change is
proportional to the anode-voltage change producing it. In sketch (@)
this means that QN/PN is constant. The inverse of this, PN/QN, has
the dimensions of resistance, i.e. voltage — current, and is known as
the anode slope resistance, r,.

The I,/V, curves are also straight over most of their length, V,
being negative. The ratio BE/AE = L/V, is the gradient of the curve
for a given anode voltage. This is the mutual conductance, g...

The amplication factor (r), defined as in (¢), can be written as
follows:

Ve _ Ve O,
3V, o, 5V,

= anode slope resistance X mutual conductance

or b =1Ts X Enm.

The simplest basic circuit of a single-valve triode amplifier is given
in sketch {(c¢). Let R be the anode load resistance and r, the anode slope
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resistance of the valve. Then the change of the anode current I, due to
an alteration in the grid voltage E, will be

ouTPUT

©
I = change of anode voltage produced by E,

"~ the total resistance of the anode circuit
— sE,
R+ r,

The change in voltage across the load R ohms, i.e. output voltage

Vo, due to a change in voltage E, between the grid and cathode is
LR.

Vi =LR= R%‘
The voltage amplification
_ Output voltage acrossload R _ Viur
Irput voltage grid-cathode E,
— PR
R+r~
Now, since (R + r,) must always exceed R, the voltage amplifica-

tion R'fr must always be less than g, the amplification factor of

the valve.

Question 51.

For a transistor used in the common-emitter configuration the relation-
ships between collector current and collector voltage, with various
fixed values of base current, are given in the table.

Collector Current (mA)
Collector
Voltage Base Base Base Base Base
(volts) Current Current Current Current Current
—30pd | —50pd | —T70pd | —90pAd | —110 pA4
-2 -0-9 —1-55 —2-2 —2-85 —3-55
—4 -0:92 —1-65 —2:4 —3:05 -377
—6 -0-95 —1-77 —2-55 —3-25 —4-0
—8 —098 —1-9 —275 —3-5 —4-2
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Draw the static characteristics of the transistor and use these to

determine the current gain when the collector voltage is — 5 volts.

The transistor is to be used as a common-emitter amplifier with
a load resistor of 1,800 ohms, and collector battery voltage of —9
volts. Draw the load line and use this to find the base current for

a collector voltage of —

ANswer, The sketch shows the static characteristics of the transistor,

plotted from the data given.

4 volts.

_s r
I LOAD LINE
Ry=1800 OHMS
6"“) % 1 |l e-HOuA
- T~y —__,__-/
N~ /____,,.__——-—-Ib'%}ﬂ
- N4 o7 Ok
fee—iTp-T O
__________><——“"
-2 lTp=-50uA
- \
\ib"w
) =] -2 -3 -4 -5 T3 -7 -8 N
ve (voLTs)

The current gain of the transistor is given by :

o = §_I_¢_7_
YA
AtV.= — Svolts;whenlz = — 70pA,Io =2-46 mA;
and when Iz = — 50 pud, Io = 1-7T2 mA.
. . (246 —1-72) x 10°*
S Gain = =50y X 10
_ 074 x10*
= oxioe =3

When the load is 1,800 ohms and the collector current is zero, the
voltage at the collector will be —9 volts. When all of the battery voltage

is dropped across the load the collector current will be %LOT = 5SmA.

Using these two points the load line may be drawn, as shown on the

sketch.

For a collector voltage of —4 volts, the base current will be that

corresponding to point A on the load line, i.e. Iz = — 82 nA.
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10—AMPLIFIERS

Descriptive treatment of Class-A, Class-B and Class-C
operation of simple tuned transistor and valve amplifiers.
The principle of operation of simple resistance-loaded
small-signal transistor and valve amplifiers. Use of load
lines. Simple equivalent circuits. Factors affecting stage
amplification. Qualitative consideration of the effect
upon frequency response of the interstage couplings,

and of the input impedance of the subsequent stage.

Question 52.

Characteristics of a junction transistor are given in the following table :

Collector volts Collector current (I, mA)
.‘)
Ib=0 Ib=40[LA Ib"=80}LA
1-0 0-20 1-90 37
4-0 0-30 2-05 4-0
70 0-40 2-20 4-3

The transistor is connected in a common emitter with a collector
load of 1,500 ohms, a supply voltage of 6 volts and a d.c. bias of

40 microamperes.

Plot the characteristics and draw the appropriate load line. Calcu-

late the power dissipated in the transistor.

What will be the total voltage swing at the collector for an a.c.

input signal current of 40 microamperes peak in the base?

Answer. The collector-current/collector-voltage characteristics are

plotted in sketch (a).

COLLECTOR
CURRENT

)

0 H 2 3 4 5 K ¢ 7
COLLECTOR VOLTAGE (VOLTS)

@
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The basic circuit of a common, i.e. grounded, emitter transitor
stage is shown in sketch (b), with a load resistance of 1,500 ohms.
The value of resistor R, would be chosen to give the desired bias current,
and with this arrangement only one battery is needed to operate the
circuit.

i
LOAD 00 '
i

BIAS S, RESISTOR bsmq
RESISTORS™® L

—f—

l——————o

OuTPUT

(b)

The load line is a straight line with a gradient which is the inverse of
the collector-load resistance, and passes through points that represent
the extreme working conditions. Thus, at the point B, where the poten-
tial of the collector with respect to the emitter is the same as the battery
voltage, there can be no voltage drop in the collector load, and, therefore,
at this point the collector current is zero. The voltage and current co-
ordinates of the point B are thus 6 volt, 0 mA. When the load current is
the greatest possible, i.e. so that all the battery voltage is dropped across
the collector load, the collector-emitter voltage is zero. The collector
current is thus 6/1,500 = 4 mA. Hence, point A has the co-ordinates 0
volt, 4 mA. Then AB is the load line for a resistive collector load of 1,500
ohms, since its inverse slope is given by

6/(4 x 10%) = 1,500 ohms.

The quiescent working point is at D, where the load line cuts the
40 pA characteristic. 'When an input signal of 40 pA peak current is
applied, the peak-to-peak input signal will be 80 pA and the current in the
base will vary between 0 and 80 xA. The working condition is up-and-
down the load line centred about D, and the extremes of the working
range for a 1,500-ohm collector load will be at F and G, where F and G
are the points at which the load line cuts the characteristic curves for
base currents of 80 and 0 xA, respectively. The limits of collector-emitter
voltage swing will be the points H and K, the abscissae of F and G. The
peak-to-peak collector—emitter voltage excursion, HK, is then 4-9 volts.

When the quiescent condition pertains, the base current is 40 pA
and the power taken from the battery is dissipated in the 1,500-ohm load
and the transistor. This corresponds to the steady state at point D in
sketch (a). At D, the collector current is 2-05 mA, which is therefore the
;:urgent drawn from the battery and also the current in the 1,500-ohm
oad.

The power supplied by the battery = 1 X V=205 x 6,
= 12-3 milliwatts.
The power dissipated as heat in the 1,500 ohm load
= (2-05)% x 10¢ x 1,500 watts,
= 6-3 milliwatts,
Therefore, the power dissipated in the transistor itself
= 12-3 — 6°3 = 6-0 milliwatts.
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Question 53.

A single-valve triode amplifier has a resistive anode load. Explain
how the anode-current/anode-volts, (I,]V,) characteristics of the
valve can be used to calculate the voltage amplification of the stage.

The characteristics of a particular triode are given in the follow-

ing table:
Gt : “ea | e
Anode current
1, milliamps 40 54 62 70|30 45 49 54| 27 34 36
Anode volts
V., 40 90 150 250 | 75 150 200 300; 100 200 300

This triode is to operate from a 350-volt anode supply with a grid
bias of —4-4 volts. From your curves determine the value of anode
load resistance that will give as high a gain as possible consistent with
low distortion, when the value of the grid is + 4-4 volts peak-to-peak.

Answer. The anode-current/anode-voltage characteristics of a triode
valve consist of a family of curves, each of which is drawn for a constant
value of grid-cathode voltage. A swing in grid voltage can therefore be
represented by a line drawn across the family to cut the curves which
represent the desired grid-voltage limits. Such a line is called a load line,
because its gradient (given by L,/ V,) is the inverse of the resistance in the
anode circuit of the valve. (This assumes a load which is purely resistive
in the anode circuit.)

The conditions of operation for a given anode load resistance are
given by the points at which the line of appropriate slope resistance cuts
the curves of the anode-current/anode-voltage family at the limits of the
grid-voltage swing. The amplification is then the ratio of the change of
anode voltage caused by the applied grid-voltage swing. For freedom
from distortion it is necessary that the anode-voltage changes on each
side of the value corresponding to the mean of the grid-voltage swing
should be equal. The mean value of the grid voltage is the grid-bias
voltage required.

The load line can be drawn as described below.

When a cut-off voltage is applied to the grid, I, = 0. There will be
zero voltage drop in the anode load and so the full h.t. voltage will
appear at the anode. This fixes point T in the sketch.

If now the anode load resistance is known, a line can be drawn
through this point T with an inverse gradient equal to the anode load
resistance. If it is not known in value a gradient must be chosen which
satisfies the specified condition. In the given problem, the intercepts
AC and CB must be as nearly equal as possible and yet such as to give
the best amplification, measured by the grid-voltage swing AB divided
into the resulting anode-voltage swing EG. In using the method care
must be taken to measure the intercepts on their correct scales.
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The sketch shows the conditions for the problem. T is fixed at 350
volts, and the line TP is drawn by swinging a straight edge around T

/8
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0 300 350 400

until the intercepts AC and CB appear to be equal. This equality ensures
minimum distortion because it leads to equality of the anode-voltage
swings EF and FG on each side if the quiescent point F. The grid bias of
—4-4 volts is at C, which is the member- of the family drawn for this
value of grid voltage.

By measurement, the anode load = 1/slope of PT

— OT/PO = 350 >;01,000
= 5,000 ohms.

Question 54.

An audio-frequency amplifier uses a triode valve with an anode-slope
resistance of 10,000 ohms and an amplification factor of 50. What
value of anode load resistor will be required to give a voltage amplifica-
tion of 40 times.

If the direct current taken by the valve is 5 mA, what should be
the power rating of the anode load resistor?

. . _ mRg
ANSWER. Voltage gain of amplifier = R+’

where ¢ = amplification factor of valve
r. = anode-slope resistance
R; = anode load resistance.

. 50 X Rg
Hence 40 = R, ¥ 10,000
. 50
C. R+ 10,000 -—2‘(‘) X Rz
—~ 125 Ry

o 025 R; = 10,000
.. Rz = 40,000 ohms.
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Power dissipated in anode load

= (d.c. anode current), X R,

= (5 x 107%)? x 40,000

= 25 x 107¢ x 4 x 10* = 1 watt.
.. Power rating of anode load resistor = 1 watt.

Question 55.

With the aid of sketches describe any one type of tranmsistor, and
explain briefly why it can act as an amplifier.

Give a circuit of a single-stage amplifier using a transistor.

What effect has temperature change on the operation of such an
amplifier?

ANsweR. The type of transistor likely to be most generally used is the
junction transistor. This is a later development than the point-contact
transistor which was the original semiconductor triode.

A thin plate of n-type germanium forms the base on which the
transistor is built. Two pellets of indium are attached on opposite sides
of the germanium and opposite each other, as shown in sketch (a). The
plate is then heated until the indium and germanium alloy, the indium
migrating part way into the german-
ium. The heating process is stopped
before the alloy regions from each side i
quite meet inside the plate of german- GERMANIUM
ium. When the assembly is cooled, the
whole forms a continuous wafer of INDIUM INDIVM
n-type germanium sandwiched be-
tween the regions of p-type germanium. EMITTER COLLECTOR
The central region is known as the N-TYPE GERMANIUM
base, one of the added regions is the
emitter and the other is the collector.

The whole is mounted in a her- (@)
metically-sealed capsule from which
the three connecting wires emerge. The semiconductor pellet measures
only a few millimetres in each dimension, the completely-sealed unit
being of the order of 1 cm long.

Germanium is a semiconductor, its resistance to current depending
upon the nature of the impurities in the crystal. Conduction in normal
metals is by the passage of the free electrons which occur in molecules,
and if the impurity in the germanium produces n-type conductivity
there will be enough free electrons for these to become the majority
carriers. If a p-type impurity is present in the germanium, electrons will
be missing from some molecules, leaving holes. These holes are mobile
but, because they represent the absence of negative charges, are equivalent
to positive charges and appear as a positive current.. According to the
impurities in the germanium the predominating current can be electrons
giving n-type conductivity, or holes, giving p-type.

In a p-n—p junction transistor, the collector electrode is biased with
respect to the base so as to repel electrons approaching from the base,
the only collector current then being that corresponding to the few resi-
dual holes in the n-type germanium. These not only pass through the
collector barrier but are even assisted on their way from base to collector.
This current is the collector back-leakage current.

BASE
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If now the emitter is biased with respect to the base in the direction
of easy current flow, the current from the emitter into the base consists
mainly of holes. These holes will diffuse across the base region to the
collector which is biased to repel electrons but attract holes.

Under ideal conditions, the whole of the emitter current would pass
through the base to the collector. Only a very small voltage (e.g. 0-1 volt)
across the base—collector junction is required to collect all the available
holes from the base region. Increasing this voltage results in only a small
increase in current. The output impedance of the transistor is therefore
high. On the other hand, the emitter-base junction is biased in the direc-
tion of easy current flow and the input impedance is therefore low.

There are three basic circuits in which the transistor can be connected
as an amplifier; grounded emitter, grounded collector and grounded base.
The grounded-base configuration is shown in sketch (b). If an input

QUTPUT

-0

()]

current of say, 1 mA is sent into the emitter, then about 0-95 mA will
appear at the collector, and the remaining 0-05 mA will go through to the
base. The input circuit is of low impedance and a potential difference
between the emitter and base of about 0-1 volt will produce this input
current, Since the collector potential will be about —5 volts, the power
in the collector circuit has been increased by 0:95 X 5 = 4-5mW. As the
input power was 0-1 x 1 == 0-1 mW, the gain in power is 45.

Transistors are sensitive to temperature because they depend on a
balance of electron and hole movements which are also temperature
dependent. The temperature must not be allowed to rise beyond about
70°F for operation to continue satisfactorily.

Question 56.

Draw the equivalent circuit diagram for the resistance-capacitance-
coupled audio-frequency amplifier shown in Fig. 1 at low, middle and

high frequencies.
HT+
| S—
ﬁ_ﬂ v2
p
R4 3;
o~
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Use these diagrams to explain the gain[frequency characteristics
of such an amplifier. Show that at middle frequencies the gain is
dependent upon the parallel combination of R2 and R4.

ANSWER. The equivalent circuit diagrams for the resistance-capacitance-
coupled audio-frequency amplifiers at low, middle and high frequencies

€3
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are given in sketches (a), (b) and (c), respectively. In these circuits it is
assumed that valve V1 has an anode slope resistance equal to R, and an
amplification factor equal to p.

At the low frequencies, sketch (a), the shunt capacitance effects of
the valves and wiring may be neglected. The effect of the coupling capac-
tor C3 is, however, not negligible compared with resistor R4, and its
impedance increases with decrease of frequency. Thus, the voltage ap-
plied to the grid of valve V2 decreases with decrease of frequency, and
this accounts for the fall of gain at the low-frequency end of the range in
the gain/frequency curve shown in sketch (d).

AA

100

VOLTAGE 80
AMPLIFICATION

60

40

20

10 30 100 300 1000 300C 10000 30000
FREQUENCY ( ¢/s) TO LOG SCALE

(d)

Over the middle frequencies, sketch (b), the shun‘ing capacitances
have little effect and the coupling capacitor, C3, has negligible reactance
in comparison with the resistance of resistor R4, Hence, over this range
of frequencies the gain is substantially constant, as shown in sketch (d).

At high frequencies, sketch (c¢), the reactance of capacitor C3 is
negligible compared with the resistance of resistor R4, but the output
capacitance of valve V1 plus the input capacitance of valve V2 and the
wiring capacitances between valves V1 and V2 all add up to give an
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overall effective shunting capacitance Cs. The effect of this capacitance
becomes greater as the frequency is increased (i.e. the capacitive reactance
decreases with increase of frequency) and, hence, the gain of the amplifier
will decrease as the frequency is increased.

From sketch (b), it may be seen that the effective anode load, R,
of valve V1 at the middle frequencies consists of resistors R2 and R4
connected in parallel,

_RR..
1.e. RL = _R—_g ¥ R¢ .

Hence, sketch (b) may be redrawn as shown in sketch (e).
R,R,.
Rs + R,

Thus, Vw; = P'Vin ——m)

R+R TR

R2R4
o Ve R, + R,
and the gain == V. —HF T  R.R

Re+ R+ R,

Question 57.

Draw the circuit diagram of a two-stage RC-coupled audio-frequency
amplifier using transistors. Show typical values for the components
and suitable bias and stabilization arrangements.

What factors influence the frequency response of the amplifier
you have described?

ANswEeR. The sketch shows the circuit diagram of a two-stage RC-
coupled audio-frequency amplifier using transistors in the common-
emitter arrangement. The first stage is biased and d.c. stabilized by the
potential-divider resistors, R1 and R2, and the emitter resistor, R4.
Resistors R5, R6, and R8 perform similar functions for the second stage.

fe . 0

INPUT OQUTPUT

_ﬁv
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Typical components values are:

C1, C3, C5 10 uF, electrolytic R3, R5 3,900 ohms
C2,C4 100 uF, electrolytic R4, RS 1,200 ohms
R1 56,000 ohms R7 1,000 ohms
R2, R6 10,000 ohms

As the input impedance of common-emitter transistor stages is
comparatively low, the low-frequency response is largely determined by
the value of the coupling capacitors C1 and C3. Common values for
these capacitors are between 10 and 25 »F in order to give, at a frequency
of 50¢/s, a reactance comparablewith theinput resistance of the next stage,
thereby reducing the approximate current loss to a tolerable 3 db, at
this frequency.

The response at the higher audio frequencies is largely determined
by the self-capacitance of the transistor and the transit time of the
majority carriers. These factors are usually incorporated in what is re-
ferred to as the cut-off frequency response of the transistor. This is the
frequency at which the current gain is reduced by 3 db relative to the
gain at the medium audio frequencies.

Question 58.

Draw simple circuit diagrams for single-stage transistor amplifiers
with resistive input and output terminations, using:

(@) the common-base connexion

(b) the common-emitter connexion.

What is the relationship between the current gains of the transis-
tor in common-base and common-emitter connexion?

How is the operating temperature likely to affect the gain of a
transistor amplifier?

ANSWER. A transistor can be connected as an amplifier in three ways,
depending on which electrode is made common to the input and output
circuits.

e_c
.
N
A QUTPUT
INPUT T ie " b @ R
iy N
[ it . ke . ©
(@)

(a) The common-base or grounded-base connexion, which cor-
responds to the earthed-grid circuit in a thermionic-valve amplifier, is
shown in sketch (@). The input-signal current flows between the emitter,
¢, and common base, b, the emitter being biased positively with respect
to the base. The output current flows from the collector, ¢, through the
load resistor, R, back to the battery and the common base. The input re-
sistance of the transistor in the common-base circuit is low, of the order
of 100 ohms. The output impedance of the transistor is then high, e.g.
over 100,000 ohms. The output impedance of the complete circuit is
therefore virtually given by the value of resistor R.

The current gain, «, for small signals in the common-base circuit
is equal to the ratio of the alternating collector current to the alternating
emitter current; thus, « = i./i..
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The value of « is always less than unity, a typical figure being 0-98.
Ideally, all the emitter current would travel on to the collector, which
would give a current gain of unity. But some of the minority carriers,
during their passage from the emitter to the collector, are lost in the
base region due to re-combination with majority carriers. The circuit
can, however, give appreciable power gain because the resistance in
which the alternating current flows from the collector is very much
greater than that in which the alternating emitter current flows. The
power output is, of course, drawn from the batteries, the current in each
being almost the same in the simple circuit of sketch (a)

QUTPUT
INPUT

(®)

(b) The common-emitter or grounded-emitter circuit is shown in
sketch (b). This is the most used form of amplifier circuit because it
gives the greatest power gain obtainable from the possible transistor
configurations. The input impedance of the transistor in this circuit is of
the order of 1,000 ohms or more. The output impedance of the transistor
is likely to be of the order of 25,000 to 50,000 ohms so that the value of
resistor R can provide effective control of the output impedance of the
circuit. The base is biased a few volts negative with respect to the emitter,
and the emitter is biased a few volts positive with respect to the collector.

The current gain, «’, for small signals is equal to the ratio of the
a}terna}mg collector current to the alternating base current; thus
o = 1./1ls

Since, by Kirchoff’s laws, the current flowing into the transistor
must equal the current flowing out, so the alternating base current is
equal to the difference between the collector and emitter alternating
currents, giving

iy = iy — fe.

But 7, has been shown to equal «i,, 80 by substitution

h=06L0—a
and o’ = i Ji, (1 — &) = /(1 — a).

For a typical transistor in which « = 0-98, the current gain in
common-emitter connexion is thus
« = 0:98/0-02 = 49.

The gain of a grounded-base transistor amplifier is likely to remain
substantially constant at temperatures up to 50°C and to fall rapidly as
the temperature rises above this. In contrast, the gain of a grounded-
emitter amplifier, while remaining fairly constant up to 50°C, will in-
crease somewhat at higher temperatures, until the transistor becomes
hot enough to be damaged by the internal temperature rise.
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Question 59.

Draw the equivalent circuit diagrams for the choke-capacitor coupled
audio-frequency amplifier shown in Fig. 1 dat low, middle and high
frequencies.

ol
i L
¢
o—fb— \l vz
Wy

R2S C2m

Fig. 1

By reference to gain-frequency response curves, briefly discuss the
relative advantages and disadvantages of (a) resistor-capacitor, (b)
transformer, and (c) choke-capacitance, coupled audio-frequency
thermionic amplifiers.

ANsSwWER. The equivalent circuit diagrams for the choke-capacitance,
coupled audio-frequency amplifier at low, middle and high frequencies
are given in sketches (a), (b) and (c), respectively. In these circuits it is
assumed that valve V1 has an anode slope resistance, R,, and an ampli-
fication factor p.

it

Lt R3
Heg

(a@)

At low frequencies the shunt-capacitance effects of the valves and
wiring may be neglected. The reactance of the coupling capacitor C3 is
not, however, negligible compared with resistor R3 and increases with
decrease of frequency. This effect combined with the small value of the
reactance of the choke at low frequencies causes a falling-off in the gain
of this type of amplifier at low audio frequencies.

—0

)
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Over the middle frequencies the stray shunt capacitances still have
little effect and the coupling capacitor C3 has negligible reactance in
comparison with resistor R3. Hence, over this range of frequencies the
gain has its optimum value and is substantially constant.

8 R3 Cs'L
Feg .l-

©

At high frequencies the reactance of capacitor C3 is still negligible
compared with resistor R3 but the output capacity of valve V1 plus the
input of valve V2 and the wiring capacitances between valves V1 and V2 all
add up to give an overall effective shunting capacitance C, whose effect
becomes greater as the frequency is increased. Hence, the gain of the
amplifier decreases at the higher audio frequencies.

Sketch (d) gives the gain-frequency response of resistance-capacitor,
transformer and choke-capacitance coupled amplifiers.

VOLTAGE
AMPLIFICATION

FREQUENCY (c/s)

G

At the low-frequency end, the gain of the choke-capacitor coupled
amplifier tends to fall off earlier than in the RC-coupled amplifier. This
is because the reduction in the reactance of the choke occurs before the
reduction of the gain due to the coupling capacitor. On the other hand,
the transformer-coupled amplifier can be arranged to give a slightly
better performance than the other two types of coupling at the low-
frequency end.

At the high-frequency end the shunt-capacitance effect causes the
gain of the choke-capacitor coupled amplifier to fall off earlier than in the
case of the RC-coupled amplifier. In the transformer-coupled amplifier
the shunt capacitance produces a series-resonance effect, giving rise to
the undesirable peak in the gain-frequency characteristic.

Question 60.

Describe briefly, with reference to circuit diagrams, two methods of
interstage coupling used in audio-frequency amplifiers. Sketch typical
gain/frequency characteristics for each type, and explain why a
logarithmic frequency scale is normally used for this purpose.
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AnNswEeR. Sketch (a) gives the circuit diagram- of a resistor-capacitor-
coupled audio-frequency amplifier.

APPLIED
AF
SIGNAL

HT ~

Capacitor Cl1 isolates the valve grid from any d.c. voltages which
may be associated with the a.f. input signal. The network C1, R1 acts as
a potential divider, and to avoid a loss of signal the a.f. reactance of C1
should be small compared with the resistance of R1; similar remarks
apply to C4, RS. Further, the network C4, R5 which shunts the audio
load resistor R3 should have a large impedance compared with R3 in
order to avoid loss of gain. Grid-bias voltage is supplied by resistor R2
and is applied to the grid by resistor R1. The capacitor C3 acts as the
bias decoupling capacitor and prevents an a.f. voltage being developed
across R2, which would result in the gain of the amplifier being reduced.
Resistor R3 is the anode load which, in association with the coupling
capacitor C4, gives this type of amplifier its name. Resistor R4 and
capacitor C2 act as a decoupling network to by-pass the a.f. component
of the anode-current to earth, so preventing it from flowing through the
h.t. supply and thereby causing instability.

Sketch (b) gives the circuit diagram of a transformer-coupled audio-
frequency amplifier. Grid bias voltage is supplied by resistor R1. The
capacitor C1 acts as the bias decoupling capacitor and prevents an a.f.

HT +

AFPPLIED
AF
SIGNAL

(®)

voltage being developed across R1, which would reduce the gain of the
amplifier. The step-up transformer, T, acts as the load impedance of the
valve V1 and provides an amplified voltage at the grid of valve V2.
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Sketch (c¢) gives a typical gain-frequency characteristic for a
resistor-capacitor-coupled amplifier. The notable features of this curve
are the substantially constant amplification over a wide range of fre-
quencies and the fairly rapid fall away at both the very low and very high
frequencies.

Sketch (d) gives a typical gain/frequency characteristic for a trans-
former-coupled audio-frequency amplifier. The notable features of this
curve are the relatively constant amplification over the middle range of
frequencies, a falling off at low frequencies similar to that for the resistor-
capacitor coupled amplifier but a much steeper cut-off at the high fre-
quency end, following a slight rise.

VOLTAGE VOLTAGE
AMPLIFICATION AMPLIFICATION

1 i i
0 100 1000 Q000 [ 00 1000 10000
FREQUENCY (c/s) FREQUENCY (c'/s)
(© @)

The frequency scales used in sketches (c) and (d) are set out on a
logarithmic basis, that is to say, the distance between two frequencies
on that scale does not depend on the number of cycles separating them
but on the ratio of the frequencies, i.e. the space between 10 and 100 ¢/s
is the same as that between 100 and 1,000 c/s. This system is normally
used because the ear appreciates relative frequencies in a similar manner,
i.e. it appreciates a similar interval between each note and its octave.

Question 61.

For each of the two circuit diagrams given, draw an equivalent circuit
diagram.

In Fig. 1, which single component could be modified in value to
reduce the gain at low frequencies relative to the gain at higher
Jfrequencies?

HT.

R4 R Your
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ANsweR. In order to draw the equivalent diagram circuit of a triode-
valve circuit, the following procedure will be found helpful.

(i) Mark on the actual diagram circuit the grid (G), anode (A)
and cathode (K).

(ii ) Start the equivalent circuit diagram between A and K with a
resistor R, and a generator of potential —pe, i, where R, is the anode
slope resistance of the valve, p its amplification factor, and e, the
input voltage to the circuit measured between grid and cathode.

(iii) Complete the equivalent circuit diagram by transferring all
circuit elements from the actual to the equivalent circuits but omitting
the valve and all d.c. sources.

For the circuit diagram of Fig. 1, for frequencies at which capacitor
C1 has negligible reactance compared with that of resistor R3, e, is
equal to V.. The equivalent circuit therefore becomes as shown in
sketch (a).

o

AAAA
V

Yy

(@)

For the pentode valve (Fig. 2), R, > R, in normal circuits, and the
current-source equivalent circuit is usually more convenient. This is
drawn in a similar manner to that already described except that the valve
is replaced by a current generator which supplies a current gme,: in the
direction from anode to cathode within the valve, and with the anode
slope resistance placed across this generator’s terminals. The equivalent
diagram for Fig. 2 drawn in this way is shown in sketch (b). As before, it
is assumed that 1/wC1’<R3’.
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| i L.

R A2 c3
I Y R,

In Fig. 1 of the question, if capacitor C2 is made smaller in value, its
rising reactance at low frequencies would cause the voltage developed
across resistor R4to fall. Alternatively, if capacitor C1 is reduced in value,
the gain of the stage will be reduced as the frequency is reduced, because
of negative-feedback action.

ImYin

Question 62.

With the aid of diagrams showing suitable biasing arrangements,
briefly explain the three ways in which a junction transistor may be
connected in a small signal amplifier. Compare the current gain input
impedance and output impedance of the three circuit arrangements.

ANswEeR. There are three ways in which a transistor may be connected
in a circuit and they are usually described by naming that electrode
of the transistor which is common to both input and output circuits.
The three methods of connexion are known as common-base, common
emitter and common-collector.

Sketch (@) shows a p-n-—p transistor
connected with a common base and it can

be seen that the base connexion is common eyt OUTPUT
to both input and output circuits. The emitter

is biased positively with respect to the base, —o
which tends to reduce the effect of the emitter— =

base potential barrier, and the collector is @

biased negatively with respect to the base,
which tends to assist the base-collector potential barrier. The current
gain,
changeini,
@ =
changein i,
must be less than unity since the change in collector current is less than
the change in emitter current.
Sketch (b) shows a p-n-p transistor connected with a common
emitter and it can be seen that the emitter connexion is common to both
input and output circuits. The bias batteries again assist the base-

ouTPUT

INPUT by IHPUT oUTPUT

(®) (©
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collector potential barrier and reduce the effect of the emitter-base
potential barrier, A current gain may be obtained with this mode of
connexion.

Sketch (¢) shows a p-n-p transistor used with a common collector
and it can be seen that the collector connexion is common to both input
and output circuits. Again the bias batteries are connected to give the
correct voltage relationship between emitter and base, and base and
collector.

The current gain, input impedance and output impedance character-
istics of the three circuit arrangements are summarized in the table
given below.

Characteristic } Common-Base ! Common-Emitter Common-~Collector
High (Approxi-
Current Gain <1 (Typically 0-98) High (Typically 50) mately the same as
common-emitter
Input Impedance Low Medium High
Output Impedance High Medium Low

Question 63.

Explain the distinction between Class-B and Class-C operation of a
transmitter valve,

ANswER. Class-B operation of a transmitter valve is obtained when the

valve’s grid bias is adjusted approximately to the anode-current cut-off
point, as shown in sketch (4). Under this condition the valve passes

Ta
: 7 AJ\ !
! .iﬁ.m’ﬂ '
I
i
i
@

anode current only during the positive half-cycles of the alternating grid
voltage. The drive may or may not take the grid positive, according to
conditions; thus with audio-frequency amplificat.on the grid would prob-
ably not be driven positive but in this case a Class-B push-pull stage
would be used.

Class-C operation of a valve amplifier is obtained when the valve’s
grid-bias voltage is adjusted to a value usually two or three times greater
than the anode cut-off point, as shown in sketch (b). In this condition
the valve anode current flows in the form of pulses lasting less than half a
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cycle of the alternating grid voltage, about 120° being a typical value.
The drive voltage is generally much larger than that for Class-B operation
and in high-power stages grid current would flow.

Question 64.

A variable-mu pentode valve has a mutual characteristic expressed
by the figures given in the table.
The valve, whose anode slope resistance is 1 megohm, is used with
a 530 pH inductor, of Q-factor 300 in a 1 Mc/s tuned r.f. amplifier.
Draw the equivalent circuit, and calculate the stage gain for small
signals when the grid bias is (@) —2-5 volts and (b) —20 volts.

Grid volts | —25 ‘—20 )—15 1—10 \—7-5‘ -5 ;-2-5} 0

Anode
current 0-2 ' 0-5
(mA) |

1-0 1-8 1 2:6 I 4-0 62 | 104

ANswER. The equivalent circuit is 9meq
given in sketch (a). Note that the
shunt form of equivalent circuit is
used owing to the high internal im- Rq L c
pedance of the valve.

The effective impedance of the
{)uned circuit at resonance is given (a)
Yy

Z =QoL
= 300 X 27 X 10% x 530 x 10-¢
= 1 megohm.

With the tuned-circuit impedance Z in parallel with the 1 megohm
anode impedance the valve is therefore supplying current to a load of
0-5 megohms, i.e. Z,;; = 0-5 megohms.

The valve characteristic curve, plotted from the table of values, is
shown in sketch (). If tangents to this curve drawn at ¥, = —2:5 volts
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and ¥V, = —20 volts, the slope of these tangents gives the two values of

mutual conductance required, which are 1-2 and 0-07 mA/volt, respec-

tively.
The stage gain is given by

Vou _ 8megZey;

V(n - €y B

.. Gain at —2-5volts

1
600.

Gain at — 20 volts

Question 65.

= gnZeyy

-2 %X 05 x 108 x 10

0:07 X 0-5 x 10® x 10°*
35.

Explain, by reference to waveform diagrams, what is meant by (a)
Class A (b) Class B and (c) Class C operation in a tuned transistor or

valve amplifier.

tNPUT

H.T.

+— > ourpur




AMPLIFIERS 97

State the drawbacks of using a triode valve in the radio-frequency
amplifier circuit shown in Fig. 1. Draw an alternate circuit using a
pentode valve and briefly explain how this avoids these drawbacks.

ANSWER. Class A valve operation.

la
(mA) /
A1
\/ TIME—
i
n——vg
(@)
B
+
IQ
(ma)l,
-y, P
s N i oveLe
()

¥
¥

In Class A valve operation the operating point and the amplitude of
the input are so adjusted that anode current flows at all times during the
entire electrical cycle as shown in figure (a).

Class B valve operation

If the bias voltage is made such that anode current just ceases to
flow in the absence of an input signal the valve is said to be biased to
cut off. In this condition a sinusoidal input signal produces approxi-
mately half sine-wave anode current pulses and the valve is operating
in Class B. This type of operation is illustrated in figure ().

Class C valve operation
In this type of operation the valve is biased well beyond cut-off

and when a sinusoidal input of adequate amplitude is applied, the
anode current consists of a series of pulses each having a duration of
less than half a cycle. This type of operation is illustrated in figure (¢).
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The principal drawback of using a triode valve in a radio-frequency
amplifier circuit arises from the capacitance that exists between the
control grid and the anode. As a result of this inter-electrode capacit-
ance, which may amount to several picofarads, the valve input imped-
ance becomes to some extent dependent on the anode-load impedance.
Thus, at frequencies at which the anode-load impedance becomes
inductive, positive feed-back of energy from anode to grid circuit may
take place, causing the stage to oscillate. Alternatively, the load
impedance may become capacitive, resulting in negative feed-back of
energy from anode to grid, with a tendency to suppress the input
signal. Further drawbacks are the low amplification and poor selectivity
obtainable when using a triode in an r.f. amplifier.

+HTH

An alternative circuit, using a pentode valve is given in figure (d).
When using a pentode valve the cause and effect of the instability
referred to above is largely eliminated. This is effected by the screen
grid, located between the control grid and anode, which is effectively at
earth potential to the signal frequencies. This additional grid reduces
the control grid to anode capacitance, so greatly reducing the unwanted
coupling and improving the stability of an amplifier using a pentode
valve. Further, a pentode valve commonly has a much higher amplification
factor than a triode and this, coupled with the improved stability,
enables increased amplification to be obtained. Finally, the anode
impedance of a pentode valve used in the high-frequency section of an
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r.f. amplifier is much higher than in the corresponding case of a triode
valve. Since this anode impedance is effectively in parallel with the
tuned anode circuit of the amplifier it follows that the pentode valve
will have far less effect in reducing the selectivity of the tuned anode
circuit than in the case when using a triode valve.

Question 66.

Sketch a circuit and describe the operation of a two-stage RC-
coupled audio-frequency amplifier using transistors in the common-
emitter configuration.

State approximate values of the load resistors and coupling

capacitors.
Discuss any factors which affect the stage amplification.

ANswer. The sketch shows the circuit diagram of a two-stage RC-
coupled audio-frequency transistor amplifier using transistors in the
common-emitter configuration. The first stage is biased and d.c. stabil-
ized by the potential divider resistors, R1 and R2 and the emitter resistor,
R4. Resistors R5, R6 and R8 perform similar functions for the second

-6V
—o

rOUTPUT

INPUT

stage. For each stage, the base-emitter junction is biased in the forward
direction and the collector-base is biased in the reverse direction.
A signal applied to the input of the first stage will cause an increase in
the base current, resulting in an increase in the voltage across the
emitter-base junction and a corresponding change in the collector
current. The current gain of the common-emitter circuit is given by
, _ change in I,

* = Change in I,
and typical current gains of 30-50 are possible with this type of
configuration. This current gain represents a voltage gain when
considering the changing collector current passing through the output
resistor R3. This amplified signal voltage is passed via capacitor C3 to
the second stage of the amplifier where further amplification will take
place.
Common values for the coupling capacitors C3 and C5 are 10-
25uF while typical values for the load resistors R3 and R7 are 3,900
and 1,000 ohms, respectively.

The low frequency response is largely determined by the need to
match the low input resistance of the common-emitter transistor which
has a value of the order of 1,000 ohms. Hence, the values for C3 and CS,
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stated above, will give, at a frequency of 50 c/s, a reactance comparable
with the input resistance of the transistor. The response at the higher
audio frequencies is largely determined by the self-capacitance of the
transistor and the transit time of the majority carriers. These factors
are usually incorporated in what is referred to as the cut-off frequency
response of the transistor. This is the frequency at which the current
gain is reduced to 3 db relative to the gain at the medium audio

frequencies.

Question 67.

The data given in Table I refer to a transistor in the common emitter

configuration.
Table I
Collector Current (mA)
Collector
Volts Base Base Base Base
Current Current Current Current
—20pA —40pA —60pA —80pA
-3 —0-91 —1-6 —2-3 —-30
—5 —0-93 —1-7 —-2-5 —3-25
-7 —0-97 —1-85 —2-7 —3-55
—9 —1-0 —-2-05 -3-0 —4-05

Plot the collector voltage|collector current characteristics for base
currents of —20, —40, —60, and —80 uA, and use these charac-
teristic curves to determine (a) the current gain when the collector

voltage is —6 volts, (b) the output resistance of the transistor for

I, = —60 pA.

The transistor is to be used as a common-emitter amplifier with a

load resistor of 2,500 ohms and a collector battery voltage of — 10 volts.
Draw the load line and use this to find the base current for a collector

voltage of —5 volts.

ANswer. The output -characteristics
current) for base current I, = —20, —40, —60 and —80 pA are given

in the sketch.

The current gain =

change in I,
change in I,

For V. = —6 volts

. (34— 95 mA
Current gain, « = (80 =20) nA
2:45 s .
50 X 10° = 40-8

(collector voltage/collector

, V., constant
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The output resistance of the transistor may be found from the
reciprocal of the slope of the straight portion of the characteristic for
I, = —60 xA. Thus, between points A and B:
changein V. .

Output resistance = change in I,

_ 7 -5V _2x10® ohm
T R7—-25mA 02
= 10,000 ohms

When the load is 2,500 ohm, and the collector current is zero, the
voltage at the collector will be — 10 volts. When all the battery voltage is

dropped across the load the collector current will be s——— amp = —4mA.

2, 500
Using these two points the load line CD may be drawn as shown on the
sketch.

Using this load line the base current, when V. = 5 volts, is approxi-
mately —47 pA.
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11—OSCILLATORS

Descriptive treatment of simple triode-valve oscillators
with tuned circuit in anode or in grid. Simple mutual
‘nductance-coupled transistor oscillators.

Question 68.

Draw the circuit of an inductance-cap.citance valve oscillator for
use at 1,200 kc/s, indicating suitable v alues for the components.

Explain the purpose of the various components and the factors
which determine their values.

ANsweR. The sketch gives the circuit diagram of a tuned-anode oscil-
lator. The operation of the circuit can be explained as follows:

If the tuned circuit, L,C,, is given a pulse, for example, that furnished
by applying the anode voltage to the valve, it will be shock excited into
oscillation and energy will be transferred to and fro between the in-
ductor and capacitor. These oscillations would normally slowly decrease
in amplitude and eventually die out, due to losses in the coil and capaci-
tor. Energy is, however, supplied to the tuned circuit by the valve anode
current and the oscillations are thereby maintained. When the circuit is
oscillating a sinusoidal current, much larger than the anode current,
circulates in the anode-tuned circuit. As the anode inductor, L, is in-
ductively coupled to the grid inductor, L,, a voltage is induced in the
latter which is applied to the grid of the valve, and this can be made
adequate to maintain the anode current.

Grid bias is obtained from the d.c. voltage developed across the
capacitor, C,, as a result of the valve drawing grid current which flows
across resistor R,, and its value therefore is chosen so that its reactance
at the working frequency is small compared with that of R,. Suitable
v?)gxei: for oscillator frequency of 1,200 kc/s would be 2 megohms and
500 pF.

The frequency of oscillation is very nearly that of the tuned circuit
L.C, which is given by

1

f = VL, C,

where fis in ¢fs, L, is in henrys and C, is in farads. For 1,200 kc/s,
suitable values would be 300 pF for C, and 58-5 uH for L,.
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Question 69.

Draw the circuit of a simple medium-frequency LC oscillator using
either a transistor or a triode valve, and explain how its output may be
amplitude-modulated.

If such an oscillator has a fixed inductance of 60 microhenry and it
is required to tune over the band 1-2 Mc/s, calculate the range of the
variable capacitor to be used.

ANSWER. A circuit diagram of a medium-frequency LC Hartley-type
oscillator, using a transistor, is shown in sketch (a). The tuned circuit L1,

» +V

AMA
.
N
=
VWV
o
H-

ouTPUT

AAAA
V
=
™

(a)

L2, and C1, is connected in the collector circuit of the transistor,
VT. Oscillations are maintained by inductive coupling between L1 and
L2, and the feedback via C2 to the base circuit. Stabilization of the
d.c. operating point is provided by the potential divider circuit, R2
and R3, and the emitter resistor, R1.

C4
} RF
4 OUTPUT

LY

HT -

HT +

AUDIO INPUT

®

Sketch (b) is a circuit diagram of an anode-modulated radio-frequency
oscillator using a thermionic valve. The tuned circuit L1, C1 is connected
to the grid of the triode (b) valve V1, and oscillations are maintained
by inductive feedback from coil L2, coupled to coil L1. The grid
capacitor C2 and leak resistor R1 provide self-bias. The output is taken
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through an h.t. blocking capacitor, C4. The output is amplitude-modu-
lated by applying an audio-frequency signal to the primary of the audio
transformer T1, the secondary being connected in series with the h.t.
supply to the anode of V1. The radio-frequency choke L3 and coupling
capacitor C3 prevent radio-frequency currents entering the audio cir-
cuits; C5is an audio-frequency decoupling capacitor which keeps audio-
frequency currents out of the h.t. supply unit.

The output of such an oscillator may be amplitude modulated by
applying an audio-frequency signal in the base circuit by means of an
audio-frequency transformer.

The frequency of oscillation is very nearly that of the resonant
frequency of the tuned circuit, which is given by

1
f=% vLC’
where fis in ¢/s, L is in henrys and C is in farads.
Rearranging the above formula,

1
€= Zmip
1
C,atl Mc/s = 460 X 109 (1 X 10°° farads
102 F »
= Z= % 60 x 10¢ PF = 420 pF.
At 2 Mc/s, since C o —;? then,
1
C,at2 MC/S =420 X '(271—)2— = 105 pF.

The variable capacitor must therefore have a capacitance range of
105-420 pF.
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12—DETECTORS

Descriptive treatment of the detection of amplitude-
modulated waves by semiconductor and thermionic
devices.

Question 70.

Briefly explain why it is necessary to include a detector stage in a
receiver for amplitude-modulated signals.

Discuss the characteristics of thermionic and semiconductor
diodes which make them suitable for the detection of a.m. signals.

ANSWER. After amplification by the radio-frequency stages of a radio
receiver, an amplitude-modulated radio wave consists of a high-fre-
quency oscillatory current with the audio-frequency modulation im-
pressed upon it, If this current were applied directly to the headphones
or loudspeaker, no audible sound would result because:

(/) The relatively high inductance of the loudspeaker voice coil
and its high shunt stray capacitance would prevent the flow of sufficient
current in the voice coil for effective operation.

(if) Even if sufficient high-frequency current could be made to flow
through the voice coil the inertia of the coil and the cone would prevent
the loudspeaker from responding.

(iii) Even if radio-frequency sounds could be emitted by the loud-
speaker they would be above the range of frequencies that can be heard.

It is necessary, therefore, to provide a device that responds not to
the individual cycles of the radio-frequency oscillatory current but only
to changes in its amplitude. Such a device is called a detector and in
practice, detection of amplitude-modulated waves is usually achieved
by rectification of the modulated carrier wave. Such detectors are
described as envelope detectors, and should be distinguished from
synchronous detectors, which are used in certain types of line trans-
mission equipment.

Circuits employing thermionic and semiconductor diodes are
classed as linear detectors although with small signals this is not strictly
the case. Detection in both cases is effected by the uni-directional
properties of the devices.

The voltage/current characteristics of the thermionic diode and the
semiconductor diode are illustrated in sketches (@) and (b), respectively.

I I+
(ma) (ma)
TURNOVER
VOLTAGE
i
v- v+ V- v+
i
i
] 1
! Gun)

(a) (®)
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The relative merits of detector circuits may be assessed under four
headings:

(i) The degree of distortion introduced by the detector.

(i) The effect of the detector on the preceding circuit.

(iii) The ability of the detector to handle small signals.

(iv) The ability of the detector to handle large signals.

The thermionic diode can handle large signals with little distortion
but small signals tend to be distorted owing to the bottom-bend curva-
ture of the diode characteristic. Damping of the preceding circuit may
usually be avoided by careful choice of the load resistor.

Semiconductor diodes tend to introduce a greater degree of damp-
ing of the preceding circuit, but their extremely small self-capacitance
and their ability to work into low-resistance loads makes them superior to
thermionic diodes for certain applications. They also have advantages
where size, weight and absence of heater connexions are important con-
siderations.

Question 71.

Fig. 1 shows the circuit of a leaky-grid detector. By reference to an
amplitude-modulated signal applied to the input of the circuit,
explain the operation of the detector, mentioning particularly the
Junction of each of the lettered components.

QUTPUT

=]

ANsweR, Consider an unmodulated carrier-frequency applied to the
detector circuit. At the peak of each positive half-cycle a pulse of grid
current flows charging capacitor Cl to a voltage approximately equal to
the peak value of the input signal. During the remainder of each cycle
no grid current flows because the grid is negative with respect to the
cathode. Between charging pulses, capacitor Cl discharges through
resistor R at a rate dependent upon the time constant of the R, C1 com-
bination. If this time constant is large compared with the periodic time
of the carrier frequency then a d.c. voltage is developed across resistor R,
the grid being made negative with respect to the cathode.

If now, an amplitude-modulated carrier wave is applied to the
detector circuit, see sketch (a), the voltage drop across resistor R will vary
at the modulating frequency, providing the time constant of the R, C1
combination is comparable with the periodic time of the highest modulat-
ing frequency. Thus, the negative bias voltage on the grid of the valve
varies at the modulating frequency in the manner shown in sketch ().
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The actual voltage between the grid and cathode of the valve consists of
the input signal plus the voltage across resistor R and this may be seen
in the lower part of sketch (¢). The upper waveform in sketch (c¢) shows
the resultant vairation of anode current flowing through the anode load
resistor, R, the mean value of the anode current varying at the modulat-
ing frequency. This audio-frequency component is passed to the next
stage via capacitor C3 while the carrier-frequency component is by-
passed by capacitor C2.

Question 72.

Explain the meaning of the term “‘sideband” in connexion with an
amplitude-modulated wave.

Describe a simple way of demodulating such a modulated wave.
Hlustrate your answer with waveform diagrams.

ANSWER. When a carrier wave frequency f., is modulated by an audio-
frequency fa, the modulated output wave contains three components:

(a) the origiral carrier frequency, f.,
(b) the summation frequency (f. -+ f.) and
(¢) the difference frequency (f, — f).

This is illustrated in sketch (@) where the frequency scale is the
horizontal axis, the vertical axis being purely diagrammatic to represent
the presence of a wave. The sum and difference frequencies are known
as the side frequencies of the modulated wave. They are actually single
frequencies, and there would be no frequency components at all in the
gaps above and below the carrier. If the carrier were modulated with a
band of speech signals, however, the sum and difference signals would

[MODULATING owEn TRIER

SIGNAL SIDE SIDE
FREQUENCY | FREQUENCY

fm (1) fc (c+1y)  FREQUENCY

(a)
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themselves be bands of frequencies of the same width above and below
the carrier as the original modulating band of speech. These are known
as the sidebands, as shown in sketch (b).

With a modulating band of frequencies, the lower sideband is
“inverted” with respect to the original audio-frequency band, i.e. the
lowest frequency in the speech band is nearest to the carrier f, in both
the upper and lower sidebands.

To demodulate a modulated wave it is necessary to use a circuit
that will respond only to the frequency of the original modulating signal,
which is usually at an audio-frequency, while eliminating the high-
frequency carrier wave.

o
RE 3 AUDIC
INPUT TC' &1 suteuT

©

For this purpose, a rectifier is used, the simplest form being a single
diode rectifier circuit as shown in sketch (¢). The diode valve, V1,
connects one side of the input circuit to a load resistor R1 shunted by
a capacitor, Cl1,

The diode conducts only in one direction, so that it passes current
at every positive peak of the carrier f.. These peaks of uni-directional
current charge the capacitor Cl, and the charge then drains away con-
tinuously through the load resistor R1. The variation of the carrier ampli-
tude due to the modulation f, is relatively slow compared with the
periodic time of f,, with the result that if the time-constant of the R1,
C1 combination is suitably chosen, the modulating frequency appears
faithfully reproduced across resistor R1. The voltage across R1, varying
now only at the modulating frequency, provides an output that can be
carried on to further amplifying stages as required.

The waveform of the modulated input wave is shown in sketch (d).
Sketch (e) shows the peaks of uni-directional current passed by the diode;
current can only pass when the instantaneous r.f. voltage across the diode
exceeds that across the R1, Cl load, so that this current appears as a
series of short bursts which charge capacitor Cl1. Sketch (f) showsthe
final modulating frequency as it appears across resistor R1, where all
the carrier component is removed.
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Question 73.

Explain, with the aid of diagrams, the action of either a leaky-grid
detector or an anode-bend detector when used for the detection of
amplitude-modulated waves.

ANSWER. The leaky-grid detector depends for its action on the curvature
of the grid-voltage/grid-current characteristic of the valve. A typical
circuit diagram is shown in sketch (a). When a continuous-wave r.f.
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signal is applied to the grid, as shown in sketch (b), pulses of grid
current flow and in passing through the resistor R,, bias the valve nega-
tively. The capacitor C, becomes charged to the mean value of the voltage
drop across resistor R, thus providing a steady bias voltage E.. An r.f.
signal of larger amplitude results in an increased bias E.. Referring now
to sketch (¢); when a modulated signal is applied to the grid the voltage E,

ta

will vary as shown. The reactance of capacitance C, is high at a.f., and
the a.f. component of the average value of the grid current flows
through resistor R,. The r.f. components of grid current, however, pass
through C,, with negligible voltage drop. The mean anode current varies
as indicated and an a.f. voltage is developed across the anode load
resistor R;. Since r.f. signals are applied to the grid of the valve and
appear in the anode circuit, R, is by-passed by the capacitor C.. At low
signal levels the leaky-grid detector gives an a.f. output voltage which is
proportional to the square of the amplitude of the r.f. signal. This
results in serious distortion of the modulation depth is large. The anode-
current/grid-voltage characteristic should be as linear as possible to avoid
anode rectification, which tends to offset the effects of grid detection.
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