RADIO

VOLUME TWO

E. K. SANDEMAN



RADIO ENGINEERING

This is a textbook for beginners and a
reference book for experienced engineers and
designers of radio equipments and circuits.

It is designed to educate the novice to the
level of an expert, and to provide engineers
with a series of properly designed tools ready
for immediate use.

The method of approach is fundamental and
general, and the specialised aspects of allied
arts such as radar and television are not
covered. Practically the whole of the subject
matter is, however, an essential part of such
arts.

For details of the scope of the work reference
should be made to the Preface.

Catalogue No. 334/4 40s. net



RADIO ENGINEERING

VOLUME TWO






VOLUME TWO

RADIO
ENGINEERING

E. K. SANDEMAN

Ph.D., B.Sc., A.C.G.I., M.LLE.E.,
Ministry of Supply, late of
Engineering Division, B.B.C.

London
CHAPMAN & HALL LTD.
37 Essex Street W.C.2
1949



First Published . . 1949

THIS BOOK IS PRODUCED IN COMPLETE
CONFORMITY WITH THE AUTHORISED
ECONOMY STANDARDS

CATALOGUE NO. 334/4

Printed in Great Britain by Butler & Tanner Ltd., Frome and London
Bound by G. C. J. Kitcat Ltd., London. Flexiback Binding



PREFACE

THE origin of this book was an instruction written primarily
for maintenance engineers at B.B.C. transmitting stations. It was
designed so that new-comers with no knowledge of radio technique
could acquire familiarity with working principles in the shortest
possible time. Subsequently it was extended so as to constitute
a book of reference for experienced engineers.

The reader should have a working knowledge of elementary
algebra, and should preferably understand logarithms. The neces-
sary elements of trigonometry are stated, while complex algebra is
developed from first principles. With these qualifications, it is
true to say that in the main body of the book information is imparted
in a logical sequence so that a novice who conscientiously reads
the book from the beginning always finds the subject-matter within
his grasp. He is, on occasions, asked to accept formulae which are
sometimes, but not always, proved in later chapters. This is
consistent with the policy which has been pursued throughout,
of providing the maximum useful practical information with a
minimum of effort on the part of the reader. It is in many cases
quite unnecessary for a practical engineer to be familiar with the
fundamental theory underlying the derivation of formulae.

The scope of the treatment and the method of presentation are
specifically related to practical ends, either in the form of technical
facts, designs or methods, or else in the form of essential formulae,

The subject-matter is in advance of that in existing textbooks in
the following respects :

Practical methods of lining up class C amplifiers and modulated
amplifiers, including inverted amplifiers, are developed from funda-
mental principles, and presented in the form of explicit instructions.

Instructions are given for the practical operation of trans--
mitters.

The practical methods of adjusting different types of capacity
neutralizing circuits are given, and the elimination of parasitic
oscillations is dealt with thoroughly.

A simple, easily applied and up-to-date theory of oscillators
replaces the rather involved discussions of the past.

The mode of operation of multi-vibrators is described in detail.

New and rapid precision methods are given for the design of
coupled circuits, whether serving as inter stages or output couplings
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of transmitters or receivers, or as impedance matching devices
in lines. These enable coupling circuits to be designed either as
band-pass filters or to secure a required kVA/kW ratio in chosen
elements.

Practical methods are given for lining up short, medium and
long wave aerial circuits, including those using power factor correc-
tion, as, for instance, in the long wave aerial at the B.B.C. Trans-
mitting Station at Droitwich.

Feedback is dealt with fundamentally without evading any of
the practical issues.

The basic principles of filter design are presented in such simple
fashion that all the more common types of filter can be designed
in a minimum of time after a brief perusal of the instructions.

The harmonic analysis of a number of standard waves is given,
while methods of application of both graphical and analytical
methods of harmonic analysis are described explicitly.

The treatment of resonant circuits leads to easily applied
formulae and is specifically related to their proper use in trans-
mitters and receivers.

Specific instructions are given for equalizer design which lead
directly to all the practical alternative forms in which a structure
of described characteristics can be realized. The characteristics
of a number of basic structures are given.

Line transmission theory is developed without the use of hyper-
bolic functions, and the resultant technique is simple to understand
and easy to apply.

The design of peak voltmeters for radio frequency measurements
is reduced to an exact science.

Vector and matrix algebra are developed from consideration of
the physical effects concerned, instead of being described in terms
of abstract symbols divorced from reality.

The concept of impedance is developed from physical considera-
tions without the use of calculus. -

Information which is scamped or ignored in most text-books
is included: e.g. R.F. resistance, inductance of straight wires,
impedance characteristics of feeders, curves for finding the spectra
of frequency modulated waves.

The author is indebted to so many sources of information that
it is impossible to make full acknowledgement. K. S. Johnson,
F. E. Terman, W. L. Everitt, A. E. Kennelly, T. E. Shea, E. H.
Armstrong, P. P. Eckersley, B. Hague, Hans Roder, B. Van der Pol,
A. Russell, I. B. Crandall constitute a few only of those whose
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publications have been used. B.B.C. engineering practice has been
largely drawn upon and discussed and a large number of the author’s
associates in the B.B.C. have also contributed both information and
suggestions. Many of the instruments described have been
developed by one or other of these engineers. In particular, the
information on dividers, multipliers and multi-vibrators is due to
W. E. C. Varley, R. Calvert and others. The section on stress
diagrams in aerial arrays was written in its entirety by L. W. Turner.
The description of the Chireix transmitter is due to R. L. Fortescue.
In addition, other engineers have assistedin carrying out experiments
to establish the mode of operation of certain equipment : among
these are H. F. Humphries, S. A. Williams, L. F. Ivin and D. R.
Cowie. The aerial power density diagrams were calculated by
H. Page and others, including the author.

The sections on the aerial feeders are largely based on work
and discussions with Group-Captain W. P. Wilson, N. W. D’Arcy,
E. W. Hayes and A. N. Thomas.

Discussions with H. L. Kirke, A. B. Howe, H. S. Walker, H. B.
Rantzen, A. R. A. Rendall, D. C. Birkenshaw, H. V. Griffiths, E. W.
Hayes, H. Page, C. G. Mayo, R. Calvert, G. R. Tomlinson, H. Ellis,
D. B. Weigall, R. D. A. Maurice and D. R. Cowie have contributed
to the clarification of obscure and debatable points.

The section on A.v.c. circuits is largely abstracted from a
memorandum by C. W. J. Hill and J. Wardley-Smith. Information
on valves has been obtained from H. S. Walker and J. Tomlinson ;
the section on the operation and maintenance of valves is based on
a memorandum by G. R. Tomlinson. A number of items have been
included at the suggestion of C. W. Skinner and E. Bonong.

I am especially indebted to Group-Captain W. P. Wilson for
initiating me into B.B.C. methods and also for convincing me, very
much against my will, of the value of matrix algebra. The sections
on matrix algebra are based on a translation by W. P. Wilson and
F. M. G. Murphy of an article by F. Strecker and R. Feldtkeller
in EXN.T., Vol. 6, No. 9, *“ A Basis for a General Four Terminal Line
Theory .

In the face of such extensive acknowledgements, the author
hopes that it will be apparent that in all other cases the treatments
are developed ab #mitio. Also many of the treatments constitute
original work.

The inception of this book is due to L. Hotine, the Senior
Superintendent Engineer in the B.B.C., and its appearance is due
to his help and encouragement.
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My thanks are due to the following engineers for thoroughly
checking all calculations and technical statements: S. W. Amos,
D. C. Birkenshaw, J. L. Bliss, C. Buckle, J. C. Gallagher, A. B. Howe,
D. Maurice, C. G. Mayo, H. Page, Dr. A. R. A. Rendall, L. W.
Turner, H. S. Walker and W. H. Ward.

I am indebted to H. Bishop, Controller (Engineering) of the
B.B.C,, for permission to include information concerning B.B.C.
practice, which adds so much to the scope of the book.

These bare acknowledgements are very inadequate to express
the wealth of good will with which all information and help has
been freely extended, and I take:this opportunity of saying how
fully I have appreciated the pleasant atmosphere in which the
results of a twenty years’ study of broadcasting have been recorded.

E. K. S.
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VOLUME TWO

CHAPTER XVII
BALANCED AND UNBALANCED CIRCUITS

REGARDLESS of its length or purpose, an electrical circuit for
conveying power from one piece of apparatus to another may be
balanced or unbalanced. Such a circuit consists of one or two wires
and is called a lime. Since, however, balanced and unbalanced cir-
cuits exist (as, for instance, the circuits of amplifiers and radio
transmitters) which do not consist of one or two wires, in the présent
discussion the term “ circuit ”’ is retained.

1. Unbalanced Circuits.

Early telegraph circuits consisted of a single wire running from
one place to another, the return circuit being through earth as
indicated in Fig. 1 (2) where a generator of internal impedance R,

L
Ro Ry 2
2R
e £a eé g
WA B
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A p:
R‘é ?"“ Ré_g E g E %“
e e
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Fic. 1/XVII:1.—Unbalanced and Balanced Circuits.

and internal e.m.f. ¢ is connected through an unbalanced line to
a distant piece of apparatus of impedance R,. This constitutes a
type of circuit which has gone out of fashion for long circuits because,
if the wires of two such circuits run close together, inferference or
cross-talk occurs from one circuit into the other due to two effects :
electromagnetic and electrostatic induction.
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XVIL:2 RADIO ENGINEERING

2. Electromagnetic Induction.

This is an effect, not previously discussed, by which a varying
current in a wire induces an e.m.f. in a parallel wire, proportional
to the magnitude and rate of variation of the current. It follows
that electromagnetic induction is of greater magnitude at high fre-
quencies than at low. The effect is due to the magnetic field which
surrounds any conductor carrying a current.

3. Electrostatic Induction.

This is caused by current which flows from one wire to the other
through the capacity between the wires, due to any potential differ-
ence between the wires. The electrostatic induction is also of greater
magnitude at high frequencies than at low.

Electrostatic induction can be substantially reduced by sur-
rounding the wire with an earthed screen.

A second type of unbalanced circuit is shown in Fig. 1 (§) in
which an earth return circuit is not used, but in which one leg of
the circuit is earthed at one or more points. The difficulties intro-
duced by multiple earths will be discussed later.

4. Balanced Circuits.

The difficulties experienced in the case of unbalanced circuits
have led to the use of balanced circuits, examples of which are
shown in Fig. 1 at (¢) and (d).

The requirements of a balanced circuit are that the impedances to
ground measured from corresponding points such as P, and Pyon each
leg of the circuit shall be equal. The circuit is then said to be balanced
to ground.

Since it is seldom the case that a piece of apparatus is constructed
with its two output legs inherently balanced to ground, the circuit
of Fig. 1 (c) has no practical interest. The practical circuit is shown
in Fig. 1 (d) where transformers have been inserted between the
pieces of terminal apparatus and the line. The transformers may
of course be (and generally are) incorporated in the terminal appar-
atus, in which case the terminal apparatus has its input or output
balanced to ground.

The reason for inserting the transformers is that it is possible to
construct transformers with windings balanced for impedance to
ground. Before discussing this further it is necessary to consider
how a balanced circuit reduces interference.

2



BALANCED AND UNBALANCED CIRCUITS XVII:5

5. Reduction of Electromagnetic Induction.

In Fig. 1 (a) are shown the conductors of two pairs of wires,
ab and cd, each pair constituting the conductors of a balanced circuit.
The crosses indicate current ““ entering the paper ” and the dots
indicate current ‘“leaving the paper ”. If 4 and b are the con-
ductors of one pair and ¢ and d are the conductors of a second pair,
it is evident that the currents induced in leg ¢ by the current in «
are in opposite sense from the currents induced by the current in & ;
they therefore subtract. If the distance from a to ¢ is made equal
to the distance from & to ¢ the induced currents cancel. Similar
remarks apply to currents induced in leg 4.

Two methods are employed for ensuring that each leg of one
pair is always equidistant from each leg of another pair, or from
any disturbing source.

Cac Cac

a c a e
® ® ® Blae & 5| & '—g\'
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5 4 a 5 5 g, d d ¢, b
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Fi1c. 1/XVII:5.—Arrangement of Conductors in Balanced Circuits.

In the first method each pair is twisted as indicated by the arrows
in Fig. 1 (b). The sense of twist is unimportant.

In the second method the conductors of a pair, such as ab or cd,
constitute the diagonally opposite corners of a group of four wires.
This method is shown at (¢}, which represents overhead line con-
struction, and at (d), which represents underground cable construc-
tion. When in a cable, the four wires are called a quad, and to
prevent interference between the wires in one quad and neighbouring
quads, each quad is twisted as a whole. In overhead construction
the wires are rotated as they go from pole to pole, e.g. in four suc-
cessive poles each conductor occupies each of the four positions in
turn.

6. Reduction of Electrostatic Induction.

Regardless of the position of the wires in space, Fig. 1(e)/XVII:5
illustrates the capacities between the legs of two pairs, ab and cd.
This arrangement is redrawn diagrammatically in Fig. 1 (f), from
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XVII:7 RADIO ENGINEERING

which it is evident that in order that no voltage shall appear across
¢d due to a voltage across ab the condition must hold that

Ca _ Caa see XX:8
Cbc de

Twisting or rotating the pairs as in Fig. 1 (b) has the effect of
making C,, = Cy, = C,y = C,; approximately, in which case the
condition for no electrostatic inductance is realized approximately.
Owing to random effects in the make-up of cables or the construction
of overhead lines, exact equality of these capacities is never quite
realized, but for normal telephone circuits cross-talk can be reduced
to tolerable levels.

Where a high degree of freedom from interference between cir-
cuits is required (e.g. in broadcast circuits) it is therefore necessary
to add a further precaution which consists of surrounding each pair
with an individual screen. In British practice this screen is usually
left floating ; but if earthed, it should be earthed at one end only,
except in very special circumstances.

Any number of pairs or quads, up to several hundreds, may be
twisted together and surrounded by an outer screen, which is usually
a lead sheath, to constitute a cable.

From the point of view of the radio maintenance engineer, how-
ever, the most important circuits to be considered are individual
circuits connecting pieces of apparatus.

7. Concentric Cables.

The concentric cable is of particular interest because it is the
only form of circuit which gives a large measure of protection against
both electromagnetic and electrostatic induction. The protection
against electromagnetic induction is almost perfect, while the degree

Fi1G. 1/XVII:7.—Concentric Cable.

of protection against electrostatic induction depends on the longi-
tudinal impedance of the outer conductor, which should be low.
A concentric cable consists of a single conductor supported on
insulators in the centre of a circular cylindrical sheath or outer
conductor, as shown in Fig. 1. The inner conductor constitutes one
leg of the circuit and the outer conductor the other leg of the circuit.

4



BALANCED AND UNBALANCED CIRCUITS XVII:7

It evidently constitutes an unbalanced circuit.

At zero frequency (direct current) and at low frequencies where
skin effect is negligible, the voltage drop along the outer conductor
per unit length is equal to the product of the resistance of the outer
conductor per unit length and the total current flowing through the
outer conductor. If the outer conductor is insulated from ground this
will evidently introduce only a comparatively small potential gra-
dient along the cable because in general the resistance of the outer
conductor is low. A neighbouring insulated circuit which was un-
balanced to ground would therefore be subject to interference of
a small amount due to electrostatic induction. As the frequency is
increased this interference would increase approximately propor-
tional to frequency, until skin effect begins to become appreciable,
when with further increase in frequency the interference begins to
fall off. By the principle of reciprocity interference into the insu-
lated concentric cable would behave in the same way.

When skin effect appears, as the frequency increases, the current
in the outer conductor distributes itself more and more towards the
inner surface of the conductor, until, at a very high frequency where
the depth of penetration (see II:13.1) is very small compared with
the thickness of the outer conductor, the current density falls off
exponentially from the inner to outer surface of the outer conductor
(a slight departure from the exponential law occurring near the
outer surface), so that the current density at the outer surface is
only a small fraction of the current density at the inner surface.
Practical conditions can be realized in which the current density
at the outer surface is entirely negligible, and under these conditions
the cable has no external field and can -cause substantially no inter-
ference into neighbouring circuits. Conversely, it can pick up
substantially no interference. With many high-frequency cables in
common use such a condition can be reached below a frequency
of one megacycle per second.

When the cable is buried in the earth the potential gradient along
the length of the cable may give rise to earth currents at low
frequencies, and, reciprocally, currents in the earth may cause
interference into the cable. At frequencies where the current is
substantially confined to the inner skin of the outer conductor,
substantially no current flows through the earth, and, reciprocally,
earth currents cause substantially no interference into the cable.

In the heavy feeder tubes used for carrying high powers to
aerials, and even in the much smaller lead-sheathed concentric
cable used in connection with low-power drive circuits and receiving-
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XVII:S8 RADIO ENGINEERING

aerial circuits, the external field is so small as to be nearly negligible
at medium and short waves. The braided copper screens which
surround single and twin conductors used for interconnections
between apparatus have, however, not such a complete screening
effect, and trouble is liable to be experienced even at audio fre-
quencies when very low-level unbalanced circuits exposed to high-
level disturbance fields are run in this type of conductor. When
used in balanced circuits the screening afforded by this type of shield
is usually adequate.

8. Comparative Magnitudes of Electrostatic and Electro-
magnetic Interference.

Since in high-impedance circuits the voltages are high, and in
low-impedance circuits the currents are high, there is a tendency for
electrostatic induction to be more serious in high-impedance circuits
and electromagnetic interference to be more serious in low-impedance
circuits,

In general, the impedance level in programme and radio circuits
is such that the most serious interference between conductors is
caused by electrostatic effects. Electromagnetic effects do, however,
play a serious part in interference from A.C. mains supplies, par-
ticularly in the leads to A.C. heated filaments or heaters in amplifiers
handling low programme levels. For this reason A.c. filament leads
should always be twisted right up to the filament terminals and the
connection to the filament made so as to introduce as small a loop
of current as possible. This is particularly important because the
flux of such a loop may link the core of an audio-frequency trans-
former in the amplifiers and so give rise to interference. Electro-
magnitude induction due to coupling between coils in different parts
of radio-frequency circuits occurs but is not considered here.

9. Effect of Unbalance in Balanced Circuits.

The effects consequent on the presence of unbalance in a circuit

depend on

(1) Any unbalances present elsewhere in the system.

(2) The presence of disturbing fields or fields due to unbalances
elsewhere in the system, or due to another system.

(3) The impedance to ground of the earth point in use.

(4) Whether any currents are flowing to ground through the
earth point chosen : due either to other sources of current
of frequency likely to cause interference, or to unbalances
elsewhere in the circuit.

6



BALANCED AND UNBALANCED CIRCUITS XVII:9.4

(5) The type of apparatus involved.

(6) The degree of screening of the circuit, and the resultant
amount of electrostatic coupling between different parts of
the circuit.

{7) The degree of balance and screening of transformers at
different points of the circuit.

{(8) The circuit impedance.

Broadly, the effects consist either of interference from one pro-
gramme circuit to another, from power circuits into a programme
circuit, or interference between different parts of the same circuit.
In the last case equalizers and attenuators do not introduce their
correct value of attenuation at each frequency, but too low a value ;
while amplifiers do not give their proper gain at each frequency :
the gain may be higher or lower than the correct value, the response
characteristic may be degraded, and in an extreme case an amplifier
may sing due to the presence of unbalance.

While all cases of unbalance exhibit the feature that the series
impedances in each leg and/or the impedances to ground of each
leg of the circuit are not equal, it is convenient to consider this as
being the main feature of a disturbed circuit, while the main feature
of an unbalanced disturbing circuit is that the voltages to ground
of each leg of the circuit are not equal : these voltages are of course
opposite in sign. _

9.1. Way in which Unbalance of Voltages to Ground Occur
in a Disturbing Circuit. The general case is indicated in Fig. 1.
A generator of internal e.m.f. ¢ and internal impedance R, is con-
nected to the legs @ and b of a circuit having impedances to ground
which are respectively Z, and Z,. It is evident that the voltages
to ground are

V,= ——————Z" e
@ Za+Zb+R0
Z
V,=-—2b ¢
* " Z,4Zy+R,
Va —_ Za
Hence 7;; = Z—b

The presence of a balanced load across terminals 2,2 does not

change the ratio Va.

Vs
Considering voltages with regard to ground, V, is evidently
negative with regard to V, and it is permissible to consider ¥V, and

7



XVII:9.11 RADIO ENGINEERING

V, (V, negative) as being each made up of two voltages with regard
to ground. Algebraically :

Ve=YatVo Va=Vo_, 4y,
2 2

yo VotV _Va=Vo_, _,
2 2

The two voltages v; and — v, constitute a balanced voltage to
ground, while the voltages v, constitute an
unbalanced voltage to ground. Algebraically
v, = 3(V,+V,;) = half the difference of the
numerical magnitudes of ¥, and V,.

The balanced voltages to ground give rise
to balanced currents in the two legs, equal
in magnitude and opposite in sense, while

Fie. 1/XVil:o—  the yoltage v, gives rise to currents in the

Unbalanced Voltages: 4o legs gof thegl circuit which are equal in
magnitude and of the same sense. These currents are called long:-
tudinal currents.

9.11. Case1l. Unscreened Transformers: Screened Con-
ductors : Ideal Earths. A particular case which is really the
general practical case is shown in Fig. 2, where a transformer T,

Attenuator
o -

Fig. 2/XVII:9g.—Practical Case of Unbalance.

which might, for instance, be the output transformer of an amplifier,
is driven by a generator with one side earthed, which might for
instance be constituted by the anode circuit of a thermionic valve.
The transformer secondary is connected to the legs @ and b of a
balanced pair of wires connected through an attenuator to a trans-
former T, which drives a load having one side earthed, which might
be constituted by the input circuit of a valve. C,, C; and C,, C,
represent respectively the lumped interwinding capacities of T,
and T,.

Owing to the presence of the earth at B and capacities C, and C,,

8
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the impedance to ground of points C and D are not the same (neglect-
ing the effect of T,). Neglecting the effect of T, by a similar argu-
ment, the impedances to ground-at E and F are unbalanced. There
is, therefore, unbalance at both ends of the circuit.

The unbalance of voltages in the output of 7', can be analysed
in detail as follows. The e.m.f. induced in L, by its mutual coupling
with L, is unbalanced by the presence of unequal impedances to
ground at C and D. Further, owing to the presence of capacities
C, and C, a circulating current flows from the generator through
C,, L, and C,, and so introduces a further unbalance which may add
or subtract from the first unbalance. The net result in practice is
always an unbalance over the whole frequency range, except for
some chance arrangement of values when balance may occur at one
frequency only. The result is the production of longitudinal cur-
rents which suffer reduction of intensity owing to the series elements
of the attenuator, but are unaffected by the shunt element. The
longitudinal current in b flows harmlessly to ground through C,,
while the longitudinal current through a flows via C, through L,
to ground, and through L, and C, to ground, thereby setting up
voltages across the secondary of T';. As these longitudinal currents
have not suffered the full attenuation of the attenuator they may,
and do in certain cases, give rise to voltages at the output of T,
greater than those produced by the balanced voltages and currents.
It is to be particularly noticed that, if in this case the attenuator were
fitted with perfectly screened and balanced transformers, there
would be no path for the longitudinal currents through the attenuator
and no anomalous effects would result.

9.12. Case 1a. Screened and Balanced Transformers.
Nearly all cases of unbalance are reduced by the use of balanced
and screened transformers: they are not completely removed
because no transformer has a perfect balance or a perfect screen.

A screened transformer is one in which an electrostatic screen
is provided between windings by means of a piece of copper foil
wrapped completely round the inner winding and insulated so as not
to form a short-circuited turn. This is brought out to a terminal.

A balanced transformer is one in which each winding is balanced
for impedance to earth and to the screen, also each half of the winding
has the same inductance. (As this balance is usually effected by
constituting each half of the winding from one leg of a bifilar (twin)
winding, and as both ends of each half of the winding are brought
out to terminals, a balanced transformer affords a source of two
equal e.m.f.s, which is sometimes useful.)

9 B



XVII:9.13 RADIO ENGINEERING

Fig. 3 shows a circuit identical with that of Fig. 2 except that
T, and T, have been replaced by Ty and T, which are screened and
balanced transformers. In T, the secondary is balanced and in T,
the primary is balanced so that C, = C, and C, = C,. Further,
the inductances of each half of any balanced winding are equal.

It follows that the impedances to ground of points C and D are
the same and E and F are also balanced to ground. Further, there
is no reactive path (as through C, and C, in Fig. 2) by which the
generator can supply longitudinal currents to the line, since all
longitudinal currents are led to earth immediately by the screen
of T,.

Finally, if by any chance longitudinal currents do flow, they go
to earth through C; and C, and the screen of T,. In practice, of
course, Cy and C, are distributed capacities so that the longitudinal
currents flow to the screen partly through the two halves of the

ECa

LI

Fxc 3/XVII:9.—Use of Screened and Balanced Transformers.

primary winding of T, ; but as long as everything is balanced the
sense of flow of the longitudinal currents is such that the resultant
induced e.m.f.s in the secondary winding cancel.

In amplifiers the screens of input and output transformers should
normally be connected to the cathodes of the valves to which they
are respectively connected.

9.13. Case 2. Unscreened Transformers: Unscreened
Conductors : Ideal Earths. Fig. 4 shows the circuit of an ampli-
fier with unscreened input and output transformers. In this case
feedback occurs due to coupling from the output circuit to the input
circuit, contributed by the unbalance at output and input circuits
in conjunction with the stray capacities C, between input and output
conductors.

The output unbalance gives rise to longitudinal voltages and
longitudinal currents which flow through the two stray capacities
C,, one going harmlessly to earth through C,; the other, via C,,
gives rise to an input voltage across the grid circuit. In general,
the feedback arising in this way varies widely with frequency.

10
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If the gain of the amplifier is greater than the attenuation in
the feedback circuit the amplifier will sing (see XXIII for limitations
on singing imposed by phase relations). In any case, the presence
of feedback, varying with frequency, modifies the frequency response
characteristic of the amplifier, and if of such sense as to increase
the gain, also increases the non-linearity of the amplifier.

The introduction of screened and balanced input and output
transformers reduces the unbalance and so the feedback. In prac-
tice, in spite of the use of screened and balanced transformers it
is customary to screen all programme circuits, both from the point
of view of cross-talk and from the point of view of feedback, although
feedback due to unbalance and lack of screening is usually com-

F16. 4/XVII.g.—Effect of Unbalanced Transformers on Stability of Amplifier.

paratively unimportant at audio frequencies (even with unscreened
circuits) with gains of 40 db. and under. Singing may, however,
occur at supersonic frequencies, and this must be avoided.

9.14. Case3. Unscreened Transformers: Screened Con-
ductors: Common Impedance in Earth Circuit. Fig. 5
shows two amplifiers in tandem, each of which may be regarded as
being similar to the amplifier in Fig. 4. Both amplifiers share a
common earth lead which ultimately goes to a true earth, but the
impedance from P, the common junction point of the earth leads,
to true earth, is Z,. The output circuit of amplifier 2 generates
a longitudinal current which flows across the capacities of the output
transformer, along the output circuit and through the capacity to
the screen, the screen capacity to ground and the apparatus at the
far end, to earth, returning to the filament circuit of the output
valve via Z,. A voltage is therefore established across Z, and the
point P is at some voltage above ground. The whole of the.earth
circuit of amplifier 1 is therefore at a potential to ground, and a

11
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longitudinal current flows out along the input circuit of amplifier 1
and in so doing applies a voltage between grid and cathode of the
first valve of amplifier 1. This can be seen from the fact that the
longitudinal current from the filament flows partly through C, and
L, and partly through L, and C,.

In. the circuit shown, this gives rise to feedback, but if the two
amplifiers were not in tandem as shown, but were in different pro-
gramme circuits, the effect would be to introduce cross-talk from
one amplifier to the other. A secondary feedback circuit may also
be traced from output to input of amplifier 2 via the output circuit
of amplifier 1. While the introduction of screened and balanced
input and output transformers for both amplifiers reduces this source
of interference, it is also essential to ensure that the common im-
pedance in the earth circuit is as low as possible. For this reason

Amplifrer 1 Amplifier 2
g
Cr A s Screen .
Lz Lz
— C2 ‘ A ~-Screen *
I

F1Gc. 5/XVII.g.—Effect of Common Earth Impedance.

it is sometimes desirable to run all earth leads as far as is necessary
to reach a good earth, if necessary insulating them from one another,
so that no common point is established until a low impedance earth
is reached.

Need for Break in Screen. With very high gain amplifiers
a second point arises in connection with Fig. 5 even when screened
and balanced transformers are used. This relates to the screen
round the conductors connecting the two amplifiers. The longi-
tudinal current flowing to ground from the output of amplifier 2,
in flowing through its individual earth connection F,P, induces an
e.m.f. in it. This e.m.f. is thus introduced into the loop circuit
F,PF,ABF,, where F, and F, are the screens of the amplifiers and
4 and B are the points at which the screen of the interconnecting
wiring is bonded to F, and F,. A current, therefore, circulates
round this circuit, and by electromagnetic induction induces a

12
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longitudinal current in the inter-amplifier circuit. If the balance
of this circuit is perfect no voltages are applied to the input of
amplifier 2, but in practice the balance never is perfect and feedback
results. The screen must, therefore, be broken at some point along
its length such as XX. The usual practice is to earth the screen
at one end only. This means also that the screen should be provided
with an outer insulating covering to prevent contact with casual
earths.

It should be noticed that the unwanted coupling introduced when
the screen is not broken is increased rather than reduced by the
provision of an earth with a low value of Z,. This is no argument
for a high-impedance earth, but is brought out to emphasize the
fact that a low-impedance earth does not remove the trouble.

9.15. Case 4. Use of Earth to Reduce Effect of Earth
Currents. Regardless of the source of interference or the method
of induction, the effect of longitudinal currents can sometimes be

Recesving end of circurt

v
1

]
Cs ::‘l;: ::'::: Cs

é D

F16. 6/XVII:9.—Use of Centre Point Earth.

M
™

reduced by earthing the midpoint of a suitable transformer. For
the reasoms given below, the use of such earths is dangerous, and they
should be applied with caution.

Fig. 6 shows a circuit ab subject to disturbance from a neighbour-
ing circuit D, which is maintained at an A.c. potential above ground :
longitudinal currents are induced through the stray capacities C,
and flow into the balanced primary winding of transformer 7". If
the centre point of the primary winding of this transformer is earthed,
the two halves of the primary operate in parallel opposing and so
present to the longitudinal currents only a small impedance cor-
responding to the leakage reactance. The consequence is that the
longitudinal currents flow to earth through the primary winding
rather than through the stray capacities, and no e.m.f. is induced
in the secondary circuit due to the longitudinal currents.
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Earths can only be used in this way if experiment shows them
to be successful. In general an earth should not be necessary when
a balanced and screened input transformer is used. The use of an
earth in this way may be found to increase the interference if the balance
of the transformer is poor, or if the series impedances of the legs of the
circuit are unequal.

It should be noted that this earth is located at the receiving end of
the circuit, and is for the purpose of improving the circuit considered
as a disturbed circuit.

In the same way, considering a circuit as a disturbing circuit, an
earth may be placed on the centre point of the output transformer at
the sending end. This will balance the sending-end voltages and
reduce the disturbance caused by the circuit into neighbouring cir-
cuits. It has the potential disadvantage that, while it reduces the
disturbance into other circuits, it may increase the disturbance from
other circuits as indicated above. Further, in general, it prohibits
the use of a centre-point earth at the receiving end since this intro-
duces an earth loop; see section 10 below.

10. Avoidance of Earth Loops.

Up to now it has been assumed that, apart from the question of
impedance, the provision of an earth is a simple matter. This is
far from fact. In practice, earths have to be found in buildings
which carry a multiplicity of programme circuits and power circuits,
and in which some of the power circuits make use of earth connections
at one or more points. Currents of all kinds therefore flow through
the earth and through the iron or steel framework of the building.
Different points of the framework therefore have a potential differ-
ence between them corresponding to the variety of currents spreading
out in the building. The same remark also applies to different points
in the real ground when earths are realized by means of buried earth
plates.

It follows therefore that, if more than one earth is used, an
earth em.f. may be introduced into the system with the con-
sequent introduction of longitudinal currents generated by the
earth e.m.f.

Fig. 1 shows two pieces of apparatus, 4, and 4,, in tandem with
two separate earths, E, and E,, in the neighbourhood of a power
earth. The dotted lines indicate the earth currents induced by the
power circuit. It is evident that a potential difference V, exists
between E, and E, and that this causes a longitudinal current of the
power-circuit frequency to flow round the loop constituted by the

14



BALANCED AND UNBALANCED CIRCUITS XVII: 10

two earth leads to E, and E, and the interconnecting circuit between
the two pieces of apparatus.

The correct method of earthing to avoid the earth loop is shown
in'Fig. 2. Note that the length of common lead CE is kept as short
as is economically possible, also it is made of heavy copper strip,
e.g. with an area of cross-section of } in. to } in. or even larger.

Az Az

z
C Power Circurt Farth

Fic. 1/XVII:10.—Effect of Earth Loop.

In the case of apparatus for use at ultra-high frequencies, i.e.
from 30 Mc/s upwards, the overall screen and/or metal housing
must be treated as a distributed earth. That is to say, no loops
must be formed involving the passage of current through the screen
and/or housing. This means that all points on the circuit which

| A Ax

Power Circurit Earth

4

E
FiG. 2/XVII:10.—Correct Method of Earthing.

are required to be at earth potential must be led by separate insulated
conductors to a point on the screen and/or housing as close as
possible to the point at which the external earth is connected.

The precautions advocated in this section (XVII:10) evidently
cannot be applied in the case of long-distance repeatered cable
systems where the amplifier stations may be many miles apart.
They can, however, be applied in the case of any one repeater
station.

15
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11. Separation of Power Earth Leads and Apparatus Earth
Leads.

It is to be noted that if the power earth lead runs parallel to
one of the apparatus earth leads as shown, induction from the
power earth lead into the apparatus earth may occur. For this
reason apparatus earth leads should be kept as far away as possible
from power earth leads.

12. Insulation of Earth Leads.

It follows that, in general, earth leads should be insulated to
ensure that they make contact only with earth and avoid contact
with the framework of the building and any cable sheaths or other
conductors capable of providing spurious earths.

16
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CHAPTER XVIII
INTERFERENCE AND NOISE

1. Definitions.

Interference is any form of unwanted disturbance resulting
from a source external to a circuit.

Noise is any form of unwanted disturbance resulting from a
source internal to a circuit. In the case of an amplifier, transmitter
or receiver, having an associated power supply circuit, this will be
considered to be an external circuit. Noise does not include dis-
tortion products due, for instance, to non-linearity, but does include
crackles due to bad connections.

In the case of radio links this classification is inadequate because
much of the disturbance which is picked up on a receiving aerial
is a definite characteristic of the medium of communication being
used : e.g. all atmospherics due to natural causes. The first obvious
division therefore is to class all man-made disturbance, whether due
to other transmitters or incidental radiation from any kind of elec-
trical apparatus, as Interference, and other disturbances as Noise.
Certain man-made interference such as that produced by electric
railways has, however, all the characteristics of atmospherics: it
produces a number of e.m.f.s in random phase and random direc-
tional distribution, and the methods of reducing its harmful effects
are identical with those for minimizing the effects of atmospherics.

The most useful classification to use for Interference and Noise
incoming to a receiving aerial is therefore as follows :

Interference is any form of man-made disturbance which is
identifiable as such.

Notse is any form of disturbance which persists after all specified
means for the reduction of interference, which are possible and
economical, have been applied. (Directional aerials are not specified
for the reduction of interference but only for the reduction of noise.)

This means that all forms of interference may rank as noise, and
on a statistical basis—averaging the results on one channel over
a period of time—may be reduced by the methods applied to reduce
noise. ‘

If any other classification than the above is used an inevitable
conflict of requirements for the reduction of interference and noise
incoming to an aerial must result. For instance, interference from
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a transmitter on a certain bearing from the receiving-point may
require a directional aerial with a minimum on a certain bearing,
while the noise requirements (if any other classification than the
above is used) may require an aerial with a maximum on another
bearing, of a type which cannot provide a minimum in the required
direction. The above classification ensures that both requirements
will be considered together and the optimum compromise aerial
adopted.

For all interference and noise in a radio receiver which is not
incoming to.the aerial the original classification holds.

2. Interference.

The more important causes of interference and the means of
reducing their effect are discussed below under the heading of the
apparatus affected. The reduction of interference in long-distance
land lines is a specialized technique outside the scope of this dis-
cussion. Interference on the programme lines incoming to a radio
transmitter are dealt with by the appropriate government
organization.

It is assumed in the following that all the appropriate precautions
outlined in XVII have been taken. Evidently the presence of un-
balances in conjunction with earth impedances or earth loops is
a fruitful source of interference.

2.1. Cross-talk. This is the type of interference in which
speech or music from one line, which may be a music or a control
line, appears in another music or control line. The true figure of
merit, which gives the disturbing effect of the cross-talk, is the
difference in level between the programme or speech proper to the
line and the disturbing programme or speech. This will be called
the relative cross-talk level and evidently varies with the levels of the
subject matter in disturbing and disturbed circuits. It is normally
measured as the difference between the peak levels in disturbing
and disturbed circuits.

In the case of lines the cross-talk attenuation between unrepeated
lengths of pairs of conductors fraversing the same route is the differ-
ence in level between the sending-end level, of the disturbing pro-
gramme or speech, in the disturbing circuit, and the receiving-end
level, in the disturbed circuit of the disturbing programme or speech.
When disturbing and disturbed circuits are carrying programme or
speech in the same direction, the receiving end of the disturbed
circuit is at the opposite end of the circuit from the sending end of
the disturbing circuit and the cross-talk attenuation is spoken of as
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far-end cross-talk. When the disturbing and disturbed circuits are
carrying programme or speech in opposite directions, the sending .
end of the disturbing circuit is at the same end as the receiving end
of the disturbed circuit, and the cross-talk attenuation is called
near-end cross-talk.

If the levels in the disturbing and disturbed circuits are known,
as well as the cross-talk (attenuation) and the attenuation of the
disturbed circuit between sending end and receiving end, the cross-.
talk level can be calculated very simply as follows :

Conventions.

L;,, = level of disturbing programme or speech at sending end
of disturbing circuit.

L,; = level of disturbed programme or speech at sending end
of disturbed circuit.

B = attenuation of disturbed circuit in decibels.

C, = near-end cross-talk in decibels.

C, = far-end cross-talk in decibels.

In the case of transmission through both circuits in the same

direction the relative cross-talk level is then equal to
Ly—B — (L, —C).

In the case of transmission in opposite directions through the two
circuits the relative cross-talk level is equal to L,; — (L, — C,).

As an example, consider the case where two broadcast circuits
run in a cable, where the attenuation of each circuit is 30 db., the
near-end cross-talk is 8o db., the far-end cross-talk is 100 db. and
the sending-end levels, L, and level range of each programme are the
same. For transmission in the same direction the cross-talk level
is given by the far-end cross-talk andis L — 30 — (L — 100) = 70 db.
For transmission in opposite directions the relative cross-talk level
is given by the near-end cross-talk, and is L — (L — 80) = 8o db.

In the case of transmission in the same direction, peak pro-
gramme level in either circuit will give rise to a cross-talk level in
the other circuit which is 70 db. below the wanted peak programme
level in that circuit. If the control operator does his job and main-
tains the level range of the wanted programme at 20 db. the maxi-
mum cross-talk level is 50 db. below minimum wanted programme
level. If, as is most likely, he is not uniformly successful, but
occasionally allows the programme to fall lower than 20 db. below
peak programme level, the margin between the cross-talk level and
minimum programme level is correspondingly less. See XXII:I.

The C.C.I.T. defines the far-end cross-talk as the difference in
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level between the disturbing programme level entering the receiving
end of the disturbing circuit and the level of the disturbing pro-
gramme level entering the receiving end of the disturbed circuit.
This used to be known as uncorrected cross-talk, while the definition
above defines corrected cross-talk. Evidently the corrected cross-
talk of a circuit is greater than the uncorrected cross-talk by the
amount of attenuation in the disturbing circuit proper between
sending and receiving end. The C.C.I.T. definition of near-end cross-
talk conforms to the definition of near-end cross-talk given above.

In terms of its own definitions the C.C.I.T. recommends that the
near-end and far-end cross-talk attenuation shall be at least 48 db.
for cable circuits and at least 61 db. for open-wire lines, when either
is used for broadcast programmes.

In the B.B.C. it is customary to measure relative cross-talk levels
directly using a peak programme meter with an amplifier of known
gain to bring the cross-talk level up to a value which will give a
readable deflection on the programme meter. This very much
simplifies matters.

In the case of cross-talk between radio-frequency circuits, it is
necessary to make a clear distinction between relative levels of
wanted and unwanted carrier frequency, and between levels of
wanted and unwanted audio frequency. It may happen, for in-
stance, that, owing to coupling between two adjacent aerials, a
modulated transmission on one wavelength on one aerial at a trans-
mitting site may be fed into the output of the transmitter driving
the other aerial on a different wavelength. The resultant troubles
are various and are dealt with under their various sections. Among
these are audio-frequency cross-talk from one programme into the
other, consequent on intermodulation in the output valves of the
transmitter. This is better expressed in terms of relative cross-talk
level than in terms of cross-talk attenuation. The relative cross-talk
level is evidently given by,the number of decibels corresponding to
the ratio of the wanted to unwanted level of audio frequency resulting
from detecting the radiated transmission.

In such cases the ratios between the wanted and unwanted radio-
frequercy powers or voltages effective in the aerial feeder circuits
and transmitter output circuits are best expressed as simple ratios
and should not be referred to as cross-talk.

3. Interference in Audio-Frequency Circuits.

3.1. Induction from A.C. or D.C. Power Circuits into
Audio-Frequency Lines. This appears as a hum or a musical
20
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note and is minimized by the use of screened and balanced circuits
and by separating the runs of power circuits and audio-frequency
circuits. .

Electrostatic induction from power circuits into amplifiers is
minimized by screening the amplifier electrostatically as a whole.
Electromagnetic induction is reduced by screening the transformers
of low-level circuits with screens made of permalloy, mumetal or
some other high-permeability alloy which provides electromagnetic
screening. Also all audio-frequency transformers should be located
as far as possible from power transformers.

Electrostatic screening reduces interference radiated by com-
mutators and slip-rings of machines when sparking, by mercury-arc
rectifiers, relay circuits, interruptions of D.c. circuits and any other
source of a radiated field, including any local radio transmitter.

3.2. Interference from Supply Sources. Where D.c. machines
are used for supplying H.T. or the grid bias or filament supply, a
hum may be introduced into the circuit by the commutator ripple.
This is removed by filtering. In the case of H.T., and grid-bias
circuits which are of abnormally low impedance, inductance capacity
filters may be used ; for grid-bias circuits where little current flows
resistance capacity filters are used where possible. For filament
circuits taking high currents, e.g. hundreds of amperes, it is seldom
possible to introduce any effective form of filter, but in certain cases
the use of electrolytic condensers with a capacity of a few thousand
microfarads may be beneficial.

Where power supplies are derived from the A.c. mains the H.T.
and grid-bias supplies are provided by rectifiers followed by smooth-
ing filters, and it is of course essential to provide adequate filtering.
Raw A.c. is normally applied to the heaters of separately heated
cathode valves, even in amplifiers handling quite low-power levels,
and no serious hum is normally experienced, provided the heater
leads are twisted along the whole of their length, and care is taken
that no current loops are introduced which might give rise to an a.c.
flux linking the core of an audio-frequency transformer.

The filaments of small amplifiers are sometimes heated by
rectified A.C., even when directly heated filaments are used. Again,
it is evidently necessary to provide adequate smoothing.

In high-power amplifiers raw A.c. is sometimes applied to directly
heated filaments. In this case, when the filament current is of the
order of 100 amps., hum is sometimes introduced owing to inter-
action between the magnetic field of the filament and the electron
stream froin filament to anode. When this occurs there is normally
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no remedy without the introduction of special measures such as
feedback (see XXIII) and hum-bucking. Hum-bucking consists in
generating from the power supply all the harmonic interfering fre-
quencies of importance, and feeding them into a low-level part of
the circuit, in such amplitude and phase that they cancel the hum
frequencies generated in the A.c. heated stage in question. By this
means a reduction in hum frequencies between 10 and 20 db. may
be obtained.

Where raw A.c. is used directly on the filaments of small valves
the noise is sometimes minimized by leading away the earth con-
nection of the filament from a tapping on a potentiometer bridged
across the filament. When this potentiometer is variable it is called
a hum-bucker or hum-dinger.

A.C. on separately heated cathode valves does not usually lead
to trouble except in valves handling very low levels, where induction
may take place in the pinch of the valve between the heater leads
and the leads to the other electrodes.

In amplifiers working from a.c. supplies the following principles
are generally applicable.

I. A.C. power circuits should be screened and should be in separate

cable forms and ducts well away from programme circuits.
A.C. power circuits which are integral parts of amplifiers
should be screened from the amplifier circuits.

2. Adequate smoothing should be provided following all rectifier
circuits.

3. In low-power amplifiers all A.c. leads must be twisted and no
A.C. current loops must be formed. Twisting is not prac-
ticable and is unnecessary in the case of heavy conductors
leading current to the high-power stages of a transmitter.

4. All grid circuits must be decoupled from their bias circuits
and connected by means of a condenser of adequate capacity
to the cathode of the valve in question. Cathode feedback
circuits constitute an exception.

5. In the case of separately heated cathode valves the A.c. heater
circuits must be completely isolated from the remainder of
the circuit. Alternatively, one end or the centre point of
the heater transformer may be earthed.

6. In low-power amplifiers the A.c. power transformer should
have an earthed screen between primary and secondary
windings.

7. No coupling must exist between the magnetic circuits of power
transformers or chokes and the magnetic circuits of audio-
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frequency transformers. This is particularly important in
low-level circuits. Coupling may be reduced by orientation
of the transformers in space, by the use of permalloy or
mumetal screens around A.F. transformers, and, when steel
panels are used, by raising A.F. transformers about half an
inch away from the panel on non-magnetic supports.

8. Raw A.c. should not be used on the filaments of directly heated
valves except in high-level circuits, and then only after
experiment has established that the noise level is tolerable.

9. All screens should be well bonded together and to earth : see,
however, XVII:9.14, “ Need for break in screen ”.

3.3. Interference from Charging Generator. It is common
practice to double up every battery with a spare so that the spare
can be on charge while the main battery is in use. Owing to the
high charge currents involved in even medium-sized installations, if
any inductive coupling exists between the charge circuit of one
battery and the discharge circuit of the other battery inductive
interference in the form of a musical note may be experienced owing
to induction from the charging circuit to the discharge circuit which
is connected to amplifiers in use. Care must, therefore, be taken in
designing the layout of the conductors in the charge and discharge
circuits to see that all current loops are kept as small as possible
and that no inductive coupling exists between the charge and dis-
charge circuits. Serious inductive interference may be experienced,
even if such loops are separated by the width of the battery room,
if they are large enough.

3.4. Interference from High-Frequency Field of Trans-
mitter. In certain cases electrostatic screening alone is found to
be inadequate, and it is then necessary to insert a radio-frequency
low-pass filterin the input of the apparatus affected. It is economical
to give this filter as high a cut-off as possible, and good results are
usually obtained with a single mid-shunt terminated section of proto-
type low-pass filter with a cut-off at about a quarter of the carrier
frequency. If this is found inadequate two sections may be used.
The presence of radio-frequency pick-up may be observed variously
as an increase in plate current of certain valves, non-linear distortion,
loss of gain in the amplifier accompanied by distortion, or in extreme
cases, where the pick-up provides feedback, as singing. 'Where the
carrier picked up is modulated with a different programme from that
passing through the amplifier, singing cannot occur but cross-talk
may be observed.

3.5. Fields Radiated by the Commutators of Machines may
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be reduced by connecting a condenser between the brushes and the
frame of the machine. For medium-voltage (e.g. below 2,000 volts)
low-current machines the value of condenser required is one or two
microfarads. For low-voltage (e.g. 24 volts) high-current (e.g.
1,000 amps.) machines, such as the filament machines of large
transmitters, an electrolytic condenser of about 50 uF is required.

3.6. Interference from Relay Circuits, which appears as
clicks when the relays are operated, is reduced by the following
precautions :

1. The relays are operated from a separate battery with a

separate earth.

2. The lines connecting relays are separated from programme
circuits.

3. In cases where the above precautions are inadequate the
make-and-break contacts which interrupt all inductive
circuits are shunted by a spark quench consisting of a 2-uF
condenser in series with 200 ohms. These values are
evidently not critical.

3.7. Cross-Talk between Programme Circuits. Assuming
the use of balanced and screened circuits, this may occur owing to
a variety of causes such as:

1. The impedance of the common H.T. or L.T. supply source.
This is usually reduced in the design of the supply circuit
by providing individual filtering for each circuit or each
valve circuit, constituted in certain cases by series chokes
and shunt paper or electrolytic condensers; in others by
series resistances and paper or mica condensers in shunt to
ground.

With the tendency towards the use of mains-operated
amplifiers, using individual power packs for supplying the
H.T., this source of trouble will become less frequent.

2. Magnetic coupling between the cores of transformers in am-
plifiers on the same rack. This coupling usually occurs in
the case of steel panels mounted on iron racks by the passage
of linkage flux through rack and panels. It can be reduced
by mounting the transformer half an inch or an inch above
the panel. Rotation of the transformer about an appro-
priate axis sometimes clears the trouble.

3. Capacity between neighbouring jacks and neighbouring keys.
This can very often be cleared by inserting small screens
between the offending jacks or keys.

4. High-level circuits run in the same ducts as low-level circuits.
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5. A fault condition in any of the anti-cross-talk arrangements,
e.g. a shorted choke, a disconnected condenser, a high
resistance in an earth circuit, etc.

4. Interference in Transmitter Circuits.

4.1. Interference from the High-Power Stages of One
Transmitter into the Low-Power Stages of another Trans-
mitter at the Same Site. This appears, in the A.F. output of
a receiver tuned to one transmitter, as cross-talk constituted by the
programme supplied to the other transmitter. If in one stage only,
it can be located to that stage by successive disconnection or dis-
abling of each stage. The cause of interference is often extremely
difficult to locate, since, owing to the size of a transmitter, it is more
than probable that the principles relating to earth connections estab-
lished in XVII:g to 12 have not been rigidly observed. The inter-
ference may, therefore, be introduced in the earth circuits, or by
electromagnetic pick-up in the coils of the disturbed unit, or by
electrostatic pick-up in that unit.

The run of the filament circuits and earth circuits should be
examined and an attempt made to clear the fault by trying one or
two rearrangements. Large dryelectrolytic condensers, e.g. 1,000 uF,
may be used to connect together various points at low p.d. to
see if any improvement results. If unsuccessful, with the stage
isolated and all supplies removed, attempts may be made to measure
the currents induced in the tuned circuits of the stage, tuning them
to the interfering frequency for this purpose. Once a means of
observing the disturbing current has been established it is a com-
paratively simple matter to observe whether the interference is
introduced from the earth circuits or by direct induction. According
to the final diagnosis, the remedy is either a rearrangement of the
earth system, improved screening, or possibly re-orientation of the
tuning-coils.

In the case of apparent interference into a low-power-drive stage,
or even the crystal drive itself, care should be taken to make sure
that the R.F. feeder coupling the crystal drive to the first drive stage
of the transmitter is properly bonded and that its sheath does not
makecontact with any possible sourcesof disturbing e.m.£., which may
even be constituted by earth connections or the frame of the building.

4.2. Interference between Aerials of Two Transmitters on
the Same Site. This is most serious when the difference between
wavelengths is small, and in the case of short-wave stations the
effect is accentuated when one beam array fires through another.
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The effect observed is that with one transmitter alone radiating,
volts are built up in the anode output circuit of the other, due to
the throw-in or pick-up from the radiating transmitter, via the two
aerials and feeder circuits. The effect is reciprocal : each transmitter
builds up volts on the anode output circuit of the other transmitter.
Owing to the non-linearity of the anode impedance, when both trans-
mitters are radiating together, intermodulation occurs in the anode
output circuits of each transmitter. The result is that, f, and f,
being the respective carrier frequencies of each transmitter, in
addition to the main carrier frequencies, each modulated with its
own programme, there are also radiated carrier frequencies, 2f;, 2fs,
fitfe fit2fs fat2fi, etc., each modulated with botk programmes.
The disadvantages of this are many : each transmitter loses power
which is dissipated in the anode circuit of the other transmitter,
the volts and currents in the circuit are increased and may bring
components over their ratings, and power is radiated in unwanted
intermodulation frequencies which jam other channels. Depending
on the extent to which third-order non-linearity is present (see
XVIII:5.226), the programme of each transmitter will appear as
cross-talk modulation of the other transmitter’s carrier.

The remedy is to insert some form of selective circuit in each
transmitter output circuit, feeder, or aerial coupling circuit, which
substantially passes only the frequency of the transmitter concerned
and rejects the frequency of the other transmitter. The particular
arrangement used varies with circumstances and with wave-lengths.
See XVI:5 and q.

5. Interference in Radio Receivers.

5.1. Interference Not Incoming to Aerial. It isevident that
since a receiver contains an audio-frequency amplifier it is subject
to the forms of interference described with reference to audio-
frequency low-power circuits ; see XVIII:3.

In addition, the receiver is subject to direct pick-up of radio
frequency : this can be reduced by enclosing the whole receiver in
a screen. Radio frequencies are generated by mercury-arc rectifiers,
commutators of rotating machines, especially when sparking, by
electric railways, magnetos in cars, and by a variety of other local
sources.

At radio frequencies a measure of electromagnetic screening is
obtained by the use of a screen, in addition to electrostatic screening.
This is due to the induction of eddy currents in the screen. Prac-
tically any thickness of screening which is mechanically strong
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enough is suitable ; the screens should be made of copper making
continuous close contact.

The treatment of commutators with condensers, as described
previously in XVIII:3.4, is particularly effective in reducing inter-
ference at radio frequencies.

Little or no advantage will be obtained by screening a recetver if the
down lead from the aerial is not completely screened. The screen of
the down lead must run right up to the screen of the receiver so that not
a fraction of an inch of down lead is exposed, and then be bonded to
the recerver. See XVIII:5.211. R.F. interference incoming on the
A.Cc. mains supply leads to the receiver may be reduced by using a
power transformer with an earthed screen between the windings.
In addition an R.F. filter may be inserted in the mains leads. This
filter should be balanced and the shunt elements should each consist
of two condensers in series, the junction of the condensers being
connected to the receiver earth.

R.F. interference sometimes enters a receiver through the audio-
frequency output leads. This again can be removed by the use of
a balanced Rr.F. filter with split elements connected from each leg
of the circuit to the receiver earth.

5.2, Interference Incoming to Aerial. Means to reduce
interference incoming to the aerial fall naturally into three categories
according to the source of interference, which are as follows :

1. Nearby localized sources, within a distance comparable with

the height of the aerial

2. Other radio-frequency transmissions.

3. Other distant man-made sources.

5.21. Nearby Localized Sources. These are dealt with in
two ways : by reducing the interference at its source and by screening
the receiver and down lead.

Means for reducing the interference from commutators of
machines and relays are described in XVIII:3.5 and 3.6.

At transmitting stations small discharges occur across aerial and
stay insulators in wet weather and heavier discharges occur in
thunder weather. In addition, if any loose metal contacts exist in
any of the stay wire supports or between any pieces of metal in
light contact which are modified when the wind blows, these provide
a pernicious form of interference which is hard to locate. The dis-
turbance is produced by the modification of the radiated field con-
sequent on the redistribution of currents and voltages resulting from
the variation of contact resistance. The only remedy is to locate
the loose contact and bond the two surfaces together. A portable
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receiver is of some assistance in locating these sources, but not
much.

Both these sources give rise to irregular sizzles and crackles in
a receiver located on the site, and the only satisfactory method of
eliminating them is to remove the receiver to some distance from
the transmitting aerial. A palliative may be provided by locating
the receiving aerial at a point (found with a portable receiver or,
better still, a field strength measuring set) where the disturbances
are least, and connecting it to the receiver through a length of
concentric cable.

A department exists in the G.P.O. for dealing with interference
from local sources. This department is not only prepared to give
advice on matters relating to interference but also has the authority
to deal with any local undertaking which may be operating equip-
ment which is causing interference. Complaints from listeners which
reach the B.B.C. are ultimately routed to this department.

5.211. Screening of Downlead. Interference sources at
ground level, within a distance comparable with the height of the
aerial, can be dealt with to some extent by screening the down-
lead.

The downlead of an aerial usually contributes very largely to the
received signal strength, and if the downlead is screened, in so far
as it diminishes the strength of any radiated field traversing the
region of the aerial, it diminishes equally the strength of all radiated
fields on any given wavelength, whether due to a wanted trans-
mission, an unwanted transmission, or a distant disturbing source
including noise.

In cases where the interfering source is nearer to the downlead
than to the aerial, the effect of screening the downlead is effectively
to move the aerial farther from the noise source. In such cases an
appreciable improvement in signal-to-noise ratio can be obtained by
screening the downlead.

The simplest possible form of screened downlead is shown in
Fig. 1 (a), where S is the disturbing source and C, the original
capacity through which disturbing currents would flow to the part
of the downlead indicated if the screen were removed. It is to be
noted that disturbing currents still flow through capacity C, to the
unscreened part of the aerial.

Circuits have been devised to run a balanced pair in a screen
through the region where disturbance is experienced. Two of these,
one for vertically polarized waves and one for horizontally polarized
waves, are shown at (b) and (c) in Fig. 1, the aerial, which is nominally

28



INTERFERENCE AND NOISE XVIII : 5.211

balanced, being connected to the balanced feeder through a trans-
former with both windings balanced. The arrangement at (b) has
the disadvantage that the lower end of the aerial projects down
towards the disturbing field, and further, the aerial is not balanced.
In the case of 1 (c¢) the transformer is only necessary to match the
aerial to the feeder in the case where the overall length of the hori-
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Fic. 1/XVIII:5.—Screened Downlead Arrangements.

zontal part of the aerial is other than half a wavelength, a condition
which arises on medium and long waves. Since most medium-wave
transmissions are vertically polarized, the arrangement in Fig. 1 (¢),
when used for medium waves, depends for successful transmission
entirely on the ray reflected from the ionosphere. For this reason
it is suspect. When used for horizontally polarized short waves,
the overall length is made equal to half a wavelength (the aerial
then being called a dipole), the transformer is omitted and the
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arrangement is ideal. Since the downlead constitutes a balanced
circuit the screen could theoretically be omitted ; but as the receiver
input is usually badly balanced an advantage may result from
screening the downlead.

5.22. Interference from other Radio-Frequency Trans-
missions. It is assumed that the reader is familiar with the
principles of receiver design outlined in XIX.

5.221. Adjacent Channel Interference. Sideband Over-
lap. The spacing of transmitter carrier frequencies in the broadcast
bands is g kc/s, and since it is permitted to modulate broadcast
transmitters with an audio-frequency band extending up to 1okc/s,
the sidebands of each transmitter may extend 10 kc/s each side of
the carrier frequency. The upper sideband of the lower frequency
channel of two adjacent channels may therefore completely overlap
the lower sideband of the higher frequency channel. In practice,
the interference consequent on this is minimized by allocating
adjacent wavelengths to stations remote from one another. In
addition, many transmissions do not extend above 6 kc/s in the
audio-frequency range, while the average spectrum of speech and
music is such that at frequencies above about 2 kc/s there is a fairly
rapid falling away in amplitude. The effect of sideband overlap,
when it does occur, is an irregular unintelligible sound, resultant on
the fact that the sideband, corresponding to each original audio-
frequency f (of the disturbing channel), on being intermodulated
with the wanted received carrier 9 kc/s from the original frequency,
is reproduced with a frequency = 9,000 — f ¢/s. The resulting
cacophony has been likened to monkey-chatter.

5.222. Adjacent-Channel Interference : Heterodyne Note.
As a corollary of the above, it may be noted that the adjacent carrier
frequency itself, intermodulating with the wanted carrier, will give
rise to a g-kc/s note. This is usually referred to as a heterodyne
note : since the term heterodyne is quite general, it should really
be called an adjacent-channel heterodyne. Heterodyne notes are
reduced by the use of 1.F. filters of reduced width, and by rejector
circuits tuned to 9 kc/s inserted in the A.F. circuits of the receiver.

5.223. Adjacent-Channel Interference : Sideband Splash.
In all transmitters a certain amount of non-linearity exists, giving
rise to harmonic distortion in the audio-frequency envelope.

Second harmonics of audio frequencies greater than 5 kc/s and
third harmonics of frequencies greater than 3% kc/s give rise to
sidebands located more than 10 kc/s away from the carrier frequency.
These give rise to frequencies in the adjacent channels which usually
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are noticeable only on the peaks of modulation and generally appear
as intermittent irregular squeaks and squawks.

They can only be eliminated at the transmitter. Assuming the
distortion to occur in the modulator and to have been reduced to
a minimum, sideband splash can be reduced by inserting an audio-
frequency low-pass filter, with a cut-off at or below 10 kc/s, between
the modulator and modulated amplifier, except in the case where
series modulation is in use. If sideband splash occurs in the modu-
lated amplifier the only remedy is to improve the modulated amplifier :
in practice, no transmitter aerial circuits can be made sufficiently
selective to have any useful effect in reducing it.

5.224. Adjacent-Channel Interference due to Poor Selec-
tivity. In a straight receiving set, consisting of a tuned radio-
frequency (T.R.F.) amplifier followed by a detector and low-frequency
stages, the adjacent-channel discrimination is always poor, and such
sets can only receive stations of which the field strengths are very
much larger than the fields of adjacent-channel transmitters.

In a superheterodyne receiver discrimination against adjacent-
channel interference depends on the width of the I.F. filter and its
rate of rise of attenuation. The L.F. filter response curve, therefore,
determines the performance of the receiver from the point of view
of adjacent-channel interference.

Owing to poor selectivity, an unwanted neighbouring signal may
reach the detector where, in addition to beats between the wanted
carrier and the unwanted signal, beats occur between the unwanted
carrier and its sidebands, so that the unwanted programme appears
as cross-talk. '

5.225. Adjacent-Channel Interference Due to Non-linear-
ity : Cross Modulation. Since the signal frequency circuits of
a superheterodyne receiver provide substantially no discrimina-
tion against adjacent-channel frequencies, all the signal frequency
stages receive and amplify the adjacent-channel frequencies. (A
qualified exception may be made in the case of long waves.) If
any of these valves possess third-order non-linearity, one of the
products of intermodulation of the wanted carrier and an adjacent-
channel modulated carrier is the wanted frequency modulated with
the adjacent-channel programme (see XVIII:5.226). The adjacent-
channel programme, therefore, appears as interference on the
wanted programme.

With receivers of poor selectivity this effect, which is called cross-
modulation, can take place with channels differing infrequency from
the wanted frequency by more than g kc/s, i.e. farther away than
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the adjacent-channel. Cross-modulation in receivers sometimes
leads to spurious complaints from listeners of (radiated) cross-talk
between programmes, and this is one of the first points to investigate
when such complaints are received.

It is not essential that the non-linearity should occur in the
receiver ; a poor joint or connection in the aerial circuit may con-
stitute a source of non-linearity capable of giving rise to cross-talk.

In all arts there are certain unestablished theories to explain
anomalies, and the occurrence of cross-modulation under circum-
stances where the receiving circuit was believed to be guiltless has
led to the belief that tuned non-linear circuits occasionally occur
naturally in buildings or elsewhere, giving rise to cross-modulation
observed by receivers in the neighbourhood. Cases where this cause
has been suspected may, however, be due to the Luxembourg effect
described in XVIII:5.227.

5.226. Analysis of Effect of Third-Order Non-linearity in
a S.F. Amplifier. In general, the anode-current grid-voltage
characteristic of a valve over its operating range can be expressed
by the relation

i, = RotRie+Ree?+Rie2+ . . . (1)

when ¢ is the instantaneous value of the grid volts.

The output will therefore contain contributions corresponding to
all these terms.

Consider the output

15 = Rye? . . . . (2)

and suppose that two modulated waves are applied to the input of
the last signal frequency stage (in which the amplitude is largest and
therefore the non-linear effects are most pronounced).

Let the wanted wave be 4,(x+m, sin vy¢) sin ¢,¢, corresponding
to a carrier frequency f;, and the unwanted wave be

A (1 +m, sin v,) sin cyf,
corresponding to a carrier frequency f,. The sum of these two waves

may be considered to constitute the input grid voltage e.
If E, is the grid bias

= Ry[A,(T —i—ml sin v,8) sin ¢,;¢+A4,(x +m, sin v,) sin ¢t — E 13 (3)
Calllng the terms inside the cube bracket a, b and ¢ respectlvely,
1y = Rg(a®+06% — c®+3ab%+3a%

+3bc? — 3b%+3ac? — 3a% — 6abc) (4)
The terms a3, b3, ¢3, 3b%c, 3bc?, 3a%, 3ac? evidently contain no inter-
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modulation products between @ and . This leaves only three terms,
3ab?, 3a% and — 6abc. The term
6abc = 6E A A (1 +m, sin vt +m,4 sin vyt
+mym; sin v,¢ sin v4f) sin ¢yt sin c,t
This corresponds to two carrier frequencies respectively of frequency
fi+/f2 and f; — f,, each modulated with the two programmes and
with the sum and difference frequencies of the two programmes. It
illustrates the type of intermodulation which occurs also due to
square-law non-linearity, and is not of interest to the present
discussion.
The term ab? is however of interest.
ab? = A,A}(sin c,t+m, sin ¢ f sin vyf)
X (I+2m, sin vyt +m; sin? v,d) sin? ¢yt

But sin? ¢t =} — % cos 2¢,t
From which it follows that among others a term appears :
34,47 sin ¢,t(1+2m, sin vyt — dmy cos 20,f) . (5

This is a carrier of frequency equal to the wanted carrier modulated
by the modulation of the unwanted transmission, but to twice the
depth of modulation of the original unwanted carrier, and modulated
also (to half the depth) by double-frequency components of the
unwanted programme. It follows that third-order non-linearity in
the signal frequency stage must be avoided. Such interference may
occur from a channel other than an adjacent channel, if the signal
is sufficiently strong and is not so far away that the signal frequency
attenuation suppresses it.

5.227. Luxembourg Effect. When one transmitter gives rise
to a high field strength in the ionosphere and another transmitter
gives rise to a weak field strength in the same region, the weaker
field-strength signal, on reception after reflection at the ionosphere
layer, is sometimes found to be partially modulated by the modu-
lation signal carried by the high-strength carrier. This effect is
sometimes quite serious. Third-order non-linearity therefore appears
to exist under certain conditions of the ionosphere.

5.228. Second-Channel Interference. See also XIX:9. To
receive the wanted frequency the oscillator of a superheterodyne
receiver is usually set to a frequency f,, greater than the wanted
frequency f, by an amount equal to the I.F. frequency f. The differ-
ence frequency f, — f, = f traverses the I.F. circuits. If a carrier
frequency f, greater than f, reaches the aerial and f, is such that
fi — fo = £, the difference frequency will pass through the 1.F. circuits
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and cause second-channel interference. Since the signal frequency
circuits are tuned to the wanted frequency f,, and since f; = f,+2f,
the response of the signal frequency circuits at f;, the second-channel
frequency is much less than at the wanted frequency. The differ-
ence between the response of the signal frequency circuits at f; and
fe, measured in decibels, determines the second-channel selectivity
of the receiver. -

Similar arguments to the above apply with equal force in the
rare cases where the beat oscillator is set below the wanted frequency.
The remedy is a rejector circuit directly in the aerial lead, tuned to
the frequency of the unwanted second-channel transmission.

5.229, Third- and Fourth-Channel Interference, etc. It
will be evident that if the beat oscillator produces harmonics, any
frequency incoming to the aerial which is distant from any harmonic
by a frequency interval equal to the 1.F. frequency will give rise to
a difference frequency which will traverse the 1.F. filter and give rise
to a signal in the output of the receiver. The only remedy for this,
apart from improving the purity of the beat oscillator, which is a
major design problem, is to insert a filter between the beat oscillator
and the mixer. As the beat oscillator covers a series of bands of
frequencies, this also is a measure which is only applicable in des-
perate cases. The terms “ third and fourth channel ”’ are not in
general use but appear as good as any other to describe this type of
interference.

5.22.10. Double Modulation in the Mixer. If the mixer,
after producing the normal difference or beat frequency, then pro-
ceeds to double it, any frequency incoming to the aerial which is
situated a distance from the beat-oscillator frequency (or any of its
harmonics) equal to half the L.F. frequency, will give rise to a fre-
quency which will traverse the LF. filter. The remedy is to try a
new mixer valve. This is one of the classified effects, but it is rather
hard to see how the mixer can act in this way.

5.22.11. Direct Reception of L.F. Frequency. If the signal
frequency selectivity is not adequate, a frequency incoming from
the aerial which lies within the pass range of the 1.F. filter will pass
through the LF. filter and give rise to a signal in the output of the
receiver. The remedy is a rejector circuit directly in the aerial lead,
tuned to the IL.F. frequency.

5.22.12. Mixed-Channel Interference. If two carrier fre-
quencies occur with a frequency difference between them equal to
the 1.F. frequency of a receiver, when the signal frequency circuits
are tuned to either carrier, the difference frequency will pass through
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the I.F. circuits and contribute interference consisting of the modu-
lations on both carriers. It is evident that the interference will rise
to a maximum with the signal frequency circuits tuned somewhere
between the carriers in question. It is not usual to use a criterion
for the selectivity of a receiver against mixed-channel interference,
but if one is required, the attenuation of the signal frequency circuits,
where the band width is equal to the 1.F. frequency, is as good a guide
as any other.

Fortunately mixed-channel interference is usually not very
serious. A predisposing cause is the proximity of a transmitter.

5.22.13. Interference from Harmonics of Transmitters.
If a transmitter radiates harmonics of its carrier frequency these
will occupy and jam the channels allocated to those frequencies.
The remedy is to suppress the harmonics at the transmitter. This
is done by increasing the kVA/kW ratio of transmitter output and
aerial coupling circuits (see VII:14 and XVI:8), by the proper choice
of coupling circuits, by inserting low-pass filters of conventional type,
by using feeders as filters (see XVI:5), and in certain extreme cases
by inserting rejector circuits as descrihed in XVI:g and 10, where
their use is described for a different purpose.

As a guide to the degree to which harmonics of the carrier fre-
quency must be suppressed, the requirementslaid down in Appendix I
of International Radio Communication Regulations, Cairo 1938, are
useful : these are as follows :

Frequencies below 3000 kc/s (Wavelengths above 100 Metres) : The
harmonic field strength must not exceed 300 microvolts per metre
at 5 kilometres from the transmitting station. In the case of
directive aerials this appears rather ambiguous ; for aerials designed
to have equal radiation in all horizontal directions and to have
maximum radiation in a horizontal direction it is however quite
clear. The criterion below is evidently designed for directive
aerials.

Frequencies above 3000 kc/s (Wavelengths under 100 Metres) : The
power of harmonic frequency in the aerial must be 40 db. below the
power of the fundamental (carrier) frequency, and in no case must
it be above 200 milliwatts.

5.22.14. Use of Rejector and Acceptor Circuits. Assuming
that the radiated field of the wanted stations is the highest that can
be obtained, the receiver is the best available, and the location of
the receiving site is either the optimum or else there is no other
choice of site, the pick-up from unwanted transmissions may be
reduced by the use of rejector and acceptor circuits.
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These are circuits inserted in the aerial lead, introducing a high
attenuation at an unwanted frequency. They are only of use when
the frequency of the unwanted station differs from the frequency of
the wanted station by an adequate frequency interval. The neces-
sary value of this interval depends on the relative field strength of
the two transmissions and the type of rejector used. In Fig. 2 (a)
is shown a simple type of rejector circuit made of the inductance L,
and capacity Cy. In Fig. 2 (b) is shown an alternative type of circuit
which is called an acceptor circuit and consists of inductance L, and
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Fic. 2/XVIII:5.—(a) Rejector. (b) Acceptor. (c) Band Elimination Filter.

capacity C,. Rejector circuits operate by offering a high impedance
to the unwanted frequency, while acceptor circuits operate by offer-
ing a low shunt impedance to the unwanted frequency and so
bypassing the receiver.

In Fig. 2 (c) is shown a screened m rejector circuit which gives
a much greater attenuation of the unwanted frequency and can be
made to discriminate between wanted and unwanted frequencies
which are nearer together than in cases where the circuits of
Figs. 2 (a) and 2 (b) are suitable. This consists of a combination
of inductances and capacities respectively of value L,, C,, Ly and C,.
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If the band of frequencies to be rejected is from f; cycles per second
to f, cycles per second, the values of L, and C,, L, and C,, in Fig. 2 (c)
are given by

_(fai—fIR - I
L= “ @R
— R C _fz _fl

7(fa — f1) ' 2nfifiR

The values of inductance are in Henrys and the capacities in Farads.

R is the impedance looking into the receiver, which, for this
purpose, can usually be assumed to be in the neighbourhood of 200
to 400 ohms.

Strictly, the values of the z section should conform to these values,
but if the values of L, are difficult to realize it is permissible to use
3L, and 2C, in the shunt arms, instead of L, and C,. An artful
means of bringing the value of L, within easy reach of practical con-
struction is by assuming a different value for R ; this will be found
to give good results in practice, provided the assumed value of R is
not greater than 5 times or less than one-fifth the receiver impedance.
The choice of f; and f, depends on the separation between wanted
and unwanted signals. In general, f; and f, should not be less than
20 kc/s apart and should be on each side of the unwanted frequency
and equidistant from it. If the wanted frequency is 100 kc/s away
from the unwanted frequency, f; — f, should be about 40 kc/s.

The most probable optimum valuesof L,, C,, L, and C, in Fig. 2 (a)
and (b) respectively are also given by the above relations (assuming
values for f, and f; as for Fig. 1 (¢)), but in any particular case some
advantage may be obtained by adjustment of the L to C ratio. In
other words, a rejector circuit is made to consist of the series arm
only of the n network and an acceptor circuit is made equal to one
of the shunt arms of the # network. The choice between rejector
and acceptor circuit is usually determined by the elements which
are most easily realized in practice. When the real input impedance
of the receiver is not known, experiment must decide which gives
the best results.

As stated, the & circuit gives a much higher attenuation of the
unwanted frequency than the simpler circuits and is sometimes the
solution to eliminating interference from a local transmitter in the
case of a receiver at a transmitter site. In such cases it is usually
necessary to screen both rejector circuit and receiver. Particular
notice should be taken of the arrangement of the conductors, screens
and earthing in Fig. 2 (¢). There is no direct earth on the rejector
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screen which picks up an earth via the comtinuous screen running
to the receiver screen.

It should also be noted that the x rejector circuit is capable of
rejecting a band of frequencies of any required width, i.e. extending
from f; to f,. For improved = rejector, see XXV:6.

5.23. Distant Man-Made Sources. Since in general a dis-
turbing source such as an electric railway or a mercury-arc rectifier
radiates a broad spectrum of frequencies embracing the wanted
frequency, rejector circuits are not applicable. The same of course
applies to a transmitter which is operating on a frequency so near
to the wanted frequency that no practical rejector circuit of adequate
discrimination can be built. None of the methods specified for the
reduction of interference is therefore applicable and the disturbing
fields have to be treated as Noise, see XVIII:7.2. Also see XXV:6
for further discussion on band elimination filters.

6. Noise.

6.1. Noise in Apparatus, including Noise in Radio Re-
ceivers, which is not Incoming to the Aerial. A prolific source
of noise is bad contacts. These may be due to badly soldered joints,
an utterly inexcusable but common source of trouble, a screw
terminal without a lock nut which has worked loose owing to vibra-
tion, or to faulty apparatus. Noise due to a bad contact is usually
associated with D.C. or A.C. circuits, but may occur in low-level
programme circuits owing to the presence of contact potentials.
The immense trouble which a simple fault may need to locate it
justifies very great care in making all connections.

Bad contacts may occur in switches, plugs and sockets, jacks,
and between valve pins and their sockets. Faults which resemble
bad contacts in their effects as observed at the output of an audio-
frequency amplifier are described immediately below : parasitic
oscillations at ultra-short waves and battery noises. See also
XVIIL:6.4 and 6.5.

6.2. Parasitic Oscillations. These are various. If an A.F.
amplifier valve oscillates at ultra-short waves the circuit noise may
sound like a loose contact. This is a rare occurrence, but has
occurréd and is mentioned first because it can be confused with a
loose contact. The probable remedy is a stopper resistance, but
a rearrangement of the run of the wiring may clear the trouble.
Audible oscillations in A.F. amplifiers are usually cleared by elimina-
tion of longitudinal currents and proper earthing and screening.

Oscillation in transmitters can hardly be considered as noise,
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since they are observed by meter readings and cleared without
regard to the pathology of the radiated signal, although observation
of a distorted output may lead to a search for an oscillation. See
XI:12 for full discussion of parasitic oscillations.

6.3. Noisy Batteries. Both H.T. and L.T. batteries, when
newly charged, or nearly discharged, are liable to be noisy when
used on high-gain amplifiers handling very low-level inputs. Dry
batteries, at the end of their life, also become noisy. Circuit design
sometimes provides for such contingencies by the insertion of
smoothing.

6.4. Faulty Valves. Valves which are going soft sometimes
give rise to a rushing sound in A.F. amplifiers. Internal deposits
on electrodes and internal faults in valves also give rise to noises
like a loose contact. Bad contacts in valve sockets are a frequent
source of trouble and sockets and pins should be cleaned periodically.

6.5. Faults in Other Components. Transformers, condensers,
chokes and resistances develop internal bad contacts, while electro-
lytic condensers develop noise associated with the deterioration of
the active film. Conductors break inside the insulation. Oil-filled
condensers lose their insulation due to flashover. Sparking occurs
at points where inadequate clearance has been left. The vanes of
air condensers get bent and touch or spark across. Contacts in
relays and switches get dirty.

6.6. Mechanical Vibration of Electrodes: Ponging. If a
valve carrying a low level of programme energy is subject to vibra-
tion, the movement of its electrodes modulates the anode current
of the valve with the result that, in the A.F. part of the circuit
following, a musical, bell-like, ringing noise is heard, which is called
ponging. So sensitive are some valves to ponging that it is only
necessary to speak near the valve in order to cause ponging. Pong-
ing is, therefore, caused by mechanical or acoustic vibration. Mech-
anical vibration is prevented by spring mounting the whole amplifier,
by spring mounting valve sockets or by mounting valve sockets on
rubber. Acoustic vibration is prevented by putting small felt
caps on valves, by enclosing the valves in a box and in extreme
cases by lining the box with sound-absorbent material such as
Celotex.

6.7. Johnson Noise: the E.M.F. of Thermal Agitation.
Consonant with the agitation of molecules and atoms which con-
stitutes heat energy, the electrons in a conductor are in a. permanent
state of movement which results in a system of random e.m.fis
appearing at the terminals of the resistance. This was first
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discovered by J. B. Johnson. The sound appearing at the output
of a high-gain amplifier due to Johnson noise is rather like that due
to the pattering of rain on dry ground. The frequency spectrum
of Johnson noise is uniform throughout the frequency range : equal
frequency band widths contain equal energy.

The noise voltage is therefore proportional to the square root of
the frequency range ; it is also proportional to the square root of
the resistance and the square root of the absolute temperature.

The noise e.m.f. in a resistance R ohms developed in a frequency
range extending from f, cycles per second to f, cycles per second with
the resistor at T degrees K (Absolute) is

E, = 2VERTb volts

where % is Boltzman’s constant = 1-37 X 10723 joule per degree
and b =f; — fy
Hence

E, = 74 x 1078V RTb microvolts.

With the resistance on open circuit the voltage developed across
the terminals of the resistance is E,.

With the resistance shunted by a capacity C the voltage developed
across the condenser due to the e.m.f. of thermal agitation in the
resistance is

V” — 7.4 X IO~GJ2_§C(tm—I ZﬂRsz - ta.rl—l ZﬂRCfl)

microvolts.

6.8. Shot or Schrot Effect : Schotky Noise. A noise e.m.f.
with a similar spectrum to Johnson noise is produced in the anode
circuit of thermionic valves due to the fact that electrons are not
emitted from the cathode in a steady stream, but in packets.

In magnitude it is greater than the e.m.f. of thermal agitation
in the anode circuit but, at frequencies below about 5 Mc/s, is usually
less than the amplified voltages applied by the e.m.f. of thermal
agitation in the circuit connected to the grid of the valve. Above
5 Mc/s, owing to the low values of circuit impedance, shot effect is
usually greater than Johnson noise.

The magnitude of the Schotky noise in a valve is usually stated
by specifying the value of resistance which, when connected to the
grid, will (by virtue of the e.m.f. of thermal agitation in it) produce
an e.m.f. in the anode circuit of the same magnitude as the Schotky
noise.
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The magnitude of shot noise of a triode expressed in terms of the
equivalent noise on the grid is

V, =617 X 1073V/(f, — f,)/g, microvolts

where g,, is the mutual conductance of the valve in mA /volt.

Partition Noise. When the cathode current divides between two
collecting electrodes, as for instance it does in a pentode in which
the cathode current is divided between cathode and screen, a new
current fluctuation is introduced on each of the divided components.
This is known as partition noise. For all practical purposes it can
be considered as introducing a factor by which the shot noise must
be multiplied to give the equivalent noise on the grid.

In the case of a pentode the value by which V, determined from
the equation immediately above, must be multiplied to give the
effective value of anode shot noise including partition noise, expressed
as equivalent volts on the grid is

J %(1 +81_3°) (see Bibliography, I 8.1)

ca

where I, = the total cathode current in mA
I, = the anode current in mA
I,, = the screen current in mA
&mn = the mutual conductance of the pentode from control
grid to anode in mA /volt.
6.9. Flicker Effect. ]. B. Johnson (Phys. Rev., 1925, vol. 26,
p. 71) found that in the frequency range below 1,000 c.p.s. the
shot voltage in the absence of space charge (i.e. in a valve which is
in filament saturation so that the anode draws all free electrons to
the anode and does not permit a space charge to collect) may rise to
a thousand times its normal value. This is believed to be due to
bursts of emission and positive ions. Although variable leaks
between electrodes have been cited as contributive to this effect, it
seems more probable that they constitute a separate phenomenon.
In an unsaturated valve, i.e. a normal valve with space charge,
the magnitude of the flicker effect expressed as equivalent volts on
the grid of the valve is

V, = 0:316V1og,(f,/f;) microvolts.

6.10. Grid Current Noise. In any valve which has either a
positive or negative component of grid current, this current will have
a fluctuation which will give rise to an effective noise voltage on
the grid.
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If the grid resistance R ohms is shunted with a condenser C
farads and the grid current is 7, mA, the noise voltage on the grid is

V, =18 x 1075V, (tan~* 2aCRf, — tan~1 22CRf;) microvolts,
where f, and f, are the limits of the frequency range in cycles per
second.

This formula is not universally applicable because valves have
both positive and negative components of grid current simultane-
ously and it is impossible to separate the two components. Fortun-
ately, however, valves are normally used under conditions in which
the ionic grid current predominates, so that the above formula is
applicable using the measured value of grid current.

The author would like to express his appreciation of the help he
has received from Mr. A. B. Gillespie, who provided the original
information from which the above values of valve noise voltages
are derived.

6.11. Transit Noise. This is noise induced into the grid of
a valve by the passage of electrons past the grid and so causing
changes in the potential of the grid.

6.12. Signal to Noise Ratio of a Receiver.

6.12.1. Noise Factor of a Receiver or other Fourpole or
Transducer. Definitions. The available power of a generator
supplying signal or noise is the power supplied to a load connected
to the generator, the load having an impedance which is the con]ugate
of that of the generator.

The energy band of a receiver or other fourpole is defined as

b = [adf/a,

where 4, is the power amplification factor at the arithmetic mid
band and 4 is the power amplification factor at any frequency.
Then the Noise Factor is

__Available Noise Power at Receiver Output before Detection.
" That part of the Available Noise Power in the Receiver Output
contributed by the Impedance R, facing the Receiver Input
assumed to be at an Absolute Temperature of 290°.
As is substantially the case, it will be assumed that the spectra
of thermal noise, receiver noise and aerial noise are identical. In
this case it may be shown that

Nr+N290
NBDO '
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where N, = the receiver output noise power expressed in terms of
equivalent available noise power in the impedance R,

facing the input of the receiver, required to give the

actual receiver output available noise power, in the

absence of any other thermal or aerial noise in R,.

Ny = the available noise power in impedance R, within the
energy band of the receiver due to thermal noise

when R is at an Absolute temperature of 290®=4%Tb.

In the whole of this discussion it is assumed that R, is equal to
the impedance presented towards the input of the receiver by the
transferred aerial impedance, assumed to be transformed through a
lossless network, and that the receiver input impedance is unknown,
and in general unequal to R,. It is this ignorance which makes the
concept of available power useful, since by its introduction the input
transition loss cancels when calculating signal to noise ratio. For
dealing with the case where the network between aerial and receiver
input is not lossless reference should be made to L. A. Moxon, *“ The
Noise Characteristics of Radio Receivers”, I.E.E. Jour., vol. 93,
part IIIA, no. 6.

It will be evident that the Noise Factor is not a unique char-
acteristic of the receiver, but is a characteristic of the receiver in
combination with a certain source impedance R,.

The value of N,y = 4£Th watts,
where k& = Boltzman’s constant = 1-37 X 10723 joules per cycle

T = 290° Absolute.

b = the energy band in cycles per second calculated as above.
Hence Ny, = 1-60 X 10720 watts, and this value is entered into the
denominator of the expression for N.

The value of the numerator in the expression for N, i.e. the value
of N,+ Ny is measured as follows.

A saturated diode is arranged to supply noise energy to a resistive
impedance R, either by shunting a resistance of magnitude R, across
the diode, or by coupling a resistance R, to the diode through a
lossless transforming network of band width not less than 4. In
general, therefore, the diode is faced with some other impedance
than R,, which will be referred to as 7R, where 7 is the impedance
ratio between R, and the diode. The temperature of R, is adjusted
to 290° Abs.

The noise energy supplied by the diode is adjusted by varying
the filament current until the required anode current is obtained,
and so the required output noise energy. With the diode connected
to the input of the receiver through the impedance transforming

43



XVIII: 6.12.2 RADIO ENGINEERING

network and the resistance R, in shunt across the input of the receiver
and the output of the network, the noise power supplied by the diode
is adjusted by varying the diode anode current until the output noise
power observed at the output of the receiver with the diode con-
nected is twice that observed at the output of the receiver with the
whole input circuit left connected and the diode cold.

The value of N,+N, is then equal to the noise output of the
saturated diode =2eb] x 10~ 3 watts,
where ¢ is the charge on an electron in coulombs = 1-6 x 1071®

coulombs
I is the diode anode current in mA

and b is the energy band in cycles per second.

The noise factor is therefore 2¢b1 X 1073 = 0-02] since
4kTH
T = 290° Abs.

The author is indebted to Mr. N. Houlding for information on
definition and determination of noise factors.

6.12.2. Noise Temperature of an Aerial. Assuming that
the aerial is coupled to the input of the receiver through a network
which contains reactances only (and so is lossless), it is possible to
express the noise that comes in from space by supposing that it
obeys the same laws as thermal noise and assigning a temperature
to the transferred aerial impedance R, indicative of the available
noise power due to the aerial. If T, is the aerial temperature so
assigned, the value of available aerial noise power is:

N, = kT bR, watts.

Value of Aerial Noise Temperature. The noise picked up by an
aerial depends on the part of the sky towards which its polar diagram
is directed, the minimum value being about 259, of the maximum,
see L. A. Moxon, ‘‘ The Noise Characteristics of Radio Receivers ”’,
I.LE.E. Jour., vol. g3, part IIIA, no. 6. This noise is greatest when
the aerial beam is directed in the plane of the galaxy and least when
directed normal to the galaxy. Moxon gives observations of noise
temperature taken by himself and others, from which it appears
that, within the limits of experimental error, neglecting solar noise,
the limiting values of the noise temperature of an aerial are as given
below.

Maximum Maximum Value Associated with the Centre of the
Galaxy.

100 2:7
T, = 2700 X (—f—) degrees Absolute.
44



INTERFERENCE AND NOISE XVIII: 6.12.3
Minimum Value tn Direction Normal to Plane of Galaxy.

2
T, =600 X <I%O) ' degrees Absolute,
where f is the midband frequency of the energy band in megacycles
per second, e.g. if f = 100 Mc/s, then the maximum maximum value
of T, = 2,700 degrees Abs.

6.12.3. Determination of Received Signal to Noise Ratio.
This depends on:

E = received field strength in millivolts per metre
G = aerial gain expressed as a power ratio = power received from
signal direction divided by power received from any
direction by an isotropic aerial (i.e. with a spherical
polar diagram) situated in the same signal field. (See
XVIII:8.1.)
A = wavelength in metres
N, = kT bR, = available noise input power from aerial (this may
conveniently be assumed to be the available noise
power in R,)
T, = aerial temperature in degrees Abs.

The aerial is then situated in a signal field of power density :
W, =265 x 107°E? watts per square metre.

The equivalent area of the aerial (i.e. the area measured normal

to the direction of propagation of the received signal field, which,

when multiplied by the power density of the field, gives the power
collected from the field by the aerial) is:
S = GA*/4n.
The available signal power in the aerial is:
S, =SW,,.
From the definition of noise factor, the equivalent available noise
power in R, corresponding to the receiver noise is:
N, = (N — 1)Nsy,.
The receiver signal to noise (power) ratio is therefore :

7. Noise Incoming to Receiving Aerials.

Atmospheric or static disturbances in nature are generated by
thunderstorms, aurora and other discharges in the ionosphere, and
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some originate outside the earth’s atmosphere and even outside the
solar system. Man-made static is produced by electric railways,
magnetos of cars and aeroplanes, and in brief by any generator of
transient disturbances in the form of a radiated field. Such dis-
turbances are always strong in the neighbourhood of towns and
industrial areas. Where the disturbing sources are near to the
receiving aerial certain means of reducing their effect has been
discussed under the heading of interference.

7.1. Restriction of Frequency Range. By restricting the
received audio-frequency range some measure of reduction of noise
due to atmospherics can be obtained. The voltages generated by
atmospherics are random in phase and are therefore proportional in
magnitude to the square root of the received band width. If,
therefore, the received audio-frequency range is reduced for instance

to half, the mean noise voltage is reduced by a factor 1/v2. The
effective reduction in annoyance value is however less than is to be
expected from the ratio, i.e. less than 3 db., because the normal
method of restricting the range consists in cutting out the upper
part of the audio-frequency range where the ear is not so sensitive
and where the masking effect of the noise is less. It is a practical
proposition, for instance, to cut down the received frequency range
from 30 to 10,000 c/s to 30 to 5,000 ¢/s. This is done on certain
short-wave receivers by changing the width of the 1.F. filter.

7.11. Single Sideband. See also XIX:17. In commercial
radio telephony the frequency range occupied by the radiated space
wave is reduced by transmitting only one sideband and the carrier
is also suppressed and restored at the receiving end. This gives
a net effective improvement in speech-to-noise ratio equal to 12 db.
This is obtained as follows :

Suppressing one sideband degrades noise ratio by 3 db. Doubling
amplitude of the other sideband improves noise ratio by 6 db.

Restricting frequency range of receiver, to receive one sideband
instead of two, #mproves speech-to-noise ratio by 3 db.

Suppressing the carrier and doubling the amplitude of the remain-
ing sideband again so that it is now four times its amplitude in
the original normally modulated wave, improves the speech-to-noise
ratio another 6 db.

The restored carrier is added with an amplitude large compared
to the received sideband amplitude so that the detected wave is free
from distortion. See VIII:4.2 and Figs. 2 (@), (b) and (c)/VIII:4.
This complicates the receiver, but since in point-to-point radio links
there is only one receiver, of negligible cost and power consumption
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compared to the transmitter cost and power consumption, a saving
in transmitter power of 16 times (power ratio corresponding to
12 db) is obtained : the transmitter is reduced to one sixteenth
of the power required in the case of a normally modulated wave,
without degrading the speech-to-noise ratio. Alternatively, of
course, the transmitter may be built for the same power, in
which case an improvement in speech-to-noise ratio of 12 db. is
obtained.

In the case of broadcasting there may be 1o transmitters which
provide an adequate noise ratio with an average transmitted power
of, say, 100 kW. each and a power consumption of 300 kW. each.
Even if the introduction of single sideband saved the whole 300 kW
of power in each transmitter a total saving of power of only 3000 kW
would result.

In Great Britain there are over g million licences, which means
a still greater number of receiving sets. If one valve is added to
each of these sets with a power consumption of 2 watts only (which
is much below the average), in order to provide an oscillator for
reintroducing the carrier, a total power consumption of 18 million
watts = 18,000 kW is involved. This 18,000 kW is evidently not
in continuous use, but in broadcasting single sideband is not neces-
sarily an economical means of improving speech-to-noise ratio or
of effecting a reduction in the power of transmitters.

From the point of view of relieving congestion in the space/wave-
frequency spectrum, single sideband, with or without suppressed
carrier, has very large merits ; but that is irrelevant to the present
discussion. On short waves, use of single sideband reduces selective
fading.

7.2. Use of Directional Aerials. An improvement in speech-
to-noise ratio can be obtained by the use of directional aerials.

At the receiver the effect of these is threefold :

1. By the use of an aerial which has a higher efficiency in the
direction of reception than the most economical type of
non-directional aerial a reduction in the effect of set noise
can be obtained.

2. By the use of an aerial which has a greater efficiency
in the direction of reception than in other directions, a
reduction in random noise picked up on the aerial can be
obtained.

3. By the use of an aerial which has lower efficiency in the
direction of reception of an unwanted station, or source
of noise, than in the direction of the wanted station, a
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reductoin in the disturbing effect of these sources can be
obtained.
Simple types of directional aerial are described in XVIII:8
immediately below.
The effect of directive transmitting aerials requires no ex-
planation.

8. Directional Aerials.

Directional aerials or arrays are combinations of one or more
aerial elements so arranged that the efficiency of reception is not
the same in all directions, and, in the absence of contrary require-
ments, is greatest in the direction from which it is required to receive
signals, or in which it is required to send signals.

8.1. Polar Diagrams illustrating the two Classes of Re-
ceiving Array. The performance of a directional receiving aerial
is represented by drawing a vector in each direction proportional to

4

> 7) D

(a) %)

F16. 1/XVIII:8.—Polar Diagrams.
(a) Class 1 Receiving Array. (b) Class 2 Receiving Array.

the efficiency of reception from that direction. The diagram result-
ing from joining the tips of these vectors (by a line in the case of
plane polar diagrams, and by a surface in the case of solid polar
diagrams) is called a polar diagram. The polar diagrams in most
common use for receiving aerials are expressed in terms of the e.m.f.
supplied by the aerial for constant field strength propagated from
each direction in turn. For polar diagrams of transmitting aerials,
see XVI:7.

Two classes of receiving directional aerials may conveniently be
distinguished.

In a Class 1 array the voltage output from the array, due to
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a signal from the wanted direction, is greater than that due to a
standard aerial used as a basis of reference. The polar diagram of
a class 1 array is illustrated in Fig. 1 (4), where the circle is the
horizontal polar diagram of the reférence aerial and the polar diagram
with three lobes is the horizontal diagram of the directional aerial.
Such an aerial array is said to have a gain: the magnitude of the
gain in any particular case is discussed below.

In a Class 2 array the voltage output from the array, due to
a signal from the wanted direction, is equal to or less than that
due to a standard aerial used as a basis of reference. The polar
diagram of a class 2 array is illustrated in Fig. 1 (b).

8.2. Gain of Array. The power gain of an aerial or array in
a given direction is equal to the power density in watts per solid angle
radiated in that direction divided by the power density radiated in all
directions by an isotropic (spherical polar diagram) aerial radiating
the same total power. This is strictly a power ratio, but custom has
applied the term gain to it as also to 1o times log,, of this ratio.
The statement in XVIII:6.12.3 is true but not any use for calculating
gain. The improvement of any array may be calculated as the array
gain divided by that of the simplest appropriate aerial which is
usually one element of the array.

8.3. Noise Ratio of Array. The noise ratio of an array may
conveniently be defined as the ratio : e.m.f. induced by unit field
propagated from the direction in which the array is most efficient
divided by the root of the mean of the squared values of the e.m.f.s
induced by unit fields propagated from all directions in turn. This
is because the noise fields, being in random phase, add as the square
root of the sum of the squares. The point at which the e.m.f. is
observed is the point at which the feeder to the receiver makes con-
nection to the array: the receiver is assumed to be impedance
matched to the array. This figure is somewhat analogous to, but
not equal to, the directivity of a transmitting aerial. (The directivity
of a transmitting aerial is the energy density in the direction of
maximum transmission divided by the mean energy density averaged
over all directions.) For both purposes directions in all vertical
planes must be taken as well as in the horizontal plane. This is
rigidly true in the case of directivity, but useful results can be
obtained by determining the noise ratio in the horizontal plane only.
It will be assumed that noise ratios are so determined.

Evidently a rough indication of the noise ratio of an array can
be obtained by looking at its solid polar diagram. If the array is
made up of vertical aerials, for reception of horizontally propagated
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waves, the horizontal polar diagram gives a rough indication. The
sharper the polar diagram, the higher is the noise ratio.

The improvement in signal-to-noise ratio determined by changing
from an aerial with a noise ratio of N, to an array with a higher noise

ratio N, is then 20 log,, A—T’ db. There is evidently no point in using
g N, y no po

a class 2 array if a class 1 array of equal noise ratio can be built
for the same cost, since the higher gain of the class 1 array makes it
preferable as it enables the signal to override inherent receiver noise
(i.e. not incoming to the aerial).

If, however, a class 2 aerial can be constructed of greater noise
ratio than a class 1 aerial of equivalent cost, and if the inherent
receiver noise is negligible, there is evidently an advantage to be
obtained in using a class 2 array. The criterion which sets a limit
to the possibility of using a particular class 2 array is the signal to
inherent receiver noise ratio which it affects. If this is better than
the required overall signal-to-noise ratio a class 2 array of high noise
ratio has an advantage over a class 1 array of low noise ratio.

8.4. Plane of Polarization. The plane of polarization of the
received wave determines the type of receiving aerial to be used.

In practice, directive arrays are used more frequently for hori-
zontally polarized waves than they are for vertically polarized waves.
This is partly because beam arrays are used chiefly for long-distance
transmission at frequencies where the attenuation of horizontally
polarized waves is less than that of vertically polarized waves ; but
also because a stack of horizontal dipoles lends itself better to
a balanced current and voltage distribution and therefore gives more
consistent performance.

The relations between direction of propagation and of electric
and magnetic vectors are discussed in XVI:7 and the conventions
by which horizontally and vertically polarized waves may be defined
are enunciated in that section. These will be used here : a vertically
polarized wave is a wave in which the magnetic vector is horizontal ;
a horizontally polarized wave is a wave in which the electric vector
is horizontal.

In the case of a single horizontal aerial the vertical polar diagram
taken in a vertical plane making any horizontal angle with the aerial
varies with the height of the aerial above ground. For the purpose
of determining the improvement of an array radiating or receiving
horizontally polarized waves, the most satisfactory practical method
is to use as reference a horizontal half-wave dipole situated at a
height above ground which gives the optimum reception from the
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required angle of elevation. Proposals have been made to use as
reference a dipole in free space, but this has no practical value.

In theory a horizontal dipole above ground receives (and radiates)
zero field in all horizontal directions and generally but not always
the direction of reception (and transmission) of interest in the case
of horizontally polarized waves is one making an angle with the
horizontal.

Provided the above points are remembered, the discussion in
terms of a vertical aerial applies equally to horizontal aerials.

Fig. 2 (a) shows a horizontally polarized wave ; the vector E is
horizontal, but if the direction of propagation is not horizontal the
vector M will remain normal to the direction of propagation and
will not be vertical. Similarly Fig. 2 (b) shows a vertically polarized
wave in which the vector M is horizontal and the vector E is normal
to the direction of propagation. In looking at Fig. 2 the direction

M v

(@) (%) (e)

F16. 2/XVIII:8.—(a) Horizontally Polarized Field. (b) Vertically Polarized Field.
(c) Skew Polarized Field resolved into Vertically Polarized-and Horizontally
Polarized Fields at (d) and (e).

of propagation should be regarded as being normal to the paper.
Fig. 2 (c) shows a field in which neither the magnetic vector nor the
electric vector is horizontal and which may be resolved into the
vertically polarized field at (d) and the horizontally polarized field
at (¢). Inother words, the field at (¢) can be reconstituted by adding
the magnetic vectors in (4) and (¢) and adding the electric vectors
in (4) and (¢). The field at (c) may be called a skew polarized field,
although this term is not in general use.

8.5. Performance of Loop Aerial in Vertically Polarized
and Horizontally Polarized Fields. A vertical loop aerial in a
vertically polarized field has a horizontal polar diagram as shown in
Fig. 3 by the two small circles, the loop being shown in plan as LL.

A vertical loop aerial situated in a horizontally propagated,
horizontally polarized field has no e.m.f. induced in it at all.

A vertical loop aerial situated in a horizontally polarized field
which is not propagated horizontally has a polar diagram similar to
that shown in Fig. 3 but rotated at go° with regard to the loop
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direction. In other words, maximum e.m.f. is induced in the loop
when it is placed at right angles to the projection of the direction
of propagation projected on to the horizontal plane. This will be
made clear by reference to Fig. 4, which shows at (a) a perspective
view and at (b) a side elevation of a loop aerial situated in a down-

Vertrcal Aerial

.- -

g’: Loop +

<\ Vertical/
Loop N\ Aerial/
Aerial \
FAST

WEST

Fi1G. 3/XVIII:8.—Combination of Loop and Vertical Aerial to give Cardioid Polar
Diagram.

coming ray of a horizontally polarized wave. It is evident that
maximum linkage with the magnetic vector M occurs in the condition
specified above for maximum e.m.f. induced in the loop. Speaking
colloquially, linkage with the magnetic vector results because the
magnetic vector is canted out of the vertical. Loop aerials are not

(@) @)
Fi1G. 4/XVII1:8.—Vertical Loop Aerial in Horizontally Polarized Field which is
not Propagated Horizontally.

(a) Perspective View. (b) Side Elevation.

normally used for reception of horizontally polarized waves, but the
behaviour of a loop in the presence of a horizontally polarized wave
constitutes an explanation of an aberration known as * night effect ”’,
discussed below.

Owing to reflection from the ground, which introduces a ray with
its direction of propagation inclined up with regard to the horizontal,
a vertical loop aerial situated in a nominally horizontally propagated
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horizontally polarized wave also gives maximum received signal with
the plane of the loop normal to the direction of propagation.
8.6. Cardioid Polar Diagram. Referring to Fig. 3 which
shows a loop aerial in a plane running from east to west, the small
circle on the east side constituting part of the loop polar diagram
for vertically polarized waves has been marked “ plus ”’, while that
on the west side has been marked ‘“ minus . This is to indicate
that the sense of the e.m.f.s induced in the loop depends on the
direction of propagation. That is, waves arriving from the east
induce e.m.f.s in the loop of opposite sense from those due to waves
arriving from the west. This characteristic of a loop aerial is used
to provide an aerial array in which reception from one direction is
cancelled. This is done by adding the e.m.f.s supplied by a loop
aerial to the e.m.f. supplied by a vertical aerial located at the same

Z
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Fic. 5/XVIII:8.—Simple Cardioid System.

place, and adjusting the two e.m.f.s to be of equal magnitude. In
this case the polar diagram of the vertical aerial is represented by
the large circle and the sense of the e.m.f.s induced in the vertical
aerial is independent of the direction of propagation. The conse-
quence is that, if, as is assumed in Fig. 3, the output from the vertical
aerial is phased so as to add to the output from the loop for directions
of propagation from the east, the two outputs will subtract for
directions of propagation from the west. The resultant polar
diagram is obtained by adding vectors such as O4 and OB (which
give rise to OC) and subtracting vectors such as OF and OF (which
give rise to OG). The form of the resultant polar diagram is some-
times called a cardioid, owing to its rather vague resemblance to
a conventional heart shape.

Fig. 5 shows the essentials of a simple arrangement for combining
the output of a loop and a vertical aerial. The loop is tuned to
a maximum response by means of condenser C,, while coupling K
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and condenser C, are adjusted so as to make the e.m.f.s, injected
into the secondary circuit by loop and vertical aerial, equal and in
phase. Evidently, by commutating either I and 2 or 3 and 4, the
sense of the cardioid can be reversed, that is to say, the directions
of maximum and minimum reception can be interchanged. The
secondary circuit is tuned by means of condenser 3, and terminals 5
and 6 are connected to the receiver. The method of setting up a
cardioid system to eliminate an unwanted station is fairly obvious.
With the vertical aerial disconnected, for instance, at 3, the loop
aerial is rotated to give maximum reception of the unwanted station.
With the loop aerial left in this position the vertical aerial is con-
nected and commutated in the correct sense, so that by adjustment
of C, and K the signal from the unwanted station can be balanced
out. It is hardly necessary to say that any wanted station can then
only be received provided its direction differs adequately from that
of the unwanted station.

The method of adjusting a cardioid to give maximum reception
of a wanted station is to adjust it first of all to give zero reception
of the wanted station and then to commutate either the output of
the loop aerial or the vertical aerial.

Simple cardioid systems are used to eliminate unwanted stations,
to provide arrays with improved noise ratio, and to give indications
for direction finding.

8.7. Bellini-Tosi System. To enable large loops to be used
(to provide adequate sensitivity on medium and long waves) which
cannot be conveniently rotated, the arrangement shown in Fig. 6
is used. In this each loop is provided with suitable tuning arrange-
ments and fed through one of two fixed coils wound mutually at
right angles, as shown in Fig. 6, coils 1 and 2. The axis of each
coil is parallel to the axis (and normal to the plane) of the loop to
which it is connected. A third coil 3 rotates between these coils as
indicated, and provides an output to terminals 1 and 2, which are
treated as the output of a single loop and may be regarded as being
connected to terminals 1 and 2 in Fig. 5, so that the arrangement
in Fig. 6 replaces the loop in Fig. 5. With such an arrangement
coil 3 behaves exactly like a direction-finding aerial, and when tuned
to give maximum signal strength lies in the direction of propagation
of any vertically polarized wave striking the loop assembly. The
coil assembly is called a goniometer.

Night Effect. It will have been understood that both the simple
cardioid system and the Bellini-Tosi system are employed only for
use with vertically polarized waves, such as are constituted by the

54



INTERFERENCE AND NOISE XVIII : 8.8

direct ground ray from an ordinary medium- or long-wave broad-
casting station. In practice, however, particularly at night, in
addition to the direct ground ray, waves reach the receiving array
by reflection from the ionosphere, which means that their direction
of propagation is not horizontal. This in itself would not matter,
provided that the wave was still vertically polarized, but a further
complication is introduced because the plane of polarization is usually
rotated about the direction of propagation so that a skew polarized
wave results, or, in other words, there is a component field which is
horizontally polarized. Loop aerials therefore, have modified polar
diagrams resulting from the presence of horizontally polarized waves
which are not horizontally propagated. The net result is that the
directive properties of the loop aerials, and therefore, of any system
employing loop aerials, are spoiled. As this effect is most pro-
nounced at nights, it is sometimes called ““ night effect ”.

Loop2  Coil 3l - Coil 2
Loop 2 Coil 1

ol

l 1
2
F1c. 6/XVIII:8.—Bellini-Tosi System.

8.8. Marconi-Adcock System. By replacing each loop aerial
by two vertical aerials, as shown in plan in Fig. 7, pick-up from
the horizontally polarized component of the received wave is
eliminated. In Fig. 7, A; and A, each consist of a vertical aerial
connected through a length of concentric cable C (which may be
buried) to one side of coil 1, so that coil 1 is in series between the
two lengths of concentric cable. Similarly, coil 2 is in series between
the two lengths of cable connected to the vertical aerials 4; and 4,.
As before, coil 3 is connected to terminals 1 and 2 and the whole
system effectively replaces the loop in Fig. 5. This system, which
is known as the Marconi-Adcock system, has improved directional
characteristics in the presence of downcoming ray which is not
vertically polarized.

In practice, the accuracy of the Marconi-Adcock system for
direction-finding purposes is impaired owing to coupling between
the vertical aerials and the horizontal sheaths of the cables running
from the vertical aerials to the combining coils. The longitudinal
e.m.f.s are induced in the cable sheaths by the downcoming ray,
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and the resultant e.m.f.s induced in the vertical aerials shift the
minima of the system, and so reduce the accuracy with which a
bearing is indicated. From the point of view of attenuating the
energy received from an unwanted station, the effect is to reduce the
amount of discrimination obtaining between wanted and unwanted
stations on different bearings.

Resort has therefore been made to the system of spaced loops,
described immediately below.

Ag
FiGg. 7/XVIII:8.—Marconi-Adcock System : Plan View.

8.9. Spaced Loops. In this system two loops are mounted on
a common horizontal bar which may be rotatable if the system is
used for direction finding, and may be fixed on a given bearing if
the system is required to have a receiving polar diagram with a fixed
orientation for purposes of reducing interference.

The loops may be either co-planar with one another and with
the common supporting bar, as shown in Fig. 8, or may be co-axial
and normal to the mounting bar, as shown in Fig. q.

Fig. 8 shows the co-planar arrangement. The sense of the con-
nection of the loops is indicated at 8 () which, for this purpose,
omits the standard tuning and coupling arrangement associated with
each loop, as shown at 8 (b).

This system has a horizontal polar diagram for vertically polarized
waves, as shown in Fig. 8 (¢) by the full-line curve. Fig. 8 (c) gives
a plan view of the spaced loop system. The horizontal polar diagram
for horizontally polarized waves is indicated by the dotted curve.
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It is therefore evident that, for signals received from any direction
in the vertical plane through NN (i.e. the normal to the mounting
bar), there is a minimum on both diagrams. No errors are therefore
introduced on downcoming rays with skew polarization.

Fig. 9 (a) gives a perspective of the co-axial spaced loop system
with the sense of interconnection between loops indicated as before.
Fig. 9 (b) shows a plan view of the co-axial loops, with the horizontal
polar diagram for vertically polarized waves shown as a full line ;
the horizontal polar diagram for horizontally polarized waves is
shown dotted. It is again evident that there is a minimum for

Loop 1 7o |iTop ‘ﬂ ‘ l
Relce/'ven
rl'd']
()]

(@)

N - ~ ,
Sees” N Srae
Fic. 8/XVIII1:8.—Co-planer spaced Loops and Corresponding Polar Diagrams.
Full line = Vertical Polarization. Dotted line = Hdrizontal Polarization.

signals with any kind of polarization arriving from any direction
lying in the vertical plane through NN. Of these two systems, the
co-axial is to be preferred because :

1. No coupling occurs between the loops and the longitudinal
path through the interconnecting wires. (This might cause
inaccuracy in the presence of any component of horizontal
polarization.)

2. There is no coupling between the loops and any vertical metal
supports or calibrating aerials at the centre of the system.
(This might cause inaccuracy in the presence of any com-
ponent of vertical polarization.)

3. The minimum on vertically polarized waves is sharper than
in the case of the co-planar arrangement.
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XVIII: 8.9 RADIO ENGINEERING

It is also true that the co-planar arrangement gives the sharpest
minimum for horizontally polarized rays, and, provided the inac-
curacy due to I above is tolerable, this arrangement can be used for
direction finding or discriminating purposes on horizontally polarized
waves. Iis sensitivity, when used for these purposes, is, however, low.

In all cases when loops are used, they should be screened by
a tube or housing completely enclosing the conductors of the loop,
but not constituting a short-circuited turn. It is important that the
break in the loop should be exactly in the centre of the top member

To
Loop 1 Receiver y oaPtl’
(a) 4

|
®)

F16. 9/XVIII:8.—Co-axial Spaced Loops and Corresponding Polar Diagrams.
Full line = Vertical Polarization. Dotted line = Horizontal Polarization.

of the loop, otherwise the currents induced in the two halves of the
screen may give rise to an e.m.f. in the loop.

The coupling circuit, associated immediately with the loop as
shown at (), must be balanced for admittance to ground and admit-
tance to the centre of the output coil. This balance may be assisted
by a screen, between the windings, connected to the centre output
coil.

The connection to the receiver should be made with a transformer
having a winding, on the loop side, which is balanced for admittance
to ground. This transformer should be screened and this screen
should be connected to the receiver earth.
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The screen on the loop should be continuous with the screen on
the conductors going to the receiver, and should enclose the coupling
coils, tuning condenser and balanced transformer supplying the
receiver. If the connection to the receiver is more than a few inches
long, the balanced transformer should be connected at the receiver
end of this connection.

8.10. Horizontal Polar Diagram of a Horizontal Dipole.
The horizontal polar diagram of a horizontal dipole in a horizontally
polarized horizontally propagated field is of the same form as that
shown for the vertical loop in Fig. 3, with the circles replaced by
ellipses of low eccentricity, the dipole being assumed to lie in a plane
at right angles to the loop. For the use of horizontal dipoles for the
reception of short waves at distances of two or three hundred miles
where the received wave is all downcoming ray at a fairly steep angle,
this polar diagram is almost meaningless and little difference in
reception will be observed as the dipole is rotated in the horizontal
plane. For reception on ultra-short waves at distances of twenty
or thirty miles appreciable directional effect will be observed. Also
for reception over distances of thousands of miles, where the angle
of the downcoming ray with the horizontal is small, appreciable
directive effect can be obtained.

In the case of interference from a nearby transmitter where the
direct ray is much stronger than the downcoming ray, an appreciable
improvement may be obtained by orientating a horizontal dipole so
that it points at the interfering station.

Many other types of directional aerials and directional arrays
exist, but space does not permit their description here.
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CHAPTER XIX
RADIO RECEIVERS

A RADIO RECEIVER isadevice which converts the modulated
wave induced, in a receiving aerial by a modulated space wave to
the original band of modulating frequencies, at a suitable level and
as free as possible from all forms of extraneous disturbance. The
actual process of converting the modulated wave to the original
modulating frequency is called defection. In addition to the detector
a receiver may have means for amplifying the incoming waves, before
and/or after detection, means for selecting a transmission on any
wanted frequency to the exclusion of other transmissions, and means
for making the output level independent of variations in the field
strength of the received signal.

In this chapter the principles of operation of radio receivers are
described, largely from the viewpoint of the user. For information
on design of receivers reference should be made to Radio Receiver
Design, by K. R. Sturley.

1. Diode and Crystal Detectors.

The simplest possible form of a receiver consists of a rectifying
device such as a diode, a crystal or a copper oxide rectifier, in
association with a coupling circuit to an aerial and a pair of head-
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Fie. 1/XIX:1.—Simple Receivers using Rectifiers,

phones. Fig. 1 shows two such receivers. In type () the double-

tapped inductance in conjunction with the tuning condenser C,

provide coupling and impedance matching between the aerial and
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the detector circuits. The double-tapped inductance is useful when
it is important to secure the maximum efficiency of coupling. The
type at (b) has a separate coupled tuned circuit to secure greater
selectivity and locates the headphones H in the cathode lead so that
one side of the headphones goes to earth. This is a preferred
arrangement to that at (a) but cannot be used at () because the
capacity to ground of the filament battery would be located across
the headphones. The value of C, in each case is about 0-0005 uF.

The principle of operation of these circuits is illustrated in Fig. 2.
Fig. 2 (a) shows a carrier wave with a sinusoidal envelope produced
by modulating a carrier with an audio-frequency wave as shown
at 2 (d). The envelope of the wave is of the same form as the

(d)
Fic. 2/XIX:1.—Operation of Linear Detector.

modulating wave. If the circuits L,C, and L,C,, respectively, in
Figs. 1 (a) and 1 (b) are tuned to the frequency of the carrier wave,
a current of the form shown at 2 (a) circulates round the tuned
circuit and a voltage of the same form appears across the tuned
circuit. This voltage causes a current of the form shown in Fig. 2 ()
to flow through the diode and through the combination of H and C,
in parallel. The high-frequency components of the current flow
through C, which presents a comparatively low impedance to high-
frequency currents as compared with H ; and the audio-frequency
component and D.C. component, shown together in Fig. 2 (¢}, flow
through the headphones H, which present a comparatively low
impedance to audio-frequency currents (as compared with C,;) and
a still lower impedance to D.C.
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The audio-frequency component consists of a sine wave of the
form shown at (d), which is of the same form as the original modulat-
ing frequency. The direct current produces a steady deflection of
the headphone diaphragm while the alternating component makes
the diaphragm reproduce the original modulation frequency as
sound. The process is exactly the same when the modulating wave
corresponds to speech or music.

The scales in Fig. 2 are arbitrary. a; = }a, and approximately
a, = a,/n.

In either of the circuits of Fig. 1 the diode may be replaced by
any low-current and low-voltage rectifier sufficiently free from self-
capacity and having a suitable voltage-current characteristic. It is
evidently no use using a rectifier in which a very large current or
a very large voltage is required to reach the bend of the characteristic.

A4 B

® c
S
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<
1] 1 S A
X :

0 X Anode Volts

Fic. 3/XIX:1.—Rectifier Characteristics.

This will be made clear by reference to Fig. 3. Evidently curve
C is unsuitable unless a voltage greater than OX and a current
greater than OY can be obtained. Further, it should be noticed
that a rectifier having a characteristic as at B requires to work
from a circuit of higher impedance than does a rectifier having a
characteristic as at 4. This means not only that the radio circuit
impedance must be higher, but also the audio-frequency circuit.
The alternative types of rectifier which are available are special
copper oxide rectifiers, e.g. the Westinghouse type W6, Westector,
crystal detectors and diodes. A crystal detector consists of one or
two pieces of certain minerals in contact either with one another
or with a metal point, the combination behaving as a rectifier. The
impedance of diodes and copper oxide rectifiers is much lower than
that of crystals, so that direct replacement of diodes and copper
oxide rectifiers by crystals cannot be made. Copper oxide rectifiers
require much more power than diodes and crystals. Copper oxide
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RADIO RECEIVERS XIX:2

rectifiers possess considerable inherent capacity, and although they
may be used in medium- and long-wave circuits, where adequate
power is available, the general-purpose rectifier which is used as
a detector is the diode. Crystals are used at centimetre wavelengths.

Like diodes, crystals contribute to the noise of a circuit in the
form of a fluctuation noise greater than the Johnson noise to be
expected from their impedance characteristics.

The Noise Temperature of a crystal is the ratio: noise power
output of the crystal divided by the Johnson noise power output of
a passive impedance of the same magnitude and angle.

2. T.R.F. Receiver.

After the simple crystal or diode detector the next stage in
development was to add one or more high-frequency amplifiers
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Fi1c. 1/XIX:2.—Straight or T.R.F. Receiver with Diode Detector.

before the diode, and one or more audio-frequency amplifiers
after the diode, resulting in the form of circuit shown in Fig. 1.
This is a straight circuit or a T.R.F. (tuned radio-frequency)
circuit.

The circuit is shown in terms of separately heated cathode valves,
which had not been developed when this type of circuit was first
used, since these are in common use.

L,, L, and C, constitute the aerial coupling circuit feeding into
the grid of valve V,, which is a class A amplifier biased as a class A
amplifier by means of the cathode resistance R,, which is shunted
by C,, an 0-01-uF mica condenser. The grid circuit is decoupled
from earth and coupled to the cathode of V', by means of the one-
megohm resistance R, and the o-01-uF condenser C,. L;is a high-
frequency choke as large as is consistent with non-resonance in the
band of frequencies to be received, and C, is an o-o1-uF condenser
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XIX:3 RADIO ENGINEERING

coupling the anode circuit of V, to the tuned anode circuit L,,
C; and the diode V,. The diode load R; is usually between 100,000
and 500,000 ohms and may be made variable, as shown, to provide
a volume control. The condenser C, across the diode load is usually
about 50-100 uuF and permits positive peaks of voltage to drive
a current through the diode so as to charge up C, to a mean voltage
(averaged over a cycle of the R.F.) which follows the form of the
envelope of the incoming wave. The resultant audio-frequency is
applied to the grid of V,, which is an audio-frequency amplifying
valve, via R,, which is inserted so as to constitute, in conjunction
with the grid input capacity of V,, a radio-frequency filter which
prevents the R.F. from overloading V,. V,is biased by means of R;,
which is shunted with the electrolytic condenser C,, which has a
capacity of about 20 xF in order to prevent audio-frequency feed-
back from anode to cathode circuit of V,. L, is an audio-frequency
choke and Cyis a I uF condenser. It is to be noted that, with the
diode in the sense shown, the incoming R.F. (owing to the rectifying
. action of V;) puts positive bias on ¥V, and so reduces the effective
grid bias. This is not likely to cause difficulty, but if it does it can
be reversed in effect by reversing the diode connection, or, better
still, eliminated altogether by inserting an 0-5-uF condenser in series
with R, at B and connecting a grid leak of about 0-5 megohm from
the grid side of the condenser to ground.

3. Anode-Bend Detector.

This is a type of detector which had a short vogue, particularly
in America, but was discarded on account of the distortion intro-
duced. Fig. 1 shows a valve arranged as
an anode-bend detector, which might be +AT
used to replace the diode detector in Fig. R
1/XIX:2, by inserting the circuit of Fig. 1 6
between 4 and B in Fig. 1/XIX:2. V5,

In Fig. 1, R, is a resistance providing A4
audio-frequency coupling to the next
stage in conjunction with condenser C,,, &7
which is about o5 uF. R, in Fig. 1 _ 2|
maintains the mean potential of the grid ¢, , /XIX:3.—Anode-Bend
of the following valve, e.g. V, in Fig. Detector.
1/XIX:2 at ground potential. V, is a
valve with a parabolic anode-current grid-voltage characteristic,
biased by means of resistance R, and battery B to a point on
the curved part of the anode-current /grid-voltage characteristic as
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RADIO RECEIVERS XIX:3

indicated in Fig. 2/XIX:3, where E,, is the applied grid bias and E,
is the grid bias required to take the valve to cut-off.
This anode-current/grid-voltage characteristic is of the form

i, = a(E,+e)2 . . . . (1)
where 7, is the anode current
a is a parameter of the valve

e is the value of instantaneous grid potential with regard to
the cathode.

Consider the case where the incoming voltage wave applied to the
grid of V, consists of a carrier wave of amplitude 4 and angular
frequency ¢ modulated to a depth » by a sinusoidal audio-frequency
wave of angular frequency v.

Anode Cyrrent, I,

] be—Zy Grid Volts, E
—Z¢
Fic. 2/XIX:3.—Characteristic of Anode-Bend Detector.

The instantaneous voltage of such a wave is expressed analytic-
ally by:

E,, = A sinct+mA sin ct sin vt . . (2)

= A(1+m sin v¢) sin ct . . . (2a)

Suppose that a voltage of this form is applied to the grid of
valve V, by the output from valve V, of Fig. 1/XIX:2. The instan-
taneous value of grid voltage on V, is given by ¢ = E,, — E,, where
E, is the steady value of grid bias. Substituting this value of ¢ in
equation (I) :

1y = a[E ,+A(1-+m sin vi) sin ¢t — E ]? . . . (3
= a[(E, — E )2+ A*%sin?ct+2mA? sin vt sin?ct +24(E, — E) sinct
D.C. Twice carrier carrier frequency

frequency +p.c.

+2mA(E, — E,) sin vt sin ¢t + A *m?sin? v sin? ct]
sideband frequencies
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Neglecting the D.c., carrier frequency, double-frequency carrier,
and sideband frequency terms
1, = a[2mA ?sin vi(} — % cos 2¢t) +m?A 2(} — } cos 2vt)(} — } cos 2ct)]
= a[mA?sin vt — mA2?sin vt cos 2¢ct+4m2A4 2+ 1m2A 2 cos 2¢t cos 2vt

Wanted 2c+vand 2¢ — v D.C. 2¢+2v and 2¢ — 2v
original
audio
Jfrequency
— }m2A2 cos 2ct — }m2A2 cos 2vt] . . @)
Twice carrier Twice audio
frequency [frequency

The only audio-frequency terms in this expression are the first
and the last. The first term, which is of amplitude amA?2, con-
stitutes the wanted audio frequency, while the last term, which is
of amplitude am?42/4, constitutes currents of twice the wanted
audio frequency, which therefore appear as distortion. All radio-
frequency terms are suppressed in the following circuits.

Expressed as a percentage of the fundamental (original modulat-
ing audio frequency), the second harmonic (twice audio-frequency
current) amplitude is:

tam24?
amA?

S
=7 . . . (5

Hence at 1009, modulation the second-harmonic distortion is
25%; at 509 mod., 12'5%, and so on. This is quite intolerable.
As a matter of interest the second-harmonic term corresponds to
direct intermodulation between the two sidebands on each side of
the carrier. Similarly, it may be shown that if two audio frequencies,
/1 and f,, are present in the original modulation giving rise to side-
bands at each frequency corresponding to percentage modulations
m, and m,, in addition to the intermodulation between corresponding
sidebands on each side of the carrier, there is cross-modulation
between the sidebands corresponding to f, and f,, giving rise to
distortion products f, — f; and f;+f, of amplitude }amm,A.

4. Leaky-Grid Detector.

This type of detector is shown in Fig. 1/XIX:4. C,, is about
0-0003 uF, R, is about 1 M@, while R,,, C,, and R,, have the same
values and the same object respectively as R, C,, and R, in
Fig. 1/XIX:3. Since the valve V, is operated with no grid bias,
when R.F. drive is applied between 4 and ground, the grid is swung
alternatively positive and negative and grid current flows during
the positive pulses. The circuit between grid and cathode there-
fore behaves like a diode and it is immediately evident that the
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detector circuit of Fig. 1/XIX:2 has been reproduced with the
position of diode and diode load plus shunt condenser interchanged.
A voltage corresponding to the en-

velope of the wave is therefore built +H.T.

up across the condenser C,,, the grid ]
being given a mean negative bias
averaged over one cycle, which
corresponds to the envelope of the
incoming voltage wave. A leaky-grid
detector is more sensitive than an
anode-bend detector and more sensitive
than a diode alone, by the amount of

. . . . Fig. 1/XIX:4.— Leaky-Grid
amplification in the valve. Since, Detector.

however, diode-triode valves are avail-

able for substantially the same cost as a triode, and since diodes
have a more consistent performance than grid input circuits of
valves, the leaky-grid detector has gone out of use.

5. Distortion in Diode Circuit and Leaky-Grid Detector.

Distortion occurs in all diode detector circuits and in the leaky-
grid detector owing to the time taken to charge and discharge the
condenser across the diode load: C, in Fig. 1/XIX:1, C, in
Fig. 1/XIX:2, and C,, in Fig. 1/XIX:4. This distortion is illus-
trated in Fig. 1/XIX:5, where the full-line curve represents the ideal
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Fic. 1/XIX:5.—Distortion in Leaky-Grid Detector and Simple Diode Circuit.

voltage developed across the diode load and the dotted curve shows
how the actual voltage lags behind the ideal voltage by different
amounts at different parts of the cycle and so distorts the wave
form. In the particular case chosen the time of charge is different
from the time of discharge, resulting in further distortion constituted
by inequality of the voltage swings each side of the true mean line.

In practice this distortion is kept within tolerable limits by proper
proportioning of the diode load and condenser. Typical values
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taken from a number of good commercial superheterodyne sets at
random are tabulated below. In this case, as is explained later, the
carrier frequency reaching the detector is substantially constant in
frequency, being equal to the intermediate frequency in the table
below.

Intermediate
Frequency R C Time constant = RC
ke/s Ohms puF Microseconds
445 200,000 100 20
455 600,000 50 30
465 100,000 50 5
T A variation of the diode load circuit
is shown in Fig. 2, in which the diode
T load consists of two resistances, R, and
Ci R,, with two capacities, C, and C,,
Py i shunted to the cathode. The transformer
R 3 T is an LF. or R.F. transformer supply-
AO—']_—"— ing the signal to the diode circuit and
RZSE G the audio-frequency output is taken to
the following valve from point A. Typical

Fie. 2/XIX:s5.—Diode values of R,, R,, C, and C, taken from
Circuit with R.F. Filter. ., mercial receivers are :

Case 1 Case 2 Case 3
R, 100,000 £2 47,000 2 50,000 2
R, 180,000 2 15 MQ 600,000 £2
C, 100 uuF 50 uuF 100 uuF
C, 100 uuF 50 ppuF 50 puF

It will be seen that the tendency is to keep R, low in value compared
to R, in order to transfer as much voltage as possible to the following
stage. R, and C, constitute an R.F. filter preventing R.F. from being
applied to the grid of the following valve, while R, and C, constitute
the diode load and condenser proper.

6. Distortionless Diode Detector.

For measuring purposes, and other purposes where really dis-
tortionless detection is required, arrangements must be made so that
the diode load is a pure resistance. Theoretically this is very simple :
it is only necessary to use the circuit of Fig. 1, which shows also the
following audio-frequency valve. If R, = R, =R and L = CR?,
the diode load impedance presented between cathode and ground is
a pure resistance of magnitude R. The difficulty in practice is that
to preserve linearity the diode load has to be high, while, in order
to use a value of L which has negligible self-capacity, the value of
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R must be low. The probable compromise value of R is about
10,000 £, which is very low compared to the usual values of 100,000
to 500,000 ohms. If, however, a low-impedance diode is used,
constituted for instance by a low-impedance triode with grid and
anode strapped, quite good linearity can be obtained even with
a diode load as low as 10,000 ohms.

r

T8

Fi1G. 1/XIX:6.—Constant Resistance Diode Load.

7. Linearity of Diode.

A second source of distortion occurs owing to the inherent non-
linearity of the diode, particularly for low values of voltage and
current. This is reduced, as indicated elsewhere, by using a high
value of diode load, but, in addition, care is taken that the diode is
operated at as high a level as possible. This increases the effective
linearity of the diode, since for high input levels the part of the
diode characteristic with greatest curvature (which occurs at low
levels) constitutes a comparatively small percentage of the range
of the characteristic which is used.

8. Superheterodyne Receiver.

The most common type of radio receiver in general use is the

superheterodyne. This consists of the following :

1. A tuned coupling between the aerial and the grid of the first
valve.

2. A series of tuned signal-frequency amplifiers amplifying the
incoming frequency ; these are called R.F. or signal-fre-
quency stages.

3. An oscillator and a mixer (see IX:13 and XIII:8) which change
the incoming signal frequency to a (usually) lower or inter-
mediate frequency (usually about 450 kc) at which greater
amplification per stage is possible thanat the (usually higher)
incoming signal frequencies.

69



XIX:8

RADIO ENGINEERING

A second advantage of greater importance is that
selective circuits may be introduced at the intermediate
frequency which are designed to accept a single fixed band
of frequencies. As a result it is possible to obtain not only
a flatter response in the pass band but also a greater attenu-
ation outside the pass band.

When receiving long waves the intermediate frequency
is usually higher than the incoming signal frequency ; but
when receiving short waves the intermediate frequency is
much lower than the signal frequency and the improvement
in selectivity over a T.R.F. receiver is very large. This is
because the attenuation in the non-pass region of band-pass
structures is a function of the amount by which the un-
wanted frequency differs from the mid-pass-band frequency
expressed as a percentage of the mid-pass-band frequency.
For instance, it would be much more difficult to design a
structure to give a large discrimination between 10 and
10'5 Mc/s, than to design a structure to provide an equal
discrimination between o0-45 and 0-95 Mc/s.

4. An intermediate-frequency filter, usually but not always

constituted by the couplings between the stages of the
intermediate-frequency amplifier.

5. An intermediate-frequency amplifier supplying the amplified

[=)]

O 0o\

I.F. to the detector.

. A detector which suppresses the I1.F. frequency and supplies,

to the low-frequency amplifier following, an input voltage
corresponding to the envelope of the LF.

. A low-frequency amplifier feeding a loud-speaker
. A loudspeaker.
. An automatic volume control (A.v.C.) circuit which, by ampli-

fication or by direct coupling, derives a negative D.C. bias
from the detector circuit, proportional to the amplitude of
the signal reaching the detector. This negative bias is
applied to the Rr.F. and I.F. amplifying valves in such wise
as to make the signal reaching the diode to a large extent
independent of variations of incoming signal strength.

Method of Operation of a Superheterodyne Receiver. The
general arrangement is shown in Fig. 1 and the relative locations in
the frequency spectrum of wanted and second-channel frequencies
(defined below), beat oscillator and intermediate frequency are
shown in Fig. 2. The operation of the receiver is as follows :

If f,, in Fig. 2 is the carrier frequency of the station to be received
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(i.e. the signal frequency), the signal-frequency circuits of the receiver
are tuned so that the minimum attenuation of these circuits occurs
at f,, as indicated by the position of the dotted curve marked
“ attenuation of SF circuits " : this is the normal process of tuning
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F1Gc. 1/XIX:8.—Essential Elements of a Superheterodyne Receiver.

in to a signal. Simultaneously, by means of interconnection of
the controls, known as ganging, the beat oscillator is adjusted to
a frequency f, (greater than f,) such that f, — f,, = L.F., where LF.
is the mid-band frequency of the 1.F. filter. The mixer therefore has
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Fi16. 2/XIX:8.—Relative Locations in the Frequency Spectrum of Wanted (Signal)
Frequency, Second-Channel Frequency, Beat Oscillator and I.F. Frequency.

applied to it the frequency f,, and its sidebands plus the beat oscillator
frequency f,. The mixer is iz effect a non-linear device so that there
appears at its output fo+f, and f, — f,, plus sum and difference
frequencies between f, and the sidebands of the wanted carrier.
(See XI:9 for behaviour of non-linear device and XIII:8 for more
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exact description of working of a mixer.) Neglecting the sum fre-
quency, the difference in frequency due to f, and f,, is f, — f,, = L.F.,
a shifted carrier frequency appearing in the middle of the 1.F. filter
pass range at f, = L.F. Similarly, shifted sideband frequencies
appear each side of f; so that an amplitude modulated wave of
frequency f, is applied to the input of the 1.F. filter and 1.F. amplifier.
Just as the sideband frequencies are transferred while preserving
their proper frequency interval from the carrier frequency, so are
any other frequencies in the neighbourhood of f, which may, for
instance, be due to a transmitter located on an adjacent channel.
The degree to which these are suppressed in traversing the L.F. filter
depends on the attenuation characteristics of the LF. filter. After
traversing the LF. filter the shifted wanted signal frequencies plus
any residual adjacent channel frequencies, at the level they have
reached after attenuation by the I.F. filter, are applied to the
detector, which is usually a diode circuit of the form shown in
Fig. 1/XIX:2 or Fig. 2/XIX:5. The shifted carrier interacts with
its sidebands to give rise to the wanted audio frequency and interacts
with adjacent-channel frequencies to give rise to higher audio
frequencies. The detected audio frequency is then amplified in the
audio-frequency amplifier and applied to the loudspeaker.

The various types of imterference and noise observed in a radio
recetver, together with such means as are available for their reduction,
are described in XVIII:s5 to 8 inclusive. Second-channel interference
is rather a special case and is also discussed immediately below.

9. Second-Channel Interference.

Referring to Fig. 2/XIX:8, it will be seen that if an unwanted
frequency happens to be located at f, such that f, — f, = I.F., the
difference frequency at the output of the mixer is equal to the IF.
frequency and will traverse the I.F. filter and be detected just as is
the wanted frequency, with one difference. This difference is that
the frequency is subject to the amount of attenuation (introduced by
the s.F. circuits) marked ** 2nd channel suppression " in Fig. 2 /XI1X:8.

Interference due to a frequency located at f, is called second-
channel interference.

It is to be noted that the suppression of second-channel pick-up
requires a high s.F. attenuation at a frequency higher than the
wanted frequency by twice the 1.F. frequency.

A useful point to note in connection with the observed effect of
second-channel interference is that, as the beat oscillator is increased
in frequency, it can be seen from Fig. 2/XIX:8 that f, = f, — f,
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also increases in frequency, while the shifted value of f,, which is
equal to f; — f, decreases in frequency. The wanted frequency and
unwanted frequency therefore travel through pass range of the 1.F.
filter in opposite directions and the audio-frequency beat between
them, which occurs at the diode, therefore changes note as the beat
oscillator is changed in frequency ; in other words, as the tuning of
the receiver is changed the beat note appears first at a high frequency,
getting lower in pitch, disappears when f, = the shifted value of
/2 and reappears as a note of increasing pitch as the tuning is moved
further.

Heterodyne notes and mixed-channel whistles (see XVIII:5.22
and 5.22.12), on the other hand, do not change pitch as the tuning
is changed.

10. Mixers.

The types of valves usually employed as mixers are heptodes,
hexodes and octodes, and are shown in Fig. 1/IX:13, and
Fig. 1/XIX:10.

In the hexode and heptode the incoming signal is applied to
grid 1 and the beat oscillator frequency to grid 2.

The octode has two grids which operate respectively as the grid
and anode of a triode connected to an external oscillator circuit, as
indicated in Fig. 1 (¢)/IX:13. The incoming signal is then applied
to grid 4.

The operation of a mixer is closely analogous to that of a sup-
pressor grid modulator ; see XIII:8. The voltage amplification of
the mixer, measured from the grid to which the signal frequency
is applied, to the anode, is directly proportional to the potential
applied to the other control grid : grid 2 in the case of hexode and
heptode, and grid 1 in the case of the octode.

In other words, if e, is the voltage applied to the control grid
influenced directly by the beat oscillator, the effective voltage
amplification, from signal grid to anode, is:

e = ke,. . . . . (1)
where % is a constant.

If e, is the instantaneous voltage applied to the signal grid, the
anode voltage swing

€, = 1,61 = keje, . . . . (2)
hence the output voltage is proportional to the product of the input

and output voltages. This is the condition for the production of
sum and difference frequencies, as can be seen from equations (3)
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and (4)/XI:9, where the term corresponding to the product of two
sinusoidal voltages gives rise to sum and difference frequencies.
More explicitly, if a frequency f, is applied to the signal grid and
a frequency f, is applied to the oscillator grid, there will appear in
the anode circuits, in addition to frequencies f, and f,, also the
frequencies f,+f,, and f, — f,, the last of which is the frequency
required for supplying to the 1.F. filter and amplifier.

Typical mixer circuits are shown in Fig. 1 with their associated
oscillator circuits, which have all been shown as the tuned anode
type to make identification of circuit components simple. In all
circuits R, is of such a value that the screen-grid current drops the
screen grid to the correct value. In Fig. 1 (@) the screen-grid current
is reinforced by the current through R;. R;is the bias resistor in
each case. The decoupling condensers C, and C, may be mica
condensers of about 0-001 uF ; on long-wave sets they should be
shunted with a paper condenser of about o-x uF. The coupling
condensers C; and C, should be mica condensers about o-or uF.
The coupling transformer T constituted by L,, L,, Cs and C, is
really one of the IL.F. filter stages and may be designed directly from
the chart on Fig. 1/VII:14 for the band width required for the I.F.
filter.

The ratio between the input power to a mixer at signal frequency
and the output power from the mixer at I.F. frequency is called the
Conversion Gain (or Loss) :

Output power at IL.F.
t power at signal frequency

Conversion Gain in. db. = 10log.,, Tnpa

When crystals are used as mixers, as is usual at centimetre wave-
lengths, the conversion gain is negative, i.e. it is a loss. With a good
crystal mixer this loss will be about 10 db. at 4 = 10 cm.

11. LF. Filter and I.F. Amplifier.

The 1.F. filter and 1.F. amplifier are usually combined, and are
constituted by a number of class A amplifying stages coupled
together by transformer or coupling circuits of the type shown
at T in Fig. 1/XIX:10. The primary impedance for which this
coupling is designed is determined by the load requirements of the
preceding valves, and the secondary impedance by the input
capacity of the following valve and the percentage band width
required in the IL.F. transformer.

The determination of the secondary impedance may be illustrated
by an example in which the total effective grid input. capacity of
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the following valve is 10 upF, wiring stray capacity 20 uuF, self-
capacity of coil estimated at 5 uuF, total estimated capacity 35 uuF.
A trimmer condenser is added with a capacity range from 5 to
25 uuF, so the estimated total capacity range is from 40 to 60 uuF.
Hence design for 50 puF. Assume the IL.F. frequency is 450 kc/s
and that design is carried out for a band width of 15 kc/s: the
percentage band width is then ;15i 3-33%. From Fig. 1/VIL:14
the value of capacity for 10,000 £ impedance with a mid-band
frequency of 1 Mc/s and 3-339% band width is 475 upF, and at

450 kc this corresponds to 475 x % = 1,055 upxF. Hence the
I, 55

secondary impedance is -——= X 10,000 = 200,000 {2 approximately.

The remainder of the de31gn is straightforward.

In special cases where high selectivity is required, the coupling
stages may be supplemented by a straight band-pass filter inserted
at any convenient point in the L.F. chain. If it is inserted between
two LF. stages, the coupling units of the type shown at T may be
used at each end of the filter to.match it to the valves at each end.

Recent fashion has favoured the use of a number of straight anode
tuned stages with their resonant frequencies staggered to provide an
approximation to a band-pass characteristic. The advantages are
simplicity of design and ease of construction.

12. Signal Frequency (‘‘ Radio-Frequency ') Circuits.

These are the circuits which amplify and/or select the incoming
signal frequency. They are sometimes called radio-frequency
circuits, but ‘“ signal frequency ”’ is the modern designation.

The most common aerial coupling circuit in use is shown in
Fig. 1 (a), and this circuit is often used as an interstage coupling
between valves.

ot~
@
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&
[ I
1Y

-
e (G

() ()] )
Fic. 1/XIX:12.—Aerial Coupling Circuit.
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At (b) are shown two of these circuits in use with balanced
short-wave aerials, and at (¢) is shown an improved version for
balanced aerials designed to reduce unbalances transferred from the
secondary circuit to the primary circuit via stray capacity. The
circuit at (b)) may be improved by the use of an earthed screen
between primary and secondary windings.

For interstage coupling, the circuits in Fig. 2 have been used.
The coupling at () is of the same form as in 1 (a) constituted by
L,, L, and C,, while the coupling at (b) is constituted by L,, L,,
Cs and C, and has improved band-pass characteristics as compared
with the circuit at (a). In each case resistance R, and condenser C,

provide H.T. decoupling and do not constitute part of the R.F.
coupling.

l+H.7I

(@ ()]
F1c. 2/XIX:12,—Interstage Coupling Circuits.

The present tendency is towards the use of a simple tuned circuit
for interstage coupling or a band-pass circuit similar to that used in
LF. circuits.

12.1. Design of Signal Frequency Circuits. In the design

of these circuits art plays a large part on account of :

(@) Variations in the types of aerials which will be used with
any given receiver.

(b) The need for providing adequate band width in a circuit in
which the mid-band frequency is variable.

(¢) The necessity for maintaining circuits in track : all amplifier
circuits must always be tuned to the same frequency and
the oscillator must always be tuned to a frequency higher
than the amplifier tuning by a frequency interval equal
to the L.F.

Any design indications based on simple assumptions are therefore
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XIX :12.11 RADIO ENGINEERING

liable to be misleading. The simple design methods below have,
however, been included to give an idea of the approximate dimensions
of elements, and because they are sometimes useful in isolated cases,
and not because they illustrate the design technique in use by receiver
manufacturers.

Aerial Coupling Circuits of Fig. 4. There are various schools
of thought relating to the design of these circuits. The first considers
the relation of the relative resonant frequencies of aerial, or primary
circuit, and secondary circuit. If the secondary circuit is arranged
to tune over a given band of signal frequencies the primary circuit
may be adjusted to resonate :

(@) Below the band of signal frequencies to be received, in which
case the value of L, is comparatively large, and the circuit
is said to have a high impedance primary (i.e. L, is large).

(6) In the band of frequencies.

(¢) Above the band of frequencies : the circuit is then said to
have a low impedance primary (i.e. L, is small).

(@) affords relatively high selectivity and relatively low sensi-
tivity, (c¢) affords relatively high sensitivity and relatively low
selectivity. A full discussion is given in L’Onde Electrigue, Nov.
1938, p. 521, “ Etude sur la Normalisation des Bobinages, Con-
densateurs variables, et Cadrans.”

The high impedance primary method is the most usual for
medium and long-wave commercial receivers which have to receive
signals in a part of the frequency spectrum where atmospheric
disturbances limit the minimum field strength receivable to a value
between 100 and 2,000 microvolts, so that valve noise is relatively
unimportant and high sensitivity in the input circuit is not of
paramount importance in view of the ease of securing gain with
modern valves. '

Method (b) has application only to special cases of receivers
designed to receive a particular frequency, but is described immedi-
ately below because it is the most simple method to apply and the
one which will probably be of most use to engineers other than
designers of receiving sets.

12.11. Application of Method (b) to the Circuit of Fig. 1 (a).
In British practice, at medium-wave frequencies the average aerial
is assumed to look like a 200-uuF (U.S.A. 150-u4uF) condenser in
series with 25 £2. In the aerial coupling circuits of Fig. 1 the value
of L, for a given band of frequencies is the value which resonates
with the aerial capacity at geometric mid-band. (The average
variable condenser covers a range of about 10 to I in capacity, so
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that a single inductance will cover a range of wavelength of about
3 to 1.) As an example, suppose the range to be covered is from
200 to 600 metres, the geometric mean of 200 and 600 is V200 X 600
= 347 metres which corresponds to 865 kc/s ; and at 865 kc/s the
value of inductance resonant with 200 uuF is

108 X 1012

' 200 X (27 X 865,000)% 170 wH.
L
et % =R+R,

Q, =the Q of L,
R, = the aerial resistance
R, = the resistance of L,.

Then at secondary resonance the secondary series impedance is

L and the mutual coupling must be adjusted so that at the

Qs

geometric mid-band frequency the impedance transferred to the
primary circuit is equal to the total primary impedance = R, +R,
Lw

= Ql
That is

where w = 2xf and f is the geometric mid-band frequency.

2 —_
M?w™Q, = Ilﬁ’ where M = kVL,L,

L:w Ql

. k*Q\Lw = %‘i’
k=2 . ()
V0.0,

The value of L, is determined by the input capacity of the valve
including stray capacity, and by the frequency range to be covered
by variation of C,;. If the frequency range to be covered is 3 to 1,
then the maximum value of C, must be equal to g times the total
circuit capacity with C, at minimum:.

Let C, = the minimum condenser capacity

C, = the circuit capacity including wiring and valve input

capacity
C,, = the maximum value of the condenser.
Cn+C
The m e
. CotC, 2
s C = 9C0+8C,. . . . (2
and L, = I

2
C i
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where w, = 2xf, and f; is the lower limit of the band of frequencies
to be covered.

Evidently such a circuit will give an ideal performance only at
mid-band, falling off in efficiency towards each end of the band,
and while at mid-band this efficiency is much higher than that
obtained by the methods of design (2) and (c), the latter are
preferred because they give a more uniform efficiency over the band,
and greater selectivity.

12.12. Interstage Coupling Circuits : Circuit of Fig. 2 (a).
Since the advent of pentodes, which require a load impedance
which is only between 1 and 59, of their anode impedance, the
practical condition is that the current flowing through L, is
independent of the impedance presented by L, towards the valve
anode and independent therefore of secondary tuning. Maximum
output voltage is always obtained therefore at secondary resonance.
In this condition the impedance transferred to the primary circuit
M32w2Q,

Lo
the conventions of XIX:12.11. The input impedance looking into
L, is then jL,w+£%%Q,L,0 = L,w(k2%Q,+j), neglecting the resistance
0,L,0 constituted by the losses in L,. Since it is a comparatively
easy matter to obtain a coupling factor of 0-5, and since the value
of Q, is generally of the order of 100 or greater, the value of the
impedance looking into L, is nearly a pure resistance of magnitude
k?Q,L,w. The method of design is therefore extremely simple : the
coupling factor is made as high as possible and L, is determined
by the equation

is a maximum and is of magnitude = k”Q,Llw, retaining

kR*Q:L0 = Z,,
where Z, is the required load impedance for the preceding value,
Zy
or Ll = W . . . . (3)

This method may also be used for designing aerial coupling
circuits instead of the methods described above, in which case Z,
in equation (3) represents the input impedance of the receiver and
is usually made equal to about 200 to 400 ohms.

12.2. Ganging and Tracking. Ganging is the process by
which a number of circuits tuned by condensers on a single spindle
are adjusted to be simultaneously in tune for every angular position
of the common spindle. This is achieved by using identical variable
condensers for tuning each circuit and building up the stray capacities
in each circuit to a common value by means of small trimmer
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condensers which are usually made adjustable by means of
a screwdriver.

Tracking is the process in the adjustment of a superheterodyne
receiver by which the beating oscillator frequency is maintained at
its required distance away from the received signal (to which the
signal-frequency or radio-frequency circuits of the receiver are tuned
by means of a common spindle) for all positions of the common
spindle. It is to be understood that the common spindle controls
the frequency of the beat oscillator as well as the signal-frequency
circuits.

In practice this is achieved by using identical condensers for
tuning both signal-frequency circuits and beat oscillator and
inserting in series with the beat oscillator tuning condenser a
padding condenser. A trimmer condenser is also connected either
across the oscillator tuning condenser or across the oscillator coil.
The oscillator tuning coil is made of smaller value than the tuning
coils in the signal-frequency circuits so that the oscillator frequency
is higher than the signal frequency due to both smaller inductance
and smaller capacity (due to series padding condenser).

By suitable choice of oscillator tuning inductance, padding
condenser and trimmer, it is possible to obtain the exact value of
required frequency difference at three points in each wavelength
band—the band covered by each set of tuning coils.

Ganging is sometimes called alignment, while tracking is some-
times called ganging. The terms ganging and alignment are each
used also to indicate the complete process of lining up a receiver,
that is, they embrace the complete process of ganging and tracking
as defined above, as well as the adjustment of the I.F. filter. The
definitions above are, however, preferred.

12.21. Lining up a Receiver. The exact order in which this
is done varies with different designs. The usual procedure is to
adjust the 1.F. filter first. If this is a proper band-pass filter it
must be adjusted as described in XXV:8. If, as is more usual, it
consists of a series of tuned transformers as shown in Fig. 1/XIX:18,
I.F.T.I, I.F.T.2, etc., then it is adjusted by applying the I.F. frequency
to the grid of the mixer valve and tuning each transformer in turn
for maximum output. Since both primary and secondary of each
transformer are tuned, and since classical methods of tuning coupled
circuits (see VII:I4.4) cannot be used, it is necessary in effect to
try all possible positions of each trimmer against all possible positions
of the other trimmer on the same transformer, finally choosing the
two positions which give the maximum output. The output may
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be measured as diode current, or, if a modulated oscillator is used
to supply the input, any form of audio-frequency meter may be used.

The processes of ganging and tracking may be carried out, using
an output meter and adjusting to maximum output, in cases where
the 1.F. filter consists of tuned transformers and has not proper
band-pass characteristics. (There is no reason why such a filter
should not have band-pass properties; see VII:14.3.) Where the
1.F. filter has a characteristic which approximates to band pass,
then a ganging oscillator and oscilloscope must be used for ganging
and tracking (see XX:15).

The best procedure after adjusting the LF. filter is to adjust the
tracking. This is done at two frequencies in each wave band near
the ends of the wave band. The receiver dial is set to each frequency
in turn, the frequency is applied to the signal grid of the mixer and
the oscillator frequency is adjusted until maximum output is
observed, or, if a ganging oscillator is used, until a symmetrical
response characteristic is obtained. The oscillator frequency is
adjusted by means of the oscillator padding condenser at the lower
frequency and by means of .the oscillator trimmer condenser at the
higher frequency, a series of successive adjustments being made at
each of the frequencies in turn until satisfactory tracking results
at both frequencies.

Finally, the receiver is ganged by aligning the signal frequency
or R.F. circuits. This is done at the high-frequency end of each
wave band. The receiver dial is set to this frequency, the frequency
is applied at the aerial and earth terminals of the receiver and the
trimmer condensers in each stage are adjusted in turn for maximum
output.

12.3. Neutralization of Anode-grid Capacity. With the
advent of pentodes the screening between grid and anode is such
that the residual anode-grid capacity is very low, for instance,
0005 pukF is an average figure. Even at 100 Mc/s the reactance of
this is over 100,000 ohms, so that neutralization is usually unneces-
sary in receivers, except in special cases.

13. Automatic Volume Control.

Automatic volume control operates by deriving a D.C. current,
proportional to the signal (or I.F. voltage) arriving at a convenient
point in the circuit, which is fed through a network of resistances
with filter condensers shunted to ground at essential points, so
contrived that the grid bias on any or all of the amplifying stages
(signal frequency, 1.F. or mixer) increases as the amplitude of the

82



RADIO RECEIVERS XIX:131

signal increases. The valves used in these stages are of the
variable p# type in which the amplification factor drops as the
bias increases: see IX:14.

For this purpose the cathodes of all valves to which A.v.c. is
to be applied may be connected directly to earth: individual
automatic bias is not used. A steady bias is applied to the grid
circuits of all valves by any convenient means, and a diode rectifier
is used to augment this bias as the incoming signal increases.

13.1. Simple Practical Form of A.V.C. One way of apply-
ing the steady bias and A.v.c. voltage which has been uséd in practice
is illustrated in Fig. 1. This shows in schematic form a number of
valves, V,, V,, V3 and V,, constituting the R.F., mixer and I.F. valves
of a receiver : for instance, V, may be an R.F. amplifier, V; the mixer,

Cs

H.

W V2 V3 Vg Jo anode circuits

of all valves +

¢C; ™ I H.T. Battery

R3 -—- or output
- VWA = of H.T.
==y o} R rectifier
...... WA .'.'.'?;. . Filter
R4 —; Cr -
Ry
Cs T Ry :_l_: Cq

Fic. 1/XIX:13.—Principle of Automatic Volume Control.

and Vs and V, the first and second LF. stages respectively. The
output of V, is fed to a detector circuit not shown, and to provide
A.v.c. is also fed to the diode V; through the coupling condenser C,.
Normal bias is applied to valves V, to V, by virtue of the voltage
drop across the common resistance R, in the H.T. circuit : the anode
and screen currents of all valves flow through this resistance and
cause the non-earthy end of this resistance to assume a negative
potential with regard to ground. This negative potential is fed to
the bottom ends of the grid circuits of all valves through resistances
R, to R, as indicated. It will be noted that the amount of filtering
or decoupling provided by condensers C, to C; is greater for early
stages than for later stages. As the result of the application of the
output signal from V, to the anode of V; the anode assumes a nega-
tive potential since all positive charges flow to earth through the
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diode. This negative potential causes a current to flow through
R,, R, and R, to ground and so augments the negative bias produced
by the anode current flowing through R,. In the particular case
shown the A.v.c. applied to V, is less than that applied to the earlier
stages by the amount of the voltage drop in R,.

An important characteristic of A.v.c. circuits, particularly when
the receiver is used for circuits subject to rapid fading, is the time
constant of the circuit. The simplest measure of the performance of
the receiver from this point of view is to take the time for the receiver
to restore ta full gain after the removal of a steady signal of amplitude
sufficient to bring the gain to the knee of the A.v.c. curve. See
Fig. 2 below. Experience has shown that the optimum performance
is obtained when this time lies in the neighbourhood of a second.
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Fic. 2/XIX:13.—A.V.C. Curve.

The performance of a receiver fitted with A.v.c. is defined by
a curve plotted between the signal frequency input voltage (applied
between aerial and earth) in microvolts, and the output volts across
the detecting diode. In an average receiver the curve is of the form
shown in Fig. 2. Logarithmic scales are always employed for both
input and output voltages. At very low levels the output is
insufficient to operate the A.v.c., so that the output is proportional
to the input (i.e. the gain stays constant), and when the A.v.c. comes
into operation the output rises less rapidly with input. In the curve
shown the A.v.c. holds the output constant within +5 db. over its
operating range. A good A.v.c. will hold the output constant within
+2 db. over its operating range.

In the type of A.v.c. described above the knee is not so pronounced
as is indicated in Fig. 2, since the A.v.C. is operating to some extent
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even with the lowest voltages. An advantage in A.v.C. operation
can be obtained by delaying the action of the a.v.c. until the volts
across the diode have built up to a value corresponding to the level
desirable for good detection. This can be done by inserting a delay
voltage in series with the diode of Fig. 1, such as would, for instance,
be provided by a battery between cathode and earth with its negative
terminal to ground. The provision of such a battery is evidently
impracticable in commercial receivers and other means must be used.

13.2. Amplified and Delayed A.V.C. using Diodes and D.C.
Amplifying Valve. One circuit for realizing this is shown in Fig. 3.
The main anode current to all valves flowing through resistance R,
provides bias to all grid circuits via R,, the cathodes of all valves

5/2/70/ g

O+H.T

Rs
Triode Double Diode Valve

4

[—> 70 grid circurts of A.¥.C controlled
valves through resistance capacity

filters

Ty

—O=H.T
E Cs Cathodes of AV.C. controlled valves
b

s TG ;[_@ @

Fi16. 3/XIX:13.—Amplified and Delayed A.V.C. using Diodes and D.C.
Amplifying Valve.

w&“

to which A.v.c. is applied being connected to the receiver screen and
earth. (Note the position of H.T. minus.) The main anode current
flowing through R, makes point 2 negative with regard to point 3.
Let E,; be the voltage across R,. The anode current of the triode
double-diode valve flowing through resistance R, makes point 1 and
the cathode more positive than point 2 by a voltage E,.

The potential of the cathode with regard to point 3 is therefore
E, = E, — E, and is positive when E, > E,, which is the practical
condition in the absence of received signal. The value of E, — E,
in the absence of signal is the voltage delay since A.v.c. is applied
only when the cathode goes negative with regard to diode-anode 4.
Initially, diode-anode 4 is substantially at the potential of point 3,
differing from that potential only by an amount corresponding to any
small leakage current supplied to the grid and grid filter circuits.
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When the cathode goes negative with regard to diode-anode 4 a
current flows round the loop constituted by diode anode 4, cathode,
R, and R,, applying negative A.v.c. bias to the grid circuits.

When a signal is received, rectification occurs in diode 5, with the
result that the grid becomes negative with regard to the cathode,
the anode current, and so E, is reduced, and finally when E, becomes
less than E, the cathode becomes negative with regard to diode-
anode 4 and A.v.c. operation starts.

Such a circuit gives a more pronounced knee because, firstly, the
A.v.Cc. operation does not start until the signal reaches a definite
level, and secondly, when it does start the A.v.C. action is greater
and the variation of output over the range of operation of the A.v.c.

Cathodes of valves to which AV.C. /s applied

LD,
LD,
LD
O

_L -0 _/{. 7
Cs T SRe
L — T O+AV.C
b3 = Battery
SR 4
] 7o grid 3k
¢ circuits of 3 Cs
- AVC. controll- $
Sianal =4 b3 ed valves
Igna E 3
% S $Re o 3
3 <
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Bt;t.te’ﬁy

Fi16. 4/XIX:13.—Amplified and Delayed A.V.C. using Triode Detector.

is reduced. The adjustment of the voltage across R, and R; is
however critical and is upset by changes in valve parameters with
life, and by voltage variation, so that delay is not constant and cases
have even occurred where the delay voltage has changed sign.

13.3. Amplified and Delayed A.V.C. using Triode Detector.
This form is used in some of the more expensive communication
receivers and uses a separate voltage supply source of the order of
100 volts for driving the A.v.c. triode detector valves.

The circuit is shown in Fig. 4. The A.v.c. voltage is developed
across the resistance R, in the anode of the triode detector. Resist-
ances R, and R; form a potentiometer across the A.v.c. battery
arranged to provide a convenient bias control (for adjusting the
delay) to the grid of the triode, this bias being fed through resistances
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R,and R;. C,is a stopping condenser (it is not quite clear why C,
and R, cannot both be eliminated), while C,, C; and C, are decoupling
condensers. The triode valve operates as an anode-bend detector,
so that when a signal is received, of amplitude capable of overriding
the bias, rectification takes place, causing a rise of anode current, and
the A.v.c. starts to operate. Normal bias, in the absence of signal,
is supplied by the flow of the total anode and screen current to all
valves through resistance R, ; the A.v.c. bias is then additive to the
normal bias.

This system has the apparent advantages of the last system
without the disadvantages of critical adjustment. It has the added
advantage that the rectified current rises more rapidly than the
incoming signal, with the result that the variation of output level
over the operative range tends to be further reduced. In practice,
however, it has the disadvantage (which does not occur in the system
previously described) that the a.v.c. voltage varies with depth of
modulation, and to reduce this effect it is sometimes the custom to
‘operate the triode with a small initial standing feed so that the delay
obtained is nil. The absence of delay may cause the speech diode,
which is usually (but of course need not be) located at the point of
the circuit from which the a.v.c. signal voltage is taken, to receive a
low signal voltage giving rise to non-linear detection. If, to avoid
low volts across the speech diode, the A.v.c. triode is tapped off across
an earlier stage, the gain round the a.v.c. loop is reduced, and the
variation of output over the A.v.c. operating range is increased.
Further, if the knee of the A.v.c. curve is not to be moved to the
right (i.e. if the operating range of the A.v.c. is not to be shifted to
higher levels), a lower delay voltage is necessary, which introduces
further undesirable reactions.

It should be noted that the a.v.c. is often taken off the LF.
circuits at a point earlier than the speech to avoid rapid removal of
the A.v.c. when tuning out of a station. Such rapid removal gives
rise to objectionable sideband chatter during the process of tuning.

13.4. Amplified and Delayed A.V.C. using A.F. Balanced
Detectors and Triode D.C. Amplifier (B.B.C. Patent No.
533,275). The circuit, which is due to Mr. C. J. W. Hill and
Mr. J. Wardley-Smith, is in use at the B.B.C. receiving station on
short-wave receivers installed there. It was designed to overcome
the disadvantages resulting from the last described circuit, and is
shown in Fig. 5.

The incoming signal from the receiver is fed through the conden-
sers C, and C, to the simple shunt diode rectifier circuits consisting
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of the diodes ¥, and V,, and their loads R, and R, respectively.
The output from these diodes is commoned through high resistances
R; and R, and a large isolating condenser, C,, the centre point of this
commoning being taken through an R.F. filter (C,, R, C5, R,) to the
grid of the triode D.c. amplifier. The other end of the diode circuit
is returned to a variable or fixed bias point on R,. The anode load
R; of the triode V, is made high, and the A.v.C. line taken direct
from the anode through the usual filtering circuits to the control
grids of the controlled valves. Resistances R, and R, form a

Cathodes of AV.C. controlled valves
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F1G. 5/XIX:13.—Amplified and Delayed A.V.C. using Balanced Detectors
and Triode D.C. Amplifier.

potentiometer across the a.v.c. battery (usually about 100 V), thus
giving a bias for the triode across R,. Condensers C,, C; and C, are
decoupling condensers.

The operation of this system is as follows. The full signal voltage
is applied without delay to the diode circuits D, and D,. As the two
diodes are connected in reverse sense, they rectify from opposite
halves of the modulated wave. Hence at the combination point
of the two outputs, the audio frequencies are in opposite phase and
of equal amplitude, so cancelling, and giving no resultant audio-
frequency output. The p.C. output from the diodes, however, is not
commoned, and hence the D.c. output of one diode only is passed to
the triode grid. It should be noted here that this p.c. voltage is
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proportional to the peak value of the mean carrier level, and is not
affected by modulation depths up to 1009%,.

A negative bias for the triode is obtained from R,, and it will be
seen that the total D.c. voltage applied to the grid of the triode is
the sum of the bias from R, and the voltage from the diode D,. As
these two voltages, the one static, and the other derived from the
signal, are of opposite sign, the actual voltage applied to the grid of
the triode is the difference between these two. The voltage from R,
can therefore be regarded as a delay voltage, and when the difference
between the two voltages is less than the grid base of the triode,
current will flow in the anode load R,, thus creating a voltage across
R, available for use as A.v.C.

While this system shares with the previous system the dis-
advantage of a separate battery or source of supply for the A.v.c., it
gives an unusually good performance.

It provides effective delay and so full gain on low signals, the
speech diode is worked at high level, no audio-frequency voltages
reach the A.v.c. amplifier, and the A.v.c. voltage is independent of
modulation. The knee of the A.v.c. curve is sharp and can be moved
along the scale of input level (see Fig. z) without appreciably chang-
ing its shape. The variation of output level over the range of
operation of the A.v.c. is very small, and the A.v.c. performance is
said to be substantially independent of receiver gain, so that, by
manual control of the receiver sensitivity, a signal can be placed at
such a point on the A.v.c. curve that the gain during a fade can be
increased by a predetermined amount : by such an adjustment the
receiver can be set so that even on a bad fade the receiver and other
noise does not rise to objectionable levels. Finally, the system is
not critical to adjust.

14. Triple Detection Receiver.

This is sometimes called a double superheterodyne receiver ; it is
used for short-wave reception where high selectivity is required. It
is possible to regard the circuit of Fig. 1/XIX:8 as one in which a
simple receiver constituted by the 1.F. amplifier and filter, the
detector and L.F. amplifier, is preceded by a signal-frequency filter
and a frequency changer. The L.F. frequency is fixed and such a
simple receiver can only receive one frequency, the I1.F. frequency,
but the addition of the frequency changer extends the frequency
range of the receiver. The present point is that by introducing a
frequency changer in front of any receiver which is capable of
receiving only a limited range of frequencies (e.g. medium waves),
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the frequency range of that receiver can be extended (e.g. to receive
short waves). If the receiver is a superheterodyne receiver, then
the combination of frequency changer and receiver contains two beat
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Fi16. 1/XIX:14.—Triple Detection Receiver.

oscillators, two mixers, and one diode detector. If it is permissible
to call the beating process taking place in the mixer, detection
(although little justification appears to exist for this), then the com-
posite receiver may be called a triple detection receiver.
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FiG. 2/XIX:14.—Triple Detection Receiver : Location of Selective Circuit Atten-
uation Characteristics in Frequency Spectrum for One Adjustment of Receiver.

It is evident that a triple detection receiver may be built as a
single unit, but the rare occasions on which such receivers are
required usually make it more economical to add a frequency changer
to an existing receiver. The block schematic of a triple detection
receiver is shown in Fig. 1. In Fig. 1 the part of the receiver to the
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right of the chain-dotted line may be constituted by an ordinary
superheterodyne receiver. In this case the second I.F. filter and
second LF. amplifier have been shown separately, and while it is not
always essential that they should be separate, in cases where triple
detection is justified, it is sometimes justifiable to go to the expense
of a separate LF. filter to obtain sharper attenuation character-
istics. If the assembly is constituted by a normal receiver plus a
frequency changer, the normal signal frequency amplifying stages of
the receiver may be regarded as the first intermediate frequency
amplifier and filter of the whole receiver.

Fig. 2 shows the form of the attenuation frequency characteristics
of the signal frequency tuned circuits (in aerial coupling and signal
frequency selective amplifier in Fig. 1), and the two I.F. circuits, of a
typical triple detection receiver constituted by a normal receiver plus
frequency changer when tuned to receive 20 Mc/s, the normal
receiver being tuned to receive 1 Mc/s. The advantage of using a
normal receiver to provide the first L.F. selectivity is that the first
intermediate frequency can be changed at will merely by changing
the tuning of the receiver. This enables (first) second-channel effects,
due to inadequate selectivity of the signal frequency selective
circuits, to be eliminated by changing the first intermediate frequency
to such a frequency that the (first) second-channel lies in a silent part
of the frequency spectrum. Second second-channel effects occur in
the normal way due to inadequate selectivity of the first L.F. selective
circuits, which are of course the radio. frequency circuits of the
normal receiver.

The beat oscillator frequencies are not shown in Fig. 2, but
evidently the first beat oscillator must oscillate at 21 Mc/s and the
second beat oscillator at 1-12 Mc/s (1,120 kc/s).

Such a triple detection receiver might conveniently be arranged
to cover a band of received signal frequencies from 6 to 30 Mc/s, in
which case the initial signal frequency circuits must be capable of
being tuned over that range. If a receiver covering the medium-
wave band is used to provide the L.F. circuits, these can be tuned to
any frequency in the range o-5 to 1-5 Mc,/s. The first beat oscillator
must therefore be capable of being tuned to any frequency in the
range 6'5 to 31-5 Mc/s. Evidently, since the first 1.F. frequency may
be varied, the first beat oscillator must be capable of being tuned
independently of the signal frequency circuits.

The above description illustrates the type of triple detection
receivers in use at the B.B.C. receiving station.
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15. Use of Reaction or Regeneration = Positive Feedback.

Feedback, or reaction, from anode to grid, due to grid-anode
capacity, increases the effective input capacity of valves and often
leads to instability. It is for this reason that valves have been
developed with screens between anode and grid.  Also, in short-wave
receivers particularly, screening is usually introduced to prevent
stray capacity between anode and grid circuits.

In low-price receivers where only a few valves are used, positive
feedback is however introduced by deliberate coupling from anode
to grid in such phase that the gain is increased. This feedback is
adjustable and is generally effected by coupling a coil in the anode
circuit, often the tuned anode coil, to a coil in the previous grid
circuit.

It is shown in XXIII that if positive feedback exists round an
amplifier with a voltage amplification g, such that the voltage
amplification round the feedback loop is +puf, the effective voltage

u
I —pp

If, for instance, uf = o-5, the amplification is doubled, and the
stage has a stability margin or singing margin of 6 db., since, if the
loop amplification is doubled, the stage will oscillate. Hence there is
a limit to the increase of amplification which can be obtained with
an adequate singing margin. Further, the effect of positive reaction
(reaction in such sense as to increase the gain) is to multiply all
distortion products of non-linearity (in the valve round which

In other words, the dis-

amplification of the stage is

reaction is applied) by the factor . _I A
tortion products are increased in the same ratio that the voltage
amplification is increased. As indicated already, this is the reason

that positive reaction is not used in normal receivers.

16. The Super-Regenerative Receiver.

This ‘receiver is an attempt to develop the principle of positive
feedback or regeneration to its logicallimit. A receiver with reaction
on one stage has the reaction and tuning adjusted to the point where,
in the absence of incoming signal, the stage oscillates as near as
possible to the frequency of the signal to be received. By means of a
separate oscillator of frequency very much lower than the signal, but
of supersonic frequency high enough to be easily suppressed in any
following audio-frequency circuits, a quenching wave is applied to
the oscillating stage of such amplitude that the signal-frequency
oscillation is completely quenched during each negative cycle of the
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quenching frequency. During each positive cycle of the quenching
frequency the oscillation builds up.

When the signal frequency is received the gain at the signal
frequency is very large, or from another point of view the build-up
during each half-cycle of the quenching signal is constituted by
build-up of the signal frequency which takes charge of the circuit.
The resultant signal is of course modulated by the quenching
frequency, but after detection this modulation is removed from the
audio-frequency circuit by a filter.

Such receivers are inclined to high background noise, to distortion
and instability, and are therefore out of fashion, but revivals
occasionally occur owing to the high sensitivity obtainable with only
a few valves. Radar use has been fairly extensive.

17. Single Sideband Receivers. See also XVIII:7.1I.

These are not likely to come into general use for broadcasting
until the problem of distortionless detection of single sideband trans-
mission has been satisfactorily solved. It will be noted that in a
normally modulated wave the intimation as to what audio frequencies
are present in the envelope is given twice : by the difference between
the carrier frequency and the lower sideband frequencies, and by the
difference between the upper sideband frequencies and the carrier.
It is therefore possible to obtain satisfactory reception of intelligence
by transmitting only one sideband, and this has important results
in the suppression of noise. If one sideband in the transmitter uses
the same voltage excursion that was previously utilized by one, the
sideband power is doubled and the frequency band width is halved ;
if then the carrier is transmitted at normal amplitude, an improve-
ment of signal-to-noise ratio of 6 db. results since the noise voltage
is proportional to the square root of the band width. If the carrier
also is suppressed at the transmitter and restored at the receiver,
the same total peak power being radiated, a further improvement
of 6 db. in speech-to-noise ratio results because the normal peak
carrier voltage in the transmitter is equal to the peak voltage in
the sidebands, so that suppression of the carrier enables the sideband
voltages to be doubled, and the sideband power to be multiplied
by 4.

If a square-law detector is used, in the case of transmission of a
carrier and one sideband of equal amplitude, distortion products
occur owing to beating between sideband frequencies. Where only
one sideband frequency exists, in other words, when the modulating
frequency consists of a sine wave, no distortion occurs, but this is
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such a rare case in practice as to be of little importance. The
amplitude of the distortion products is proportional to the sideband
amplitudes, so that for lower sideband amplitudes less distortion
occurs.

To give some idea of the magnitude of these distortion products,
assume a carrier amplitude C, and any number of sideband fre-
quencies of amplitudes, respectively, m,C, m,C, m,C, etc., corres-
ponding to original modulating audio frequencies. Assume also that
after detection these sideband frequencies appear as the original
audio frequencies of amplitudes am,C, am,C, am,C, etc., where a is a
constant. The amplitudes of the corresponding intermodulation
frequencies are then :

amm,C amym,C amm C etc.
amym,C amym,C amamC etc.
amam,C amamsC amsm (C etc., and so on.

In the case of a diode detector distortion occurs with a single
sideband frequency, the magnitude of the distortion being given in
VIII:4.2. The magnitudes of the intermodulation products, where
more than one sideband is present, have not been evaluated. In
both cases the distortion products are reduced in relation to the
wanted frequencies as the carrier amplitude is increased in relation
to the peak amplitude of the sum of the sideband frequencies ; but
the distortion in both cases is intolerable with economic relative
levels of carrier and sidebands.

Since, as the carrier amplitude is increased in relation to the side-
bands, the distortion drops, one proposed remedy which is sometimes
used in point-to-point communication links is to restore a large
amplitude carrier at the receiving end. In this case it is only
necessary to transmit a small amplitude pilot carrier which is used
as an indication to enable the restored carrier to have the correct
frequency. Another remedy which has been proposed by Nyquist,
Eckersley and Koomans is to transmit single sideband and normal
carrier plus the part of the other sideband corresponding to audio
frequencies below 1 or 2 kc. Owing to the form of the spectrum of
speech and music, higher audio frequencies are usually of such
amplitude that serious distortion does not arise when only one side-
band is transmitted.

18. Examples of Commercial Receivers.

In Table I, pp. g6 and g7, typical characteristics of six com-
mercial broadcasting receivers are shown.
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Fig. 1, facing p. 100, by courtesy of the G.E.C., shows the circuit
of a very successful type of superheterodyne receiver ; the G.E.C.
Overseas I0.

The values of the components of this receiver are shown in
Table II, the operating conditions are shown in Table ITI, while the
wave bands are given in Table IV.

The operation of this receiver can be very easily followed from
the circuit diagram. The aerial is earthed through the 9,9oo-ohm
resistance R, and is also connected to switch “ A ", which selects
the signal-frequency circuits for each wave band, which are applied
to the grid of the signal-frequency amplifier valve ¥, by means of
switch “ B .

The anode of V, is connected to selector switch “ C "', which
again chooses the circuits appropriate to the wave band, and the
output of the circuit chosen is fed through switch “ D ”’, another
selector switch, through blocking condenser C,; and stopper resistance
R,, to the grid of V,, which is a hexode-triode valve containing
respectively the mixer and a triode valve serving as an oscillator.

The appropriate oscillatory circuit is chosen by means of switches
“E” and “ F " and the grid of the triode is directly coupled to one
of the control grids of the hexode.

The anode of the mixer is connected to the band-pass coupled
circuit labelled I.F.T,, which drives the grid of V,, the first L.F.
amplifier valve. This is coupled through transformer I.F.T, to the
grid of V,, the second 1.F. amplifier valve, which is connected to two
diodes of the valve V;, which is a double diode triode. The left-
hand diode of V; constitutes the normal detector driving the diode
load R,, through R,,, which, in conjunction with Cy, constitutes a
filter to remove IL.F. frequency. R, (I M{2) constitutes the output
potentiometer, and so the effective diode load impedance is con-
stituted by R,, and R, in parallel and so is about 90,000 ohms.

R,; provides cathode bias for the triode of ¥ and is shunted by
electrolytic condenser C,,.

The output from R, is fed from the moving contact on R, to the
grid of the triode valve. The output of the triode valve is resistance
coupled to the grid of valve V', which is a double diode-triode valve
used as a triode, the diodes being shorted to the cathode.

The anode circuit of V, is resistance capacity coupled to the
balanced choke or auto-transformer, shown but not designated,
which drives the grid of V; and V, in push-pull. The anodes of V,
and V, are connected through stopper resistances R,; and R,; to the
push-pull output transformer which feeds the loudspeakers.

95



96

TABLE 1

Characteristics of Typical Commercial Broadcasting Receivers of the Superheterodyne Type

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

Controls. R.F. gain. R.F. gain. Volume control. Treble tone control | On-off and tone con- | On-off switch.
Band switch. Band switch. Bass tone control. and high fidelity | trol. Volume control.

A.F, gain. Mains on-off and | Treble tone control | switch. Volume control. Band switch.

A.v.c, on-off switch.

Main tuning.

B.F.0. on-off switch.

Anti-noise level on-off
switch,

Band spread tuning.

Combined mains on-
off switch, and tone
control.

Pitch control for B.F.0.

Send-receive switch.

tone control.
A.V.C.-B.F.0. switch.
Variable selectivity
A.F. gain.
B.F.0. pitch control.

and main switch.
Sensitivity and

gram switch.
Band switch.
Tuning control.

Volume control.

Tuning.

Band switch.

Brass control and
on-off switch.

Tuning.
Push buttons
each band.

for

Tuning.
Tone control.

Frequencies covered.

540 kc/s—44 Mc/s

25 Mc/s-66 Mc/s

143 ke/s-333 ke/s

150 ke/s—422°5 ke,s

150-300 kc/s

140-360 kc/s

in 4 bands. in 2 bands. 545 ,, 26'3 Mc/s 526 ,, -1,550 ,, 546-1,500 ,, s10~-1,580 ,,

in 5 bands. 2:8 Mc/s-61'6 Mc/s 6-7'15 Mc/s 5:85-18:4 Mc/s

in 5 bands. 9°47-9°87 ” in 3 bands.
11:67-12°2 »
15:08-15:38 ,
1775-17:85 ,,
21:42-21'0 "

Number of valves. 9 9 10 11 6 5

Power supply.

110-250 Volts

110-250 volts

100~250 Volts

195-255 volts

200~250 volts

200-250 volts

25-60 c.p.s. 25-60 c.p.s. 40—100 C.p.S. 50-100 C.p.S. 50-100 C.p.S. 50—100 C.p.S.
Intermediate
frequencies. 455 ke/s 1,600 kc/s 445 ke/s 465 ke /s 465 ke /s 465 ke/s
Output impedance. Speech coil Speech coil 2 speech coils Speech coil Speech coil Specch coil
3'5 2 35 Q2 20 4 Q9 340 225 £




L6

Second-channel ratio. 1 Mc/s . 3,700 | 32 Mc/s . 35 260 kc/s . 10° | 600 kc/s 47,000 | 200 kc/s 2,300 260 kc/s . 2,000
(Attenuation of s.F.| 3 1,200 | 50 ,, . . 22| 1,000 , 1,000 | 857 ,, 4,000 I Mc/s 20 | 1,000 ,, . 175
circuits at second-| 10 ,, 73 3 Mc/s. 700 7°5 Mc/s 9o | 6.67 ,, 87 6 Mc/s. 1r1°5
channel frequency | 20 ,, 32 8 ., . 90 0 71 2 250 0 , . 6
expressed as voltage 20 ,, 15 5 21 | 214 ,, 195 18, 13
ratio.)

Signal-noise Ratio : xMc/s . . 354V | 27Mc/s . 40uV | 240ke/s . 130 uV | 212 ke/s 20 uV 225 ke/s . 40 uV | 240 ke/s . 70 uV

icrovolts in at 30%, 3 4 .22, 32 ,, . 25, | 920 , . 48 ,, 60 ,, 7 1,000 ,, . 25, | 920 , . 120 ,,
mod. by 400 c¢ycles| o9 ,, .28 ,, {50 . 32, 25 Mc/s . 22 ,, 5 Mc/s 22 ,, 7Mc/s. 7, 12 Mc/s . 120 ,,
for 20 db. output| 25 ,, .20, 72, 32, 15 30 10, . 5,
ratio ‘“ mod. on to 8, 30 ,, | 334 , 300 ,, 12 ,, . 4 4
mod. off . X IS ,, - 5 5
i ; B8 o, .8,
X ! 22, .25 ,
Selectivity . ‘
Measured at 1,000 kc/s 50 Mc/s 32 Mc/s | 250 kc/s 1,000 ke/s | 214 ke/s 1,000 ke/s | 180 ke/s 850 ke/s | 250 keys 1,000 ke/s
Band widths for |
attenuation of I
20 db. 145 15 ke/s 24 ke/s 9 14 ‘| 9 » 7 » ir 15 4 9 » 12,
40 db. . 21, 37 w46, 6, 18, | 13, 4, 24 30 , | I0 19
60 db. | 28, 55 04 24 3, 18, 22, 37 » 47 . | 25 29
Fidelity ‘ 1 |
Frequencies at i |
which . .
attenuation is cycles/s cycles/s cycles/s i cycles/s cycles/s : cycles/s
3 db. 140; 1,600 753 3,700 20; 3,400 168 ; 115; 250; 5,200 58; 2,200 ! 64 ; 2,000
6 db. 108 ; 2,300 44 ; 5,300 18 ; 4,000 ! 58; 5,800 47 ; 3,000 ] 53; 2,700
below response at |
1,000 cycles. {

Automatic volume “
control threshold None 6 uV 4 uV { 40 uV 70 uV 1,000 uV

Change of ?utput in db. 40 db. 32 db. 19 db. 26 db. i 5 db. 12 db.

or |
change of input %
in 100 db, 84 db. 108 db. 88 db. 83 db. 60 db.
above threshold. |

Maximum undistorted Ili-defined ;

output (A.F.) | Not measured Not measured 48 watts i 4 watts approx. I1:3 w. 2-8 watts
B i
Maximum output. ! Not measured Not measured 5'8 watts i 92 watts 1-8 watts 5-2 watts
!
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L6

TaBLE I

Characteristics of Typical Commercial Broadcasting Receivers of the Superheterodyne Type

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Controls. R.F. gain. R.F. gain. Volume control. Treble tone control | On-off and tone con- | On-off switch.
Band switch. Band switch. Bass tone control. and high fidelity | trol. Volume control.
A.F. gain, Mains on-off and | Treble tone control | switch. Volume control. Band switch.
A.v.c. on-off switch. tone control. and main switch. | Volume control. Tuning. Tuning.
Main tuning. A.V.C.-B.F.0. switch. | Sensitivity and Tuning. Push buttons for | Tone control.
B.F.0. on-off switch. | Variable selectivity gram switch. Band switch. each band.
Anti-noise level on-off | A.F. gain. Band switch. Brass control and
switch. B.F.0. pitch control. | Tuning control. on-off switch.
Band spread tuning.
Combined mains on-
off switch, and tone
control,
Pitch control for B.F.0.
Send-receive switch.

Frequencies covered.

540 kc/s—44 Mc/s

25 Mc/s-66 Mc/s

143 ke/s-333 ke/s

150 kc/s—422'5 ke,s

150-300 kc/s

140-360 kc/s

in 4 bands. in 2 bands. 545 ,, 263 Mc/s 526 ,, -1,550 ,, 546-1,500 ,, s10-1,580 ,,
in 5 bands. 2:8 Mc/s—61:6 Mc/s 6-7'15 Mc/s 5'85—-18:4 Mc/s
in 5 bands. 9:47-987 " in 3 bands.
11'67-12'2 ”
15-08-15'38 ,,
17:75-17'85 ,,
21°42—216 "
Number of valves. 9 9 10 11 6 5
Power supply. 110-250 Volts 110-250 volts 100—250 VOits 195-255 volts 200—-250 volts 200-250 volts
25-60 c.p.s. 25-60 C.p.s. 40—100 C.p.S. 50—100 C.p.S. 50-100 C.p.S. 50-100 C.p.S.
Intermediate
frequencies. 455 ke/s 1,600 kc/s 445 ke/s 465 kc/s 465 ke/s 465 ke/s
Output impedance. Speech coil Speech coil 2 speech coils Speech coil Speech coil Specch coil
3'5 2 3'5 Q2 2 Q2 4 9 30 225 £

Second-channel ratio. 1 Mc/s . 3,700 | 32 Mc/s 35 260 kc/s . 10% | 600 kc/s 47,000 | 200 kc/s 2,300 260 ke/s . 2,000
(Attenuation of s.F.| 3 ,, 1,200 | 50 ,, 22 | 1,000 ,, 1,000 | 857 ,, 4,000 1 Mc/s 20 | 1,000 ,, . 175
circuits at second-| 10 ,, 73 3 Mc/s . 700 7°5 Mc/s go | 6.67 ,, 87 6 Mc/s. 11'5
channel f{requency | 20 ,, 32 8 , . 90 0 71 12, 250 0, . 6
expressed as voltage 20 ,, 15 5, 21 | 214 195 8, 1-3
ratio.)

Signal-noise Ratio : 1 Mc/s . . 354V | 27 Mc/s 40 uV | 240 ke/s . 130 uV | 212 ke/s 20 uV 225 ke/s . 40 uV | 240 ke/s 70 uV
Microvolts in at 30% 3 0w - .22, |32 , 25 ,, | g20 ,, . 48 ,, 60 ,, 7 » 1,000 ,, . 25 ,, | 920 , . 120 ,,
mod. by 400 cycles| 9 28 ,, { 50 ,, 3z ,, 2'5 Mc/s . 22 ,, 5 Mc/s 22 ,, 7Mce/s. 7, 12 Mc/s . 120 ,,
for 20 db. output| 25 .20, 72, 32 5, | I5 30 4, 10, 5 n
ratio * mod. on to 8 30 ,, | 334 , 300 ,, 2, 4 4
mod. off ", ) 15, 5 4

i : 8, 8 4, |
‘ ! 22, .25, |
1

Selectivity . ' |
Measured at 1,000 kc/s 50 Mc/s 32 Mc/s |250ke/s 1,000 ke/s | 214 ke/s 1,000 ke/s | 180 ke/s 850 ke/s | 250 kess 1,000 ke/s
Band widths for | ‘

attenuation of i i
zo db. 145 15 ke/s 24 ke/s 9 » 4, |9 ., 7w I, 15 5, 0 9 . 1z,
40 db. . 21, 37 » 46 ,, 16, 8, 1 I3 0 4 24 4 30 , | I0 19
60 db. | 28, 55 » 64 24 3t ., 18, 22 5, | 37 47 . | 25 29

Fidelity { ] 3 |

Frequencies at i [
which . j
attenuation is cycles/s cycles/s cycles/s | cycles/s cycles/s : cycles /s
3 db. 140; 1,600 755 3,700 20; 3,400 168 115; 250; 5,200 58 2,200 64 ; 2,000
6 db. 108 ; 2,300 44 ; 5,300 18, 4,000 : 58; 5,800 \ 47 ; 3,000 53; 2,700
below response at | i |
1,000 cycles. I i |

Automatic volume i '
control threshold None 6 uV 4 uV \ 40 uV 70 uV 1,000 xV

Change of ?utput in db. 40 db. 32 db. 19 db. 26 db. i 5 db. 12 db.

or i
change of input 1
in 100 db. 84 db. 108 db. 88 db. 83 db. 60 db.
above threshold.

Maximum undistorted T11-defined ;

output (A.F.) Not measured Not measured 4-8 watts | 4 watts approx. 1:3 w. 2-8 watts
— - -
Maximum output. | Not measured Not measured 58 watts i 9'2 watts 1-8 watts 5-2 watts
i




XIX :18

RADIO ENGINEERING

TaBLE II

Values of Components in Fig. 1

CONDENSERS

No. Capacity Type No. Capacity Type

|

i |

! !
Cr | o002 uF G.E.C. TUB (500 V) C25 | o005 uF ' G.E.C. TUB (500 V)
Cz2 | 0003 uF LEMCO 3017 C26 | o0z uF G.E.C. TUB (500 V)
C3 4 uF EL (350 V) Unit No. 3| C27 | 30 uF ELECT (30 V)
Ca o005 uF G.E.C. TUB (250 V) C28 o-ooo1r uF | DUB. 635
Cs o-0005 uF | DUB. 635 Cz9 o1 uF G.E.C. TUB (500 V)
Cé 005 uF G.E.C. TUB (250 V) C30 | o1 uF G.E.C. TUB (500 V)
C7  4uF EL (350 V) Un. No. 3 C31 0005 uF G.E.C. TUB (500 V)
C8 | 2uF EL (500 V) . C32 | o-ooor uF ! DUB. 635
Cg | o0w05uF G.E.C. TUB ( 00 V) C33 0-05 uF | G.E.C. TUB (250 V)
Cio ! o0-02 uF G.E.C. TUB (500 V) C34 0-02 uF | G.E.C. TUB (500 V)
Cix ' o-0005 uF | DUB. 635 C35 | o1 uF | G.E.C. TUB (500 V)
Crz | o-0032z uF | DUB. 5815 C36 | oo5uF |G.E.C. TUB (250 V)
C13 | o-0005 uF | DUB. 635 C37 | 30 uF {ELECT (30 V)
Ci4 | o-0005 uF | DUB. 675 C38 | 14F EL (500 V) Un. No. 2
Cxs | o-ooor uF | DUB, 6 C39 o1 uF G.E.C. TUB (500 V)
C16 | o1 uF G.E.C. TUB (500 V) C40 | 30 uF ELECT (30 V)
Cr7 | 1,750 puF | LEMCO 3017 Cq1 0-005 uF G.E.C. TUB (500 V)
Ci8 | 1,500 uuF | LEMCO 3017 C42 0005 uF G.E.C. TUB (500 V)
Crg | 00005 uF | LEMCO 3017 C43 | 16 uF EL (500 V) Un. No. 2
C20 ! o0r0002 uF | LEMCO 3010 C44 | 16 uF EL (soo V) ,, ,, 1
C21 | o0-02 uF G.E.C. TUB (500 V) C45 | 8 uF {EL (500 V) ,, ,,
Czz 025 uF G.E.C. TUB (250 V) C46 | 0-05 uF - G.E.C. TUB (250 V)
Cz3 005 uF G.E.C. TUB (250 V) Cq47 o-02 uF | G.E.C. TUB (s00 V)
Cz24 1 uF EL (500 V) Un. No. 2 . |

RESISTANCES
No. Resistance Watts Type No. | Resistance =~ Watts Type
!
R1 9,900 2 3 , BT R26 55,000 2 | 3 B.T.
Rz 22,000 Q 3 I B.T. Rz27 3,300 2 3 B.T.
R3 55,000 2 I I B.T. R28 2 Ma Y B.T.
R4 440,000 2 i B.T. R29 | 220,000 2 3 B.T.
Rs 9,900 2 1 B.T. R3o 99,000 2 Y B.T.
R6 9,900 2 I B.T. Ri31 1 Mo 4 B.T.
Ry 44,000 2 I B.T. R3z | 66,000 2 3 B.T.
R8 22,000 2 ) B.T. R33 | 33,0009 4 B.T.
Rog 2,200 Q2 3 B.T. R34 | 150,000 Q2 $ B.T.
Rro | 220,000 2 3 B.T. R35 1 Mo Tone Cont. | Dubilier
Rix 50 2 4 3N. R36 22,000 Q 3 B.T.
R12 | 440,000 2 3 B.T. R37 22,000 Q2 3 B.T.
R13 | 220,000 2 3 B.T. R38 22,000 Q2 4 B.T.
Ri14 33,000 2 1 B.T. R39 66,000 2 3 B.T.
Ris 55,000 2 3 B.T. R40 3,300 2 + B.T.
R16 77,000 Q2 p) B.T. R41 55,000 2 | Tone Cont. | Dubilier
Riy 2,200 Q 3 B.T. R42 30 Q2 3 3N.
Ri18 1,300 2 |Sensy. Cont.| Stackpole | Rs43 99,000 2 ) B.T.
Rig | 440,000 2 4 B.T. R44 90 2 b¢ 2
Rz20 77,000 Q 4 B.T. R4s 100 2 P 4N.
Rax 88,000 2 1 B.T. R46 100 2 1 4N.
R22 | 220,000 2 3 B.T. Ra7y 100 2 $ 4N.
Rz3 99,000 2 3 B.T. R48 100 2 Py 4N.
R24 99,000 2 4 B.T. R49 1 Mo % B.T.
Rzs 1 M Vol. Cont. ’ Dubilier Rs0 2 Ma R B.T.
t

Nej
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TaBLE III
Operating Conditions

18

[ | ‘ Valve Electrode Potentials and Currents

v | Heater | Voltage Relative
No. Function | Type Volts | to Chassis Volts
| Ac. !
i Cathode Anode
1 . R.F. Amplifier  KTW61 63 o (155)
2 | Frequency changer X65 I 63 . o (247)
3 | 1st .. Amplifier | KTWé61| 63 | o (250)
4 | 2nd L.F. Amplifier | KTWér| 6-3 l o (250)
5 | Det. and first L.F. ‘ DL63 63 3:0% (118)
6 | Tone corrector {DL63 | 6:3 | 30* (110)
7 | Output | KTé61 63 | 55t (250)
8 | Output KTé1 63 ) 55t (259)
9 | Tuning indicator | Y63 i 63 o e
10 | Rectifier Uso ' 50 l — —
) | i

Currents (mA)

o 2 g o ]
2,02 3% |s3
3 3 & 2 |°<
(53) 49 12| 37| —
(s5) , 54, 10 | 01 | 43
(53) | 53| 12 | 41 | —
(53) | 53| 12| 41| —
22 ol "2l To | =
_ 09 — | og | —
(262) | 33°5| 55 | 28 | —
(262) | 33'5| 55 | 28 | —
- 22| 02 | 40 | —

Smoothed H.T. across C43 = (262) volts.
Volts across R42 = +2-9

Smoothed H.T. across C45 = (250) volts.
H.T. volts across C44 = (315) volts.

Total H.T. current through choke No. 1 = g9 mA. Current through choke No. 2 = 32 mA.
Figures in brackets denote measurements made with Avometer (1,200-V range).
Receiver tuned to 1 Mc/s and sensitive control set for maximum sensitivity.

* Voltages measured on 0—-120-V range of avometer.
t Voltages measured on o-12-V range of avometer.

TaBLE IV

Wave Bands and Switch Positions

RANGE SWITCH

Position Range
I 11- 25 metres
2 25— 75 »
3 75— 200 »
4 200— 550 »”
3 900—2,100 .

SWITCH OPERATIONS

S1
S1

Gram.
Radio

Sz Closed
Sz Open

99
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Valve V,, is a ““ cat’s eye "’ signal-strength indicator, driven by
the detected output of transformer I.F.T,.

A.V.C. Circuit. This is constituted by the righthand diode of
Vs which supplies current through resistances Ry, R, and Ry, to
ground and so augments the bias normally provided by the total
anode current which flows through R,,. The paths by which bias is
applied to the various grids can easily be traced. R, is the resistance
producing a.v.c. delay volts.

For purposes of illustration, the performance of such a receiver
may be taken as somewhat similar to receiver No. 3 in Table I.

19. Measurements on Radio Receivers.

The following instructions relating to measurements on radio
receivers are intended for practical guidance to engineers who have
to make acceptance tests on receivers, and are of interest to other
engineers only in so far as they describe the form in which the
performance of receivers should be presented. The descriptions of
tests are not complete in themselves, reference being made to the
‘“ Specification for Testing Radio Receivers ”’ issued by the Radio
Manufacturers’ Association of Great Britain.

19.1. Equipment Required. Signal Generator. A signal
generator is a calibrated radio-frequency oscillator with a very low
impedance output, e.g. between 3 2 and 6o L2, capable of delivering
a modulated or unmodulated output into an unbalanced circuit (and
preferably also into a balanced circuit). Signal generators should
give readings of microvolts output to an accuracy of 4109, up to
10 Mc/s and +259%, above 10 Mc/s. Their frequency calibration
should be accurate within 19, or within 4-10 kc/s, whichever is the
better, and incremental frequencies should be within 4-0-5 kc/s;
the modulation should be accurate to within 444 of the nominal
percentage.

Dummy Aerial. For medium- and long-wave measurements up
to 2,000 kc/s the dummy aerial should comprise three series elements,
viz. a resistance of 25 ohms, an inductance of 20 microhenrys and a
capacity of 200 micro-microfarads. These elements include the
internal impedance of the generator and all connections.

For short-wave measurements above 2 Mc/s the dummy aerial
should consist of a 400-ohm series resistance, which shall include the
impedance of the generator and all connections.

Shielded Coil. This shall be a cylindrical coil, 5 cms. in radius
and 6 cms. deep, each winding wound with 2o turns to an approxim-
ate inductance of 40 microhenrys. The whole coil shall be shielded
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RADIO RECEIVERS XIX :19.2

by a wire cage arranged to avoid magnetic screening (i.e. there shall
be no completed circuits whose planes are normal to the axis of the
coil). The connecting leads shall also be screened. An earthed
screen which does not constitute a short-circuited turn shall be
provided between the windings.

Valve Voltmeter, Thermocouple or T.M.S. for measuring output
level.

Two Microammeters, 0-25 microamps. and 0-250 microamps.

Special Screened Low-Capacity Switch. This is a double-pole
double-throw anti-capacity switch with screening between all con-
tacts and connections.

Ganging Oscillator and Oscilloscope.

19.2. Automatic Volume Control. Measurements to be
carried out in accordance with the procedure laid down in the Radio
Manufacturers’ Association Specification for Testing Radio Receivers,
Part 1, page 12.

Results to be expressed as a plot of R.M.s. audio-frequency output
volts against input microvolts, otherwise as described on page 12 of
the above specification.

19.3. Sensitivity. Measurement to be carried out in accord-
ance with the procedure laid down in the R.M.A. Specification for
Testing Radio Receivers, Part 1, pages 4 and 8. All gain controls
to be set at maximum gain.

The sensitivity to be expressed as the input microvolts needed to
give the standard output, and to be plotted as described on page 8
of the R.M.A. Specification, Part 1. The standard output is 50 milli-
watts for receivers operating loudspeakers and 1 milliwatt for
rebroadcast receivers and check receivers.

Should it be inconvenient to measure a particular receiver at the
standard output, this output may be changed and the result reduced
to conform to the definition given above.

The output shall be measured in a non-inductive load con-
nected across the output. The value of this load shall be as
follows :

Loudspeaker Receivers : Magnitude of load resistance to be equal
to the modulus (magnitude) of the loudspeaker voice coil or
operating winding.

Check Receivers and Rebroadcast Receivers : Magnitude of load
resistance to be equal to nominal impedance of circuit into
which the receiver is designed to work.

19.4. Signal-Frequency Response, Second-Channel and

Mixed-Channel Selectivity. The Signal-Frequency Response
10X



XIX :19.4 RADIO ENGINEERING

curve is a plot of the s.F. loss, i.e. the loss in the signal-frequency
(radio-frequency) pre-mixer circuits.

The signal-frequency loss for a given setting of the tuning
circuits is defined at any given frequency by the decibel ratio between
the e.m.f. required to be inserted in series with the dummy aerial
supplying the input circuit of the receiver, at the frequency of
maximum signal-frequency response, and at the given frequency, in
order to produce the same input voltage to the mixer. It is measured
over the frequency range situated +2 (1.F.) with regard to the
frequency to which the receiver is tuned, where (1.F.) is the inter-
mediate frequency.

The Second-Channel Selectivity is the signal-frequency loss at a
frequency situated 2 (1.F.) above or below the frequency to which
the receiver is tuned according to whether the receiver operates with
its local oscillator frequency above or below the signal.

The Mixed-Channel Selectivity is the signal-frequency loss at the
points where the width of the response curve on the frequency axis
is equal to the intermediate frequency.

Method of Measurement. Shorts and connections in all cases to
be made by means of blocking condensers unless direct connection is
specified.

Measurement is accomplished by means of a null method.

The position of all variable selectivity controls should be adjusted
to maximum or minimum as required and the position noted. The
tone control to be at maximum fidelity.

A signal generator is arranged to supply an e.m.f. in series with
the dummy aerial and the aerial and earth terminals of the receiver.

An auxiliary receiver is employed as an R.F. valve galvanometer,
and has a meter inserted in a suitable position to give indication
of the amplitude of the input signal it receives, e.g. a microammeter
in the earth side of the detector load resistance.

The receiver under measurement has its mixer anode circuit
terminated by direct connection in 1,000 ohms, which constitutes
the output load across which the second receiver is connected to
obtain its signal. The first 1.F. transformer normally connected to
the anode of the mixer is shorted to ground through a blocking
condenser ; this effectively removes the automatic volume control.

The signal generator is then set on the standard frequency
(unmodulated) which should be one of those specified for the measure-
ment of semsitivity (see R.M.A. Specification for Testing Receivers,
page 8). The output of the signal generator is then adjusted to give
a convenient value of deflection on the microammeter with the
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receiver under measurement in tune with the standard frequency,
care being taken to see that the auxiliary receiver is not overloaded.
This deflection and E,, the output of the signal generator, is noted.

The signal-generator output is now removed from the receiver
under test and its live lead taken through a series resistance of 1,000
ohms to the input of the measuring receiver, which is also discon-
nected from the receiver under test. The special screened low-
capacity switch is used for this change-over. (The effective earth
connections of all units, signal generator and the two receivers, etc.,
are connected permanently to the common earth point.)

The signal generator is now adjusted to give the same deflection
on the microammeter, and its output E, noted.

Call the difference in level between E, and E, in decibels, D,.

The procedure in the previous two paragraphs is now repeated at
frequency intervals, determined by the course of the resulting curve
and extending over the frequency range (2 LF.) each side of the
frequency used in determining D,.

Call the decibel difference obtained at any frequency D,, then
the R.F. loss at this frequency is given by D, — D,.

During these measurements the tuning of the receiver under test
remains unchanged, while it is necessary to retune the auxiliary
receiver each time the frequency is changed, care being taken not to
touch the auxiliary receiver between the two observations which are
subtracted to give the figure D,.

Method of Expressing Results. The results are to be plotted on
graph paper ruled in centimetre and millimetre squares. The loss
figures to be plotted vertically to a scale of 1 centimetre = 1o decibels,
the zero of the scale being at the bottom of the paper, which is
constituted by one of the longer sides.

The frequency scale chosen depends on the value of the inter-
mediate frequency. '

Where the LF. is in the neighbourhood of 125 kc/s, the frequency
scale to be used is I centimetre = 25 kc/s, and when the LF. is near
500 kc/s the scale to be used is 1 centimetre = 100 kc/s.

The frequency scale shall be marked in kilocycles above and
below the carrier frequency.

19.41. Second-Channel’Selectivity for Acceptance Tests on
Approved Receivers. This measurement will be an abbreviated
version of the measurement just described, in that a single measure-
ment only will be made at 200 kc/s and 1,400 kc/s. This measure-
ment will consist of a comparison of the potential gain of the receiver
at the frequency to which it is tuned, and at a frequency equal to

103



XIX :19.42 RADIO ENGINEERING

2 (I.F.) above or below this frequency, depending on whether the
local oscillator operates above or below the frequency to which the
receiver is tuned.

Method of Measurement. The automatic volume control is dis-
connected in such a way as to leave the loading on the speech diode
substantially unaltered. This means disconnecting the p.c. output
of the automatic volume control, and care must be taken to reconnect
the grid-biasing circuit to a potential point equivalent to that of the
automatic volume control in the most sensitive condition of the
receiver.

A microammeter is inserted in series with the earth end of the
speech diode load.

A signal generator is arranged to drive the receiver through the
standard dummy aerial, both the signal generator and the receiver
being set for operation on one of the test frequencies above. The
output of the signal generator is adjusted so that the microammeter
gives a convenient indication, and the output noted.

The frequency of the signal generator only is then moved to
2 (1.F.) above or below the test frequency and the output adjusted
until the microammeter gives the same reading as before. The
difference between these two successive readings of the signal
generator output represents the receiver attenuation to second-
channel effects, and will be recorded in decibels against the frequency
to which the receiver is tuned.

Method of Expressing Results. The results of this measurement
shall be tabulated together with other written matter relating to
measurements on the receiver.

19.42. Intermediate Frequency Response. The I.F. response
is a plot of the loss in the intermediate frequency stages relative to
the frequency of maximum gain.

The 1.F. loss is defined at any given frequency by the decibel ratio
between the voltage required to be applied to the input of the mixer
at the frequency of maximum I.F. gain and at the given frequency,
in order to give the same current through the speech diode.

The 1.F. loss shall be measured to a frequency 50 kc/s each side of
mid-band or to a frequency at which the 1.F. loss reaches 8o db.,
whichever is the less in frequency width.

Method of Measurement. The automatic volume control is-dis-
connected in such a way as to leave the loading on the speech diode
substantially unaltered. This meansdisconnecting the p.c.output of
the automatic volume control, and care must be taken to reconnect
the grid-biasing circuit to a potential point equivalent to that of the
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automatic volume control in the most sensitive condition of the
receiver. The receiver local oscillator is put out of action.

The microammeter is inserted in series with the earth end of the
speech diode load.

A signal generator is arranged to drive the grid of the mixer
directly and is adjusted at each test frequency to give constant
deflection on the microammeter. The difference between the output
of the signal generator at the frequency of maximum I.F. response
and at any other given test frequency gives the 1.F. loss at the given
frequency.

Method of Expressing Results. The results are to be plotted on
graph paper ruled in centimetre and millimetre squares. The loss
figures to be plotted vertically to a scale of I centimetre = 5 decibels,
the zero of the scale being at the bottom of the paper, which is
constituted by one of the short sides of the paper.

The frequency scale shall be linear and shall be 2 kilocycles per
centimetre or 10 kilocycles per centimetre, according to the goodness
of the receiver under investigation, and shall be marked in kilocycles
to right and left of the mid-band frequency.

19.43. Selectivity. The selectivity curve of a receiver is a plot
of the loss in the radio and intermediate frequency stages relative to
the frequency of maximum gain.

The loss in the radio and intermediate frequency stages is defined
at any given frequency by the decibel ratio between the voltage
required to be applied to the input of the receiver at the frequency
of maximum radio and intermediate frequency gain and at the given
frequency, in order to give the same current through the speech
diode.

The loss shall be measured to a frequency 50 kc/s each side of
the frequency to which the receiver is tuned, or to frequencies at
which the loss reaches 8o db., whichever is the less in frequency
width. Curves shall be taken at frequencies laid down in Section 2,
Part 1, page 8, of the R.M.A. Specification.

Method of Measurement. The automatic volume control is dis-
connected in such a way as to leave the loading on the speech diode
substantially unaltered. This means disconnecting the D.c. output
of the automatic volume control, and care must be taken to reconnect
the grid-biasing circuit to a potential point equivalent to that of the
automatic volume control in the most sensitive condition of the
receiver.

The microammeter is inserted in series with the earth end of the
speech diode load. With the receiver tuned to one of the frequencies

105 E



XIX :19.44 RADIO ENGINEERING

laid down in Section 2, Part 1, page 8, of the R.M.A. Specification, a
signal generator is arranged to drive the input of the receiver through
the standard dummy aerial. Without altering the receiver tuning,
the signal generator output is adjusted at each test frequency to give
constant deflection on the microammeter. The difference between
the output of the signal generator at the frequency of maximum
receiver response and at any other given test frequency gives the
attenuation to adjacent frequencies.

Method of Expressing Results. Results shall be expressed as in
the case of 1.F. response, a family of smooth curves being plotted,
one for each of the frequencies laid down in Section 2, Part 1, page 8,
of the R.M.A. Specification.

19.44. Audio-Frequency Response Overall. The overall
audio-frequency response is the relation between the envelope of
the modulated radio-frequency e.m.f. in a dummy aerial and the
audio-frequency voltage appearing across a non-reactive load which
terminates the output of the receiver in its nominal impedance.

Method of Measurement. The position of the tone control is
adjusted to maximum or minimum and noted.

A modulated signal generator is connected to the input of the
receiver through a dummy aerial and the output level adjusted to a
value bringing the automatic volume control approximately to the
middle of the operating part of the automatic volume-control curve,
e.g. on the specimen automatic volume-control curve in the R.M.A.
Specification for Testing Receivers, Part 1, this would correspond to
an input of between 10* and 10% microvolts ; the value is in no way
critical. The receiver is then tuned to the output of the signal
generator, using the tuning indicator device if provided, and if none
is provided, is tuned to a position halfway between the two positions
of maximum hiss located either side of the true tuning position.

'With the signal generator modulated to 30 %,, the audio-frequency
gain control is adjusted to give an output equal to a quarter of the
standard output power. (The standard output is 1 milliwatt for
check receivers and rebroadcast receivers, with the output of the
receiver terminated in the value of load resistance laid down
immediately above.)

The audio frequency modulating the signal generator is then
varied over the range 30 to 10,000 c/s, keeping the depth of
modulation constant at 309, and the output level is measured on
a transmission measuring set, thermocouple or valve voltmeter.
Observations of response are taken at the R.F. frequencies laid
down in the R.M.A. Specification, Part 1, page 8. (The constancy
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of modulation with audio-frequency variation afforded by any given
signal-generator requires to be checked by the use of a diode.)

Method of Expressing Results. The results are plotted on 3-cycle
log-ordinary graph paper, the ordinary scale being graduated in
centimetres and millimetres.

The results are expressed as a plot in decibels of the output level
at each audio frequency referred to the output level at 1,000
cycles = zero.

The scale of decibels used shall be 1 centimetre = 5 db.

19.5. Frequency Stability. The frequency stability is defined
by the change of the beat oscillator frequency due to all causes,
e.g. variation of temperature and mains voltage.

Method of Measurement. An auxiliary receiver is tuned to a
signal generated by a crystal oscillator and the beat oscillator of the
receiver under test is tuned approximately 1,000 p : s away from this
frequency and coupled into the input of the auxiliary receiver. The
frequency of the resulting beat tone is measured by beating it with
a standard frequency oscillator. The accuracy of the standard
oscillator frequency need not be better than 459, but must not
be worse than this.

The frequency of the beat tone (between the oscillator of the
receiver under test and the crystal generated signal) should be
observed immediately the receiver under test is switched on and at
intervals of one hour for a day. During this test and the subsequent
test the controls of the oscillator under observation should not be
moved.

At the end of the day the oscillator controls are left in the same
position and the test repeated for three hours next day.

Method of Expressing Results. 1t will probably be found that,
during the period of heating up, the receiver oscillator frequency
shifts appreciably and that after that the change in frequency is
small, so that observations on the second day two hours after switch-
ing on will agree closely with observations taken after the same time
on the first day.

The frequency stability is therefore to be recorded as two figures :

(1) Change of frequency during heating up. This to be the
difference between the oscillator frequency when first
switched on and after three hours’ running, taken as the
mean of the observation on two days.

(2) Day-to-day stability. This to be the difference between the
observations of frequency made twenty-four hours apart,
after the set has been running two hours.
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19.6. Tracking. The object of this measurement is to deter-
mine whether at all frequencies the R.F. and L.F. circuits are main-
tained in correct relative alignment by means of the beating
oscillator.

This is indicated by the combined selectivity curves of R.F. and
I.F. circuits obtained as a plot of the diode current against input
radio frequency. It can be adequately and most conveniently
measured by means of a ganging oscillator and oscilloscope such, for
instance, as the 3343 ganging oscillator and the 3332 oscilloscope
made by Messrs. Cossor, Limited.

Method of Measurement. The receiver is tuned in to one of the
standard frequencies given on page 8 of the R.M.A. Specification,
Part 1. The automatic volume control is disconnected as described
in Section 31. The ganging oscillator is connected to the receiver
under test through a dummy aerial and the output of the
receiver speech diode is connected through 3 megohms to the
input amplifier of the oscilloscope in such a way as to introduce
no capacitative loading on the receiver at the point of measure-
ment.

The frequency sweep of the ganging oscillator is adjusted to its
standard rate of sweep and the gain of the oscilloscope amplifier is
adjusted until a convenient size of picture is obtained. The ampli-
tude of sweep is adjusted to give a scale of 10 kilocycles = 1 inch.
The input level to the receiver is reduced until overloading is
substantially removed, as is shown by the fact that further reduc-
tions in level do not change the wave form observed on the
oscilloscope.

In the case of the Cossor 3332 oscilloscope and 3343 ganging
oscillator the amplitude of frequency sweep is always 30 kilocycles,
but the length of sweep on the oscillograph is adjustable and
should be adjusted to 3 inches, which gives the scale calibration
required.

Method of Expressing Results. These are traced on squared paper
marked in inches and tenths on which is marked the mid-band
frequency as judged by eye, and frequencies at intervals of 5
kilocycles either side to a scale of 10 kilocycles = 1 inch. The
results should be given with the receiver tuned in to each of the
standard frequencies given on page 8 of the R.M.A. Specification,
Part 1.

19.61. Alignment of Tuning Devices. This test applies only
in the case of receivers containing tuning indicators which derive
their indication from separate tuned circuits usually bridged across
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some portion of the I.F. circuit. The object of the test is to determine
whether the frequency to which the indicating circuit is tuned lies
effectively in the centre of the 1.F. band.

Method of Measurement. The automatic volume control is
disconnected as described in Section 31.

A signal generator modulated with 400 p: s is connected to the
input of the receiver, and the receiver tuned in to one of the standard
frequencies given on page 8 of the R.M.A. Specification. The input
level is then adjusted until the receiver gives a quarter of the
standard output power (see Section 28) with the A.F. gain control at
maximum.

Keeping the modulating frequency constant at 400 p : s the signal
generator frequency is now changed in both directions until the
audio-frequency output is reduced 6 db.

The amount of frequency change in each direction is recorded ;
call the magnitudes of these changes @ and . The amount that
the tuning indicator is off centre is given by $(a — ).

This measurement should be repeated with the signal generator
tuned in to each of the standard frequencies given on page 8 of the
R.M.A. Specification, Part 1.

Method of Expressing Results. The results are to be expressed
as a statement of the number of cycles the tuning circuit is
“off centre” when the set is tuned into each of the standard
frequencies.

19.7. Hum and Noise Level. The hum-plus-noise level shall
be defined as the number of decibels difference in level befween the
output of the receiver, terminated with its nominal impedance at
1,000 cycles, when a signal of specified level at a megacycle modulated
309, with 1,000 cycles is applied between aerial and earth, the audio-
frequency gain control being adjusted so that the set delivers its
rated output into a non-reactive resistance R equal to its nominal
output impedance, and the output of a specific weighted network
inserted between the receiver and the terminating impedance,
with the modulation removed. The specified level of the input will
be varied in steps of 2o db. from I microvolt to 1,000 millivolts.
During measurement the R.F. gain control to be at maximum gain,
the variable selectivity controls, if any, to be at maximum selectiv-
ity, and tone control at maximum fidelity.

19.71. Output Network for Signal-to-Noise Ratio. This
shall be constituted by a four-terminal network designed to work
between equal terminating resistive impedances R and having the
following loss characteristic :
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Frequency Insertion Loss

p:s in Decibels
25 350
50 300
100 23°5
150 186
200 150
250 120
300 10°0
400 7-2 This curve is
500 5:3 derived from the
600 4'5 ear sensitivity
700 39 curve, the rise
800 3-4 at high

1,000 26 frequencies

2,000 1-0 being neglected

5,000 o-5 for simplicity.

10,000 o

The figures used in the right-hand column shall be subject to a
tolerance of 41 db. The meter used to measure output level shall
read R.M.S. values.

A practical method of realizing the above characteristic is by
means of an equalizer in the form of a T-network designed to work
between 600-ohm terminating impedances.*

The series arms are equal, and each consists of a condenser of
capacity o-4 #F shunted by a resistance of 5,000 ohms. The shunt
arm is composed of an inductance of value o-5 H (approx.) at
1,000 p:s, in series with a resistance of 1,000 ohms (approx.), and
may be constituted conveniently by a 50,000-4H Bulgin H.F. choke,
in series with a 500-ohm resistance.

Method of Expressing Results. The results in each case to be
expressed as the observed difference between the quantities defined
in Section I.10 at each specified level.

19.8. Overall Envelope Harmonics. These measurements
are intended to show to what extent the audio-frequency output
wave form departs from the envelope of the modulated 1nput signal
when this envelope is sinusoidal.

Method of Measurement. A special signal generator is modulated
separately with 100 p : s and 1,000 p : s (filtered with a low-pass filter
to remove harmonics) to a modulation depth of 809%,.

This signal generator is arranged to feed directly into the receiver
through the standard dummy aerial and to deliver outputs of 1
millivolt and 100 millivolts.

* Evidently with terminations R, values of circuit elements given below

R
must be modified by multiplying impedance by factor 600"
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For each condition as set up, and with the receiver delivering its
normal output level into its rated output load impedance, the levels
of the fundamental modulating frequency and its second and third
harmonics shall be measured.

These measurements shall be made at each of the radio frequencies
laid down in Section 2, page 8, of the R.M.A. Specification for Testing
Receivers.

Method of Expressing Results. The results shall be expressed as
the level of the second and third harmonics of the fundamental audio
frequency chosen, expressed as a percentage of the fundamental
frequency on a voltage basis.

19.9. Output Impedance. The output impedance shall be
measured on an audio-frequency bridge at the following frequencies :
30, 1,000, 5,000 and 10,000 p:s.

19.10. Acceptance Tests on Approved Receivers. The list
of measurements given above is intended primarily to determine the
performance of a new type of receiver. For accepting approved
types of receiver a simpler set of tests can be applied. The following
is a list of measurements necessary in order to determine the more
important characteristics of a receiver. Every type of receiver
must, however, be treated as a special case and possible amendments
considered :

Measurement Section
Automatic Volume Control . . . . . 192
Sensitivity . . . . . . 193
Second-Channel Select1v1ty . . . . . 1941
Selectivity . . . . . . . 1943
A.F. Response Overall . . . . . . 1044
Tracking . . . . . . 196
Alignment of Tumng Devxces . . . . . 1961
Hum-and-Noise Level . . . . . . 197
Overall Envelope Harmonics . . . . . 198
Output Impedance . . . . . . . 199

20. Diversity Reception.

This is a means of reducing the effects of fading, interference and
noise by the use of two or more receivers, each connected to a
separate aerial. The audio-frequency outputs of the two receivers
feed into a common channel and the aerials are spaced in the
horizontal plane.

One type of fading is due to the shifting interference pattern
produced by the interaction of rays, of intensity varying with time,
which reach the receiving aerial by different paths. The effect of this
is that the procession of nodes and anti-nodes at each point in space
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is different from that at every other point in space. As a result
it is found by experiment that, if two aerials are separated by not
less than 10 to 20 wavelengths, fading phenomena on the two aerials
are not simultaneous. It makes very little difference whether the
line joining the aerials is along the direction of propagation or normal
to it. If the audio-frequency outputs of the two receivers are
combined it is found that the combined output is less subject to
fading than the single output of either receiver alone. The more
aerials and associated receivers that are used the greater is the
freedom from fading. The improvement obtained by using more
than three receivers is, however, small, and in the B.B.C. this is the
number normally employed.

With the simple arrangement as described, when the carrier input
to one receiver falls, the A.v.c. of the receiver operates to increase
the gain, and the noise output of the receiver increases. The simple
arrangement is therefore unsatisfactory and a great improvement in
noise ratio is obtained by connecting the A.v.C. lines of the receivers
in parallel. This parallel connection is usually made through a low-
pass filter to prevent interaction between the beat oscillators of the
receivers. The A.v.C. line of a receiver is the common connection
which carries the A.v.c. bias voltage back to the grid circuits of the
A.v.c. controlled valves. See Figs. 4 and 5/XIX:13.

‘When a number of identical receivers have their A.v.c.s connected
in this way the receiver connected to the aerial in the strongest field
determines the A.v.c. voltage supplied to all receivers. The receivers
with the lowest signals are then prevented from contributing excess
noise by increasing their gain. As the signals reaching the receivers
vary in intensity, each receiver takes charge in turn, maintaining
the output with a reduced variation of level.

In practice, since the process of mixing the signals arriving by
two separate paths (to separate aerials) produces a certain amount
of distortion, particularly noticeable in music, with slow fading of
moderate depth, it is usual to make the sensitivity of one receiver
greater than the rest so as to reduce the number of times that change-
over occurs. If there is any difference in the inherent noise level in
the receivers (which may be due to one aerial being more efficient
than the others) the receiver with least noise is naturally the one
chosen to be made most sensitive. Deep slow fading requires a
more uniform setting of the maximum gain of the receivers, while
fading of the slow fall and quick return type is best dealt with by a
low value of maximum gain and slow-acting A.v.c. That is, the
receiver is operated nearer the knee of its A.v.c. characteristic. It
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is usual to provide diversity receivers with variable time constants
in their A.v.c. bias circuit.

In addition to using spaced aerials, diversity reception may be
effected, using aerials with different vertical polar diagrams, receiving
different angles of downcoming ray, or with differently orientated
horizontal polar diagrams receiving from different angles in the
horizontal plane. At times the direction of the incoming ray in
the horizontal plane varies within wide limits. The combination
of reception of vertical polarization with the reception of horizontal
polarization may also be used. So far the use, if any, of such
variations has only been experimental.

Finally, when transmissions of the same programme are carried
out on more than one wavelength, the reception of the several trans-
missions may be combined just as in spaced-aerial diversity.

21. Notes on Fault-Finding in Radio Receivers.

These notes are not intended to provide complete information for
the servicing of receivers. They are only intended to serve as a
guide to beginners and to indicate the general method of approach
to be adopted in clearing the most simple kinds of fault. The
manufacturer's service manual is an almost indispensable aid to fault-
Sfinding.

Fault-finding in a modern radio receiver is really a specialist’s job
and needs proper equipment. There are very many kinds of fault,
however, which can be located by means of comparatively simple
systematic tests.

Examples of Faults which might cause a Receiver to give
no Output from the Loudspeaker. Broadly, this may be due to
a disconnection or a short circuit anywhere in the circuit, or a faulty
valve or component. In greater detail, it may be due to:

(1) Aerial disconnected. Earth disconnected may make a
difference but probably not so much. In each case dis-
connection may be internal or external to the receiver.

(2) Valve failed; filament burnt out or suffering from low
emission, electrode disconnected internally, two electrodes
touching, or valve gone soft.

(3) Tuning-coil failed ; disconnected, shorted or partly shorted.

(4) Condenser disconnected or shorted with a bit of solder or
dirt or a loose screw which has fallen into it. Vanes of
condenser may be bent or touching.

(5) Dirty contacts on valve pins on any switch.

(6) Disconnection in H.T. or L.T. circuit.
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(7) Smoothing condenser short circuited ; this may affect H.T.
or bias to valves.
(8) Rectifier valve failed.
(9) Disconnection in A.C. mains input to receiver either internal
or external. See that built-in fuses are not burnt out.

(ro) Disconnection or short in R.F., I.F. or A.F. circuits.

(rx) Failure of loudspeaker due to disconnection or short in field
coil or speech winding (this might result in distorted
and/or low output accompanied by excessive hum).

(x2) Disconnection in bias circuit to any valve so that grid is free
to assume an arbitrary potential.

(x3) Internal disconnection in R.F., L.F. or A.F. chokes, or in
smoothing chokes.

With appropriate qualifications the above faults may occur in :

The s.F. circuits.

The LF. circuits.

The A.F. circuits.

The oscillator circuits.

The power pack. This comprises the A.c. input, the H.T.

circuit, including H.T. transformer secondary, rectifiers and
smoothing, and the filament circuits.

HOowH

Fault Location.

No output from loudspeaker.

1. Turn main tuning-dial round to check that set is not tuned
into a vacant channel.

2. Try on other wave-bands to see if set is out of action on all
bands. If out of action on one band only, fault is connected with
the parts of the circuit which are brought into action by operating
the wave-band switch.

3. If fault is on all wave-bands, check that faults 1 and g are
absent.

(4, 5 and 6, Check supplies to Receiver.)

4. Look at all valves to see if filaments are alight. If filaments
are invisible leave set on for five minutes and feel valves to see if they
are all warm. (Ineffective in a battery set where volts on filaments
and continuity of filaments must be checked by a voltmeter.)
Replace any valves which are cold and if these valves still remain
cold look for a disconnection in the heater circuit. If all valves
become warm, but a spare set of valves is available, replace all
valves and if set works replace all valves one by one to find faulty
valve.
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5. By measuring between anode and ground check that H.T.
reaches all valves. If voltage on anode of one valve is absent check
back along path to anode (from H.T. source) until volts are found.
This gives the exact location of the fault.

6. If H.T. is missing from all valves, check H.T. voltage at output
of power pack and if absent check back along smoothing circuit until
voltage appears. This may reveal a disconnection in a choke or a
faulty rectifier valve.

7. Check L.F. With set switched on, put finger on first L.F. grid.
This should cause a click in the speaker and, if A.c. mains are in the
vicinity, a hum. If nothing heard, tap along L.F. circuit with a pair
of headphones, starting from output of detector with set tuned in to
station. Point at which signal appears locates fault. If no output
from detector when tuning is varied there is a fault earlier in the
circuit. A condenser of about 0-5 uF capacity should be connected
in series with headphones to hold off H.T.

8. Check Oscillator. If no output from detector, put finger on
oscillator grid. If oscillator is working this should produce a plop.

9. Check H.F. Put aerial directly on grid of mixer. If output
is obtained fault is in H.F. Tap aerial back along H.F. circuit until
output disappears. This locates fault.

10. When neighbourhood of fault has been found the circuit in
that part should be examined mechanically and a number of tests
made to localize the fault more closely. If a valve is suspected and
it is receiving supplies, check that valve is taking current (assuming
that replacing valve does not remedy matters). If not, check grid
bias ; this entails finding a low-impedance point of grid-bias supply :
even if this bias is correct the grid decoupling may be disconnected
or the decoupling condenser may be shorted.

Note 1. All suspected parts of the circuit should be tested for
continuity and all condensers should be tested for shorts.

Note 2. 1f fault is on one wave-band only it is almost certainly
in a switch contact or a coil, so that when neighbourhood of fault
has been found these are the first things to look for.

Excessive Hum in Output of Loudspeaker.

First see that hum is not incoming to aerial.

1. Disconnect speech-coil of loudspeaker. If hum persists it is
due to field-current of loudspeaker. (The field winding of loud-
speaker is sometimes used as a choke in the H.T. smoothing
circuit.) Extra smoothing must be added before the field-coil in
the H.T. smoothing circuit. This can probably be provided by
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an 8-uF condenser of a high-voltage (e.g. 400 volts) electrolytic
type.

2. Short input to the last stage. If hum persists it is in this
stage and may be due to valve, H.T. grid bias, or filament supplies.

(a) Replace valve by resistance connected between anode contact
and minus H.T. If hum persists it is due to H.T. smoothing
being inadequate.

(b) If (a) gave no hum, replace valve and try effect of extra grid
decoupling. If this is ineffective, try replacing centre tap
on mains transformer winding supplying heater, by hum-
bucking potentiometer. If L.F. hasa high gain it is possible
for hum to be introduced due to coupling between heater
leads and the core of any audio-frequency transformer at a
low-level point in the circuit. The remedy is to twist the
heater leads along their whole length up to a point as close
as possible to the heater.

(¢) If the valve is a pentode the smoothing of the screen grid
should be checked.

Note. In checking the smoothing, check that the smoothing
condensers are not taking excessive current. An L.T. electrolytic
condenser should not take more than about oo #A, while an H.T.
electrolytic condenser should not take more than about 5 milliamps.
Paper condensers should take no current.

3. Hum may be due to coupling between the core of the input
transformer to the stage and the mains transformer. Disconnect
primary of transformer and connect across its input a resistance equal
to anode impedance of previous valve within plus or minus 50%,. If
pick-up is due to coupling with mains transformer the transformer
must be reorientated in space.

4. Hum may be due to lack of screening. To check for electro-
static interference replace secondary of transformer by 100,000 ohms
connected between grid bias and grid. If hum persists it must be
removed by an earthed screen. It may be possible to remove an
electrostatic pick-up by screening leads only, or it may be necessary
to screen the whole stage.

5. If hum is observed at output of detector it may be due to
inadequate H.T. smoothing on any of the R.F. stages. Check as before
by replacing each valve by a resistance.

6. In any set equipped with gramophone pick-up terminals,
whether equipped with a turntable or not, turn switch to * Gram ”
and see if hum persists. If it does, then it is in L.F. circuit ; if not,
then it is earlier in the circuit.

116



RADIO RECEIVERS XIX : 21

Set Equipped with Gramophone Turntable.

7. By disconnecting it, check that gramophone pick-up is not a
source of hum. Check also that leads from pick-up are not picking
up hum.

8. See that motor frame is earthed and that the insulation of the
windings from the frame is satisfactory.

Set near a Powerful Local Station.

9. A powerful local transmitter may induce R.F. in the power
mains. This R.F. may traverse the mains transformer and become
modulated by the mains frequency and its harmonics. The resultant
modulated wave passes into the R.F. stages by a variety of routes and
causes hum in the output. Normally this is prevented by the use of
a screen between the primary and secondary winding of the mains
transformer. This screen should be earthed, and if therefore this
trouble is suspected, the first step is to see that the transformer
screen, if any, is earthed. Whether or not a screen exists, if hum
persists, the next step is to insert an R.F. filter in the mains. This
may simply consist of two 0-01-uF condensers, one from each leg of
the mains circuit to ground, but if such is not adequate a more
elaborate filter must be installed. The condensers should be rated
for 250 A.c. volts working, but it is almost safe to say that all
condensers of this size are so rated or are rated higher.

10. Check that hum is not induced into earth lead or directly into
receiver. This may entail moving the receiver to a new location.
If screening the earth lead does not remove the hum it may be
necessary either to completely screen the receiver or else to operate
it permanently in new location.

Output from Loudspeaker Distorted.

1. If output is high-pitched, check that receiver is properly tuned
in to the station being received, and see that the loudspeaker coil
is free to move. Then check back along circuit with a pair of head-
phones until point is found at which change of quality appears.
This locates the fault which is certainly in the L.F. circuit and may be
due to a disconnected or faulty stopping condenser or a partially
shorted choke or transformer.

2. Output from loudspeaker non-linear, e.g. the output sounds as
if the set were overloaded even when operating at normal volume.

(@) Check supplies.

(b) Tap along L.F. circuit with headphones until neighbourhood

of fault is located. Replace any suspected valve, and if
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fault persists check bias supplies and decoupling resistance
and condenser in grid circuit.

(¢) Fault may be due to an incipient or supersonic oscillation
round any part of the circuit or due to leakage of R.F. past
the detector. The latter may be eliminated by shunting a
0-0003-uF condenser across the grid of the first L.F. valve,
or probably better by inserting 100,000-ohm resistance in
series with the first L.F. grid. Supersonic oscillation may
sometimes be removed by a similar method applied either
to the first L.F. grid or later in the circuit. Incipient
oscillation may be due to inadequate anode and/or grid
decoupling. It is unlikely that supersonic oscillation is due
to this cause.

Whistles.

Whistles are broadly of three kinds :

1. Those that do not vary in pitch or intensity as the tuning is

varied.

2. Those that vary in intensity only as the tuning is varied.

3. Those that vary in pitch and intensity as the tuning is varied.

1. This type of whistle is usually due to L.F. feedback. This
may be caused by capacity coupling between stages or by a common
anode impedance. In battery sets a 2-uF condenser across the
H.T. supply will sometimes effect a cure. In general it may be
necessary to decouple one or more anode circuits and sometimes,
in extreme cases, grid circuit decoupling may stabilize an L.F.
amplifier.

Low-frequency oscillation is sometimes caused by acoustic feed-
back from the loudspeaker to a microphonic valve or even to the
vanes of a variable condenser. This can be stopped by applying
acoustic damping. Valve sockets may be mounted on springs or on
rubber while a small felt or rubber cap over the valve often effects
a cure. Fortunately feedback to a condenser is very rare. It can
only be cured by a major alteration in the set, either replacing the
condenser by another type or mounting it on rubber.

2. This type of whistle is rarely due to the receiver. It may be
due to a carrier modulated with the tone observed or may be due to
heterodyne notes between adjacent stations. The latter can be
suppressed by the use of rejector circuits in the low-frequency part of
the receiver, tuned to nine kilocycles.

3. This type of whistle may be due to a number of causes:

(@) Second-channel interference.
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(b) Mixed-channel interference.

(¢} Other channel interference due to stations separated from any
harmonic of the oscillator by a frequency distance equal to
the L.F. frequency.

(d) Other channel interference due to stations separated from the
oscillator frequency by a half or a third of the I.F. frequency.
This occurs only when the mixer produces an output
frequency equal to two or three times the normal difference
frequency (beat frequency).

(¢) Feedback of harmonics of the I.F. frequency to the R.F.
stages.

(a) can be cured by a rejector circuit in the aerial tuned to the

unwanted station.

(b) can be cured by a rejector circuit in the aerial circuit tuned to
either of the mixed channels.

(¢) and (d) may be cured by changing the mixer valve but are
probably inherent in the type of valve and incurable unless another
type of mixer valve can be used in the same circuit. Fortunately
this type of whistle is rare.

(e) can be eliminated by a low-pass filter after the detector, which
although designed primarily to suppress harmonics of the I.F.
frequency may conveniently be adjusted to have a cut-off at half of
the 1.F. frequency.

Interference may occur from a station operating at or near the
LF. frequency. This may give rise to a whistle or to spark inter-
ference if from a spark station and also to cross-talk from the pro-
gramme modulating the station in question. This is cured by a
rejector in the aerial circuit tuned to the I.F. frequency.

A whistle of type 3 may occur in a set due to the fact that one or
more of the R.F. stages are oscillating. Shunt a small condenser
(e.g. 0-00005 uF) across the aerial input circuit. If whistle reduces
in amplitude but does not change pitch it is due to second channel ;
if whistle changes pitch there is an R.F. oscillation in the R.F. circuit.
Check decoupling condensers in R.F. circuit. If these are in order it
may be necessary to introduce screening between the output of any
R.F. valve or the mixer and any previous part of the circuit. The
screen should be earthed. To find points between which coupling
occurs try touching various parts of the circuit and note whether
oscillation is stopped or increased. The most important parts are
those which are not already screened, such as the anode or grid caps
of valves. See that all screen grids are tied to ground through a
proper capacity, e.g. not less than about o-or uF.
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An oscillation in the R.F. circuit may sometimes be cured by using
a longer aerial.

Motor-Boating. This is a low-frequency oscillation observable
in the loudspeaker as a modulation of the amplitude of programme
and noise at a few cycles per second. It may be due to:

(1) A back coupling in the L.F. part of the circuit giving rise to a

normal oscillation at about two or three cycles per second.

(2) A supersonic or R.F. oscillation in any part of the circuit

which builds up to a large value, paralyses the grid of a
valve anywhere in the circuit, causing the oscillation to
collapse, and then builds up again, repeating the process
two or three times per second.

1. This type of oscillation is due to inadequate anode decoupling
or to too high an impedance of the H.T. supply source, or both. It
is very hard to cure by legitimate methods, which consist either in
shunting the final smoothing condenser with an electrolytic condenser
of large capacity or in shunting one of the existing decoupling con-
densers by a large electrolytic condenser. It may of course be due to
one of the condensers having failed, in which case replacement by a
good condenser may clear the trouble. A simple method of curing
the trouble is to introduce a small series condenser in the A.F. part of
the circuit so as to attenuate frequencies below about twenty cycles
per second. Such a condenser should have a reactance equal to the
circuit impedance at 20 c/s, e.g. if the circuit impedance is 100,000
ohms a condenser of 1 X 159/100,000 X 1,000/20 = 0-0795, say,
01 uF should be used.

2. This can be cured by the method given for eliminating an
incipient or supersonic oscillation given under 2 (¢) in the section
“ Output from Loudspeaker Distorted . If an R.F. oscillation, it can
be cured by the method given under 5 in the section on * whistles .

Another frequent cause of motor-boating is an open grid.

Noise in the Loudspeaker. Hum has already been dealt with.
Every set has a minimum value of background noise which appears
as a low-level steady rushing noise. If this appears unduly exag-
gerated it may be due to an inefficient aerial coupling circuit or a
fault in the aerial coupling circuit, a disconnected aerial, or a faulty
valve.

Irregular scratches and clicks may be due to a loose connection
either in a soldered joint, internally in components including valves,
or in connecting wires. Frequent sources of such noises are bad
switch contacts, badly fitting valve pins (in their sockets) and failing
electrolytic condensers. Touching condenser vanes sometimes gives
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the same effect, as do also old dry-cell batteries used for H.T. Before
condemning a set, always check that any suspected noise is not
incoming to the aerial. This can usually be done by removing the
aerial, and if necessary shorting the aerial and earth terminals.

A source of noise which sounds exactly like a loose joint some-
times occurs in audio-frequency amplifiers owing to sporadic ultra-
short wave oscillations occurring due to the proximity of grid and
anode or grid and cathode loads. These can be cured either by
separating the leads, or by putting stopper resistances of about
5,000 ohms in the grid leads and about oo ohms in the anode leads.
Sometimes even it may be necessary to put a stopper resistance in
the cathode lead. All stopper resistances must be located as close
as possible to the electrode concerned.

Miscellaneous Notes. The most common faults in radio
receivers are due to failure of electrolytic condensers, bad switch
contacts and failure of valves. Remember that a bad joint looks
exactly like a good joint unless the wire has actually come off, and a
bad component looks like a good one unless you are fortunate enough
to find a burnt-out resistance.

In the event of the A.c. mains supply failing to arrive at the
mains transformer, remember to look for fuses built into the receiver.

If u.T. voltage of a mains set is low, check that mains transformer
is on proper taps. If mains transformer is on proper taps, never
change to a lower tap to compensate for a mains supply voltage which
is temporarily low owing to peak load conditions.

An abnormally high valve current does not always mean a faulty
valve : it may mean lack of grid bias, or may be due to a leaky
condenser in the grid circuit resulting in the anode potential of the
previous stage being applied to the grid.

The voltage of dry-cell batteries should always be tested when
delivering a current equal to the current which they are called upon
to supply in the set. In practice, the simplest way to do this is to
measure the voltage of the battery when connected to the set with
the set switched on.
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CHAPTER XX

MEASURING EQUIPMENT

1. Ammeters, Milliammeters and Microammeters.

THESE are all instruments for measuring current. Although
there is no definite standard, ammeters may be regarded as instru-
ments measuring currents above one ampere, milliammeters from
I mA to 1,000 mA, microammeters below T mA. The above figures
refer to the full-scale deflections of the instruments. In practice
the designation of an instrument near the boundaries of these ranges
may depend on the whim of the manufacturer.

D.c. melers are usually operated by the effect of the current
passing through a moving coil located between the pole pieces of
a horseshoe magnet.

Low frequency 4.c. meters operate :

(a) By the mechanical expansion of an A.c. wire carrying the

current : hot-wire meters.

(6) By the magnetic effect of a coil carrying the current on

a moving piece of iron or armature . moving-iron meters.

(¢) By the force between a fixed and a moving coil each carrying

the current : dynamometer meters.

(@) By the force exerted by a coil or coils inducing eddy currents

in a disc, and the disc: enduction meters.

Awudio-frequency meters are constituted largely by thermo-
couples in conjunction with millivoltmeters, which may be associated
in one assembly or may be separate. More recently copper oxide
rectifiers have come into use in conjunction with milli- or micro-
ammeters. The latter usually have a high resistance, e.g. 1,000 to
2,000 ohms, and are not always of constant sensitivity over the
audio-frequency range.

Radio-frequency meters are usually either of the hot-wire or
thermocouple type.

Although the resistance of a p.c. microammeter may be over
500 ohms all ammeters, milliammeters and microammeters must be
regarded as zero vesistance devices and must never be put in a circust
unless the resistance in the circuit 1s sufficient to limit the currvent to
a value within the range of the meter, having regard to the voltage
effective in the circuit. This applies whether the circuit is b.c.,
A.C., or R.F. In using microammeters care must be taken that the
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resistance of the meter is not appreciable compared to the resistance
in the remainder of the circuit, otherwise the meter reading will
not indicate the current which flows when the meter is removed
from the circuit.

Nearly all p.c. meters are magnetic devices and it must always
be assumed that their calibration is affected by the presence of large
masses of iron in their neighbourhood. For this reason, when
ordering meters it should be specified whether they are intended for use
on a mounting panel of magnetic material or otherwise.

The calibration of an indicating instrument refers both to the
numbers on the scale indicating the quantity the instrument is
measuring and to the process of adjusting the instrument or marking
the scale so that it reads correctly.

A.c. ammeters are used for measuring 50-cycle alternating
current. R.F. ammeters are used for measuring R.F. currents and
care must be taken not to confuse the two. R.F. and A.F. milli-
ammeters are used for measuring R.F. and A.F. currents respectively,
and again care must be taken not to confuse the two. A meter
which is suitable for R.F. may be suitable for A.F., but the reverse
is generally not the case. R.F. measurements of currents suffer from
an increasing drop in accuracy as the frequency is increased ; the
accuracy at frequencies below 2 megacycles should never be con-
sidered as being better than 4-59%,, while above that frequency R.F.
ammeters should only be used to indicate that a particular current
is constant : provided the circuit is not changed, there is no reason
why the accuracy of the meter should change.

The inaccuracy of radio-frequency ammeters is due to the flow
of radio-frequency current through the heater of the meter and the
capacity of the meter to ground when the meter is at a high radio-
frequency potential above ground. Since this current is dependent
on the magnitude of the potential the error is not constant but varies
as the potential is changed. The current is in quadrature with
the true line current.

Fig. 1 shows a method of screening the meter to reduce the
capacity current, the screen being connected to the side of the
meter connected to the driving source. This precaution is only
a palliative, and for accurate measurements the capacity current
should be measured by disconnecting terminal B and noting the
capacity current, which should then be subtracted vectorially from
subsequent readings of the meter: i.e.

line current = v/(observed current)? — (capacity current)z.
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Radio-frequency meters may be calibrated against D.C. meters
by passing the same D.c. current through both meters. D.c. meters
are calibrated by means of standard meters. Standard meters are
calibrated by means of measurements involving the chemical effect
of currents in passing through solutions of certain salts, by com-
parison with instruments designed to permit fundamental calcula-
tions of their sensitivity and by involved comparisons involving
fundamental standards of resistance and e.m.f.

Grill in screen to permit

——— — e —-

Screen
11
is S
T 0D
A B
‘R.F. High
Poterntial
Source

Fic. 1/XX:1.—Method of Screening Radio Frequency Meter to reduce
Capacity Current.

The range of ammeters and milliammeters is often extended by
the use of shunt resistances, which may be external or may be
internal and controlled by a switch. Care must be taken to see that
the meter is always on the right range.

2. Voltmeters and Millivoltmeters.

A voltmeter usually consists of a milliammeter or microammeter
in series with a limiting resistance which determines the current
which flows for a given voltage across the voltmeter terminals.
A voltmeter can therefore be connected directly across any source
of voltage which is less than the scale reading of the voltmeter,
and, in the case of multirange instruments corresponds to the range
in use. The range of voltmeters is extended by the use of a number
of alternative series resistances which may be external or may be
internal and controlled by a switch. A multirange voltmeter should
always be kept on its maximum range of voltage, only being adjusted
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for lower ranges when across the voltage source; tmmediately afier use
1t should be returned to the maximum range.

When using a voltmeter across a high-impedance circuit, such
as a grid circuit, care must be taken that the resistance of the
voltmeter is high compared to the resistance of the circuit : e.g. if
it is 10 times the resistance of the circuit an error of 109, will occur.
Most commercial voltmeters have a resistance in the neighbourhood
of 1,000 ohms per volt, e.g. a meter to measure 200 volts has
a resistance of 200,000 ohms. Where a commercial voltmeter has
insufficient resistance, on low-voltage circuits it is a simple matter
to measure a voltage by means of a microammeter and a high series
resistance.

All meters which are used for measuring voltages or currents of
critical value should be calibrated at regular intervals.

Most meters mounted on equipment in regular service are not
measuring critical values and need only be calibrated when the
performance of the equipment is unsatisfactory and the accuracy
of a meter is suspected.

3. Electrostatic Voltmeters.

In these the needle is mechanically connected to one plate of
a condenser, the plate being free to move so as to vary the capacity
of the condenser. When a voltage is applied between the fixed
plate and the moving plate of the condenser the plates become
oppositely charged and attract one another. If a linear control
spring is used, the deflection is proportional to the square of the
applied voltage.

Electrostatic voltmeters for commercial use are not constructed
for voltages below 300 to 400 volts. The upper limit is determined
by practical dimensions, and electrostatic voltmeters can-be con-
structed up to 10,000 or 15,000 volts, or even higher.

Such voltmeters can be used for measuring D.cC. or A.C., including
A.F., provided they are used in a circuit where their capacity
reactance is not too low. With care they can be used for rR.F. but
should not be used for this purpose unless they have been calibrated
at the frequency in question.

Electrostatic voltmeters are usually provided with a linear control
spring and calibrated for use on D.C., they therefore read the R.M.s,
value of any A.c. voltage applied across them.
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4. Peak Voltmeters.

These provide an accurate means of measuring radio-frequency
peak voltages and constitute the only accurate means of measuring
high radio-frequency voltages. When the circuit impedance is
known they provide the only accurate means of measuring radio-
frequency currents and power. They are simple to construct and
require no calibration other than the provision of an accurate b.c.
meter. This statement requires qualifying by the statement that
such instruments must be designed to give the required accuracy.
The design is discussed below.

R
A
7 m
> . 1 EV
(6)
D
mA
(©) (da)

Fic. 1/XX:4.—Alternative Forms of Peak Voltmeter.

Alternative forms of circuit are shown in Fig. 1. The circuit
at (a) has the advantage that any p.c. at the measuring-point is
held off the valve by condenser C. Both circuits (a) and (b) have
the disadvantage that the stray capacities of R and C to ground
are in shunt across the diode : in this respect (a) is better than (b)
and circuit (b) appears to have no advantages, so that the normal
choice appears to lie between () and (¢). (c¢) has the advantage
that the stray capacities of R and C do not shunt the diode; it
requires, however, an insulated means of heating the filament.
(c) is the preferred form for measuring very high frequencies.

In (a) the voltage across R is measured by means of a milli-
ammeter (or microammeter) in series with R, while in (b) and (c)
the voltage is measured by an electrostatic voltmeter EV across R.
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Either arrangement may, however, be used equally satisfactorily in
each of the circuits except that, on account of its capacity and
because it would be subject to high R.F. voltages, an electrostatic
voltmeter cannot be used in circuit (¢). The use of an electrostatic
voltmeter has the very large advantage, as will appear below, that
R can be made very large since it is not necessary to obtain enough
current through it to operate a microammeter. The use of a large
value of R increases the accuracy of the peak voltmeter, and if R
s greater than 100 megohms the correction for the ratio of R to the
diode resistance given below can be neglected. In some peak voltmeters
R is made as large as 20,000 megohms.

The diode D is sometimes constituted by a trlode with the grid
strapped to the anode, since, for high voltages, e.g. 10,000 volts,
suitable diodes are not always available. For voltages up to
7,000 volts an MR4/E620 diode may be used; such a valve has
given satisfactory operation on voltages up to 10,000 volts, and
provided therefore that the circuit is arranged so that breakdown
of the valve can do no harm, such a valve may be used up to
10,000 volts, if no other type of suitable valve is available.

The value of R should be as high as possible. The error intro-
duced by any given value of R is determined below.

The peak voltmeter indicates the peak volts applied across the
input terminals 1,1, as given by R7;,, where 7 is the mean current
flowing through the resistance R as observed on the D.C. meter in
series with R, or electrostatic voltmeter across R.

The operation of the peak voltmeter is that of a simple diode
detector. Positive pulses of voltage applied to the anode of the
valve give rise to currents flowing to ground through the diode
resistance, which is very low compared to R. (By comparison the
currents which flow through R due to positive voltages are neg-
ligible.) Negative pulses of voltage give rise to currents flowing to
ground through resistance R only. The net result is that the anode
assumes a mean negative potential 7, very nearly equal to the peak
value of the voltage applied at 1,1. The condenser C is then
charged to a mean voltage equal to 7,

An inductance is sometimes inserted at the top end of the
resistance to protect the resistance from R.F. voltages, as in Fig. 1 (d).
This is not always satisfactory, however, and it is sometimes better
to make the top element of the resistance of sufficient dissipation
to carry the R.F. current. Stray capacity to ground diverts R.F.
current from the lower resistances.

Correction Factor for Diode Capacity. If the diode has
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a capacity C; between anode and cathode, a capacity potentiometer
is constituted by C and C,; and the voltage effective across the
diode is reduced in the ratio

I

Ca 1

T, LG
Cd+C I+5

The reading of the electrostatic voltmeter (or the result obtained
by multiplying the current meter reading by R) should therefore
be multiplied by (I + %), and by second correction factor.

4.1. Relation between the Value of R, the Diode Resistance,
the Total Emission of the Diode and the Second Correction
Factor of the Peak Voltmeter.

4.11. Case 1. Linear Diode. The case of an ideal diode, in
which the anode current is directly proportional to the voltage
across it, is considered first, because it serves as a useful introduction
to the use of practical diodes.

The argument applies to any of the circuits of Fig. 1.

Conventions.
R;, = anode cathode resistance of linear diode.
9 sin wt = voltage to be measured, applied across terminals 1,1,
in Fig. 1.

7, = mean negative potential of diode anode (with regard

to its cathode).

i, = current flowing through diode; this is given by
1, = (0 sin wt — 9,)/Ry for positive values of i,
only : the diode cannot pass current in the opposite
direction.

= the mean value of ¢,

-]
=)

0 = the angle of current flow through the diode.
i, = the peak value of i,.
g = 1,/1, and may be read from Fig. 1/X:22 by entering

the value of 6.
7p = the mean D.c. current through R, as read on a D.c.
meter in series with R.
R = internal impedance of source, applying voltage under
measurement to terminals 1,I.
Then 7, = g1, =M.
Ry
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(This neglects the fact that a small current flows through R so
that the voltage across the diode is not always exactly equal to
7 sin w¢ — 7,. The error consequent on this assumption is small
and is discussed below.)

Since no direct current can flow through condenser C,

7, = 75, which is evidently equal to 11)—5

g(ﬁ — ﬁa) — _-g
.. gR? — gRi, = 7,R),
N ?_‘! =3 gR = g . . . (I)
"9 gR+Rp Ry

§+tx
1L
N

IR
g

FiG. 2/XX:4.—Relation of ¢ and V4 during Positive Half Cycle.

The angle of current flow may be determined by reference to
Fig. 2 as follows:

S

o 4 s 0 . 0
., =17sin¢ = sin (go — ) =7cos

—-2— = cos -
Rp
g‘}‘?
.o 6, Ry 0
A4 —gcos;—l—? cos;
cosg
R 2

S S . . (3

RD I —COS-q
£ 2
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By substituting in equations (2) and (3) corresponding values
of g and 0 as determined from Fig. 1/X:22 the corresponding values
of E and v—j’ can be determined.

R, 9

This operation is carried out in the table below and the results

are plotted in Fig. 3.

- Correction ml;:gkr;?io
L 0 g r —cos? | 2 < cos? Facto:?- of diode
Rp 2 14 2 =2 I
P current = -
g
114,200 5° 0-0092 0°000g5 0-99905 100095 108-7
79,600 6° 0-0I1 0'0014 09986 1-00I4 9091
28,270 8° 0-0147 0:0024 09976 1-:0024 68-0
14,140 10° 0-0184 0+0038 0-9962 1-0038 54'3
8,370 | 12° | o0-022 00055 0'9945 1-0055 4545
1,800 | 20° 0-0360 0-0152 0-9848 1-015 277
515 30° 0-0550 00341 0-9659 1035 182
211 40° 0-0740 00603 0°9397 1064 135
1046 50° 0-0925 00937 0°9063 1-104 10-8

The above analysis has assumed that the peak voltmeter does
not drop the voltage under measurement at any point in the R.F.
cycle. In practice this is not true, but as the following argument
shows, the resulting change in reading is usually negligible.

When the diode is passing current the effective voltage across
the diode {i.e. ¥ sin wt — 9,) is dropped in the ratio R/p(Rp+R).
Evidently the same diode current would flow if the voltage were
kept constant and the diode resistance were increased to Rp,+R,.
In other words, the value of R/(R+R) should be entered in Fig. 3
instead of the value of R/R;,. When the value of R, the impedance
of the circuit in which the voltage is being measured, is known, this
may be done. The value of R, is, however, difficult to determine
in practice. Fortunately it is usually determined by a condenser
carrying a charge of such magnitude that the voltage across the
condenser is not appreciably reduced by the current taken by the
peak voltmeter. This condition obtains, for instance, when the
peak voltmeter is used to determine the anode peak volts of an
amplifier.

As an example of the use of Fig. 3, if R = 2,000 ohms and
R = 1 megohm, R/R;, = 500. Entering this value in Fig. 3, the
correction factor is 1-035, which means that the value of Rz, must
be multiplied by 1-035 to give the true reading. Fig. 3 can therefore
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be used to provide a correction factor when the value of diode
resistance is known. For practical purposes the square law case
should, however, be assumed (see below).

8

1 H ]
N - |
5, |
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Fic. 3/XX:4.—Second Correction Factor of Peak Voltmeter and Peak-to-Mean
Ratio of Diode Current.

On the basis of a linear diode, which approaches close to the
performance of a practical diode, it will now be evident why it is
important to keep the resistance R as high as possible. Since the
effective resistance of a practical diode may be taken as about
1,000 ohms, it is evident that the value of R should be well over
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a megohm. A similar argument reaching the same conclusion can
be applied in the case of the practical diode, which will now be
considered.

4.12. Case 2. Practical Diode. In practice, linear diodes
are not available. In a linear diode the anode current ¢ is directly
proportional to the voltage V' between anode and cathode, that is,

400 ,{ i

300

200
/

Anode Current, in Milliamperes

100 /

oA |

0 200 400 600
Anode Potential, in Volts

F16. 4/XX:4.—Anode Voltage Anode Current Characteristic of MR, Valve.
{By courtesy of the B.B.C.]

i= oot where R, is a constant and is the resistance of the diode.
InDdiodes which are available the anode current ¢ is determined
very closely by the relation ¢ = aV», where @ and » are constants
and V is the voltage between anode and cathode. For instance,
in an MR4/E6z0 valve the diode current below saturation is given
very closely by 7 = 447 x 1072V 144,
In Fig. 4 the full-line curve is the characteristic of a typical
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MR4 valve, and the points in circles are plotted from the above
equation.

In other valves the value of the index # varies between 1-4 and 2.
It will appear later that the error introduced by assuming the index
to be 2 is small, and this assumption will be made.

It should be noted that the diode resistance is given by

Ko =7 = = ey
. I
if n =2, Rp = v
If a varying voltage is applied to the diode the diode resistance

I 1
at™1 "~ ab’
when n = 2, 7 being the peak voltage effective across the diode.

Using the same conventions as in the first approximation, when
the diode is in use in the circuits of Fig. 1 and a voltage 7 sin wf is
applied, the diode current is:

i, = aV? = a(f sin wt — 7,)?
1, = a(d — 7,)%

varies continuously, its minimum value being R, ;, =

The diode resistance = £ = a—II;"‘ = a_II7'

The minimum diode resistance R,;,. = i _I_ 7
The mean current B i
Ta =gy = gal0 — B = g0 —7) = 3

where g’’ is the mean to peak ratio of the wave form of the current
through the diode for the case of a sinusoidal voltage (applied to
a square law valve) with an angle of current flow 6. (The value
of g is shown on Fig. 6/VIII:1, and, for any value of 0, is very

nearly equal to gg, the degree of approximation being about equal

to the probable error in reading the curve.)
Hence, by reference to the derivation of equations (2) and (3),

Ta _ cos !
7 =S . . . . . (2a)
R cos -

and — = T\ . . . (34)
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These equations are identical in form with equations (2) and (3),
except that g is replaced by g, and R, by R, , the minimum value
of R, which occurs at the instant of peak current.

If a table is constructed as before, writing down the values of

R 7 .
7 & %’ the correction factor and the peak-to-mean ratio of

diode current, the values of

min.

RR are equal to the corresponding

values of g— X 7;4:’ while the values of peak-to-mean current ratio
D

are multiplied by y_t . Hence the curve plotted between peak-to-

R . .
is the same as the curve plotted in
Rmin.

Fig. 3 between peak-to-mean current ratio and EE The curve
D

mean current ratio and

plotted between and the correction factor is, however, different

R
er’n.
from that between RE and the correction factor since the values
R ? R . 4
of ———— are greater than those of 5~ in the ratio =. This curve

Roin.- Rp n
has also been plotted in Fig. 3 and differs little from the curve for
a linear diode, i.e. for the case where » = 1. It will now be clear
that variations in the index # in the range 1-5 to 2 have no effect
on the curve of peak-to-mean current ratio and only a small effect
on the correction factor.

It must be remembered that in the case of non-linear diodes the
value of R,,;, s the value of resistance at the peak current, and as the
value of diode resistance varies very widely with current amplitude it
is essential that the true value of R, should be used.

4.13. To ensure that a valve of adequate current-carrying
capacity is provided the circuit should be adjusted so that the
peak current does not exceed about 0-8 of the total emission. The
minimwmn permissible value of R, is therefore the value of the diode
resistance with an anode current equal to 0-8 of the total emission 7,.

The peak-to-mean ratio ( = ;—,,) is then read off from Fig. 3 by

entering the value of R—R——, a tentative value of R being assumed.
min.

The mean current is then given by 7, = g’’4,, and the maximum
peak voltage the instrument is capable of reading without the peak
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current exceeding 0-8¢, is then given by 7,R. If this peak voltage
is not high enough, then either R must be increased or a valve
with a higher total emission must be used.

4.14. To apply the correction factor to a peak voltmeter
using a square law diode, by the use of Fig. 3, a more complicated
procedure is necessary. This is because the value of R,;, varies
with the applied peak voltage, and depends on the peak current,
which cannot be determined until the peak-to-mean current ratio

R
Rmin-

It should be noted that the correction factor is different for each
value of applied peak voltage. The most satisfactory procedure is
to plot a curve of correction factor against peak volts as follows.
Determine the value of diode resistance for each of a series of values
of peak diode currents, and tabulate the resistance under a heading
R,.;». and the currents under a heading 7,. For each value of R ;.
so chosen determine the peak-to-mean current ratio by entering

is known. This in turn depends on

the value of

RR in Fig. 3. By dividing the values of 7, by the
peak-to-mean current ratios, obtain the corresponding values of 7.
Then tabulate the values of 5, = R7, and the values of the correction
factor F obtained by entering the values of Rﬁ—- in Fig. 3. Finally,
plot F against 7,. The true value of peak volts can then be obtained
from the observed value of 7, (whether measured by an electrostatic
voltmeter across the diode load or by multiplying the value of the
diode load R by the observed current through R) by multiplying
v, by F.

Correction Factor of a Peak Voltmeter Using one MR4 /620
Valve and a Diode Load R of one Megohm. The table below
shows the steps in the application of the above procedure to this
case. Columns 1 and 2 are obtained from the characteristic of
Fig. 4 by choosing values of voltage v, effective across the diode
and reading off the corresponding currents 7,. As the curve is
difficult to read at low values of voltage the two lowest sets of values
are obtained from the analytical expression for the curve given in
XX:4q.12. It is evident that all the values might have been so
obtained, but it is quicker to read from the curve. Column 3 is
obtained by dividing column 2 by column 1, and column 4 by
dividing one megohm by column 3. Column 5 is obtained by
entering the values in column 4 in Fig. 3. Column 6 is obtained
by dividing column 1 by column 5, and column 7 by multiplying
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To obtain true peak volts multiply load D.C. Volts (V,) by correction factor.

REN 17 T 1]
7-20 Practical upper /imit of
voltage if special safety
precautjons are taken
Rated upper /imit b
7-10 B of vo/tage on :‘/Vo/tage at which
MR4/E620 valve \  max. permissible ]
e : peak current
S — ~ug | would be reached—
Q ]
< ;.05 ——
N
-S 1-04 - -
Q
1-03
;
Q
1-02
1-01
700 7000 70000

D.C. Voltage Observed across Diode Load R (=7, )
Fi6. 5/XX:4.—Second Correction Factor of Standard Peak Voltmeter using one MR4/E620 Valve and Diode Load R of one Megohm.
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column 6 by one megohm. The correction factor in column 8 is
then obtained by entering the values in column 4 in Fig. 3. For
the last stage it is assumed that the correction factor is given by
a curve halfway between the square law curve and the linear curve
(since the index 1-44 is about halfway between 1 and 2, which are
respectively the indices of a linear and a square law curve) ; this
approximation is evidently a close one.

Columns 7 and 8 then give corresponding values of observed
D.C. voltages across the diode load and the correction factor F.
These are plotted in Fig. 5, which serves as a calibration of a type
of peak voltmeter in very general use in the B.B.C. This calibration
applies to any of the circuits of Fig. 1, provided they use one
MR4/620 valve and a diode load of one megohm.

1 2 3 4 5 6 7 8
3 R Peak : - . @
rn?\. Ur Rumin. Rumin. Mean ntA % = Ria| F = Ua
1-23 10 8,130 123 11-3 0°109 109 I-101I
448 25 5,600 179 12-7 03525 352°5| 1-079
12 50 4,170 240 14°15 0-848 848 1-064
32 100 3,125 320 15'5 2:065 2,065 1-0527
90 200 2,222 450 17'5 513 5,130 1-044
168 300 1,785 560 189 8-9 8,900 1-036
296 425 1,435 698 20 14-8 14,800 1-032

It is perhaps worth while calling attention to the use of log-log
paper and the choice of scales which, by reducing the curves to
straight lines, afford invaluable aid to the ham handed and simplify
both plotting and checking.

4.2. Determination of the Value of the Condenser C in
the Peak Voltmeter. The value of C depends on the value of
R and the frequency of the applied voltage. It should be such
that the value of the anode voltage does not decay appreciably
during the time that the input voltage is less than 7,. If 6 = 5°
180 — 5

180
is simplest to assume that it is equal to one cycle. If the amount
of decay is restricted to 19, for instance, the reduction of 7, below
9 will be less than 19%,. By the principle of superposition the
current driven through R by the voltage under measurement flows
independently of the discharge current. The rate of discharge
can therefore be considered independently of the effect of the voltage

137 F
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under measurement. This is actually a very close approximation,
which becomes an exact representation of fact when the decay
is zero.

If v, is the voltage between anode and cathode at the time 7,
ceases to flow, the voltage at any subsequent time before 7, starts
to flow again is:

. ) L.
v = v,¢ RC, where C is in Farads.

After an interval ¢ = } = one period of the applied voltage,

where f is the frequency
1
v = v,¢ ROf = 0-99v, if the decay is not to be less than 19%,.

I
. — 547 X logy, e = logye 0°99.

RCf
. 04343 _ .
RCf — 0-00436.
. I 1 R
s RC =100 X 7 very nearly or Ca = 200m . . @
Similarly it may be shown that for an error of 2%,, RC = 50 X ;

and for an error of 59% RC = 20 X } very nearly.

In practice it is usually possible to make the value of C so large
that the decay of voltage is entirely negligible.

4.3. Voltages in Peak Voltmeters. The voltage developed
across the condenser C depends on the applied R.F. voltage and
whether there is any D.c. difference of potential between the two
terminals 1,1, due, for instance, to the H.T. anode voltage of a valve
to which terminals 1,1 are connected. If there is no D.C. potential
difference between the two terminals 1,1, then the maximum voltage
across C is equal to 943, or approximately 24. If there is a D.c.
voltage across 1,1 such that the terminal 1 connected to the condenser
is positive with regard to the other terminal 1, the maximum
voltage across C is equal to the p.c. voltage+29. The condenser C
must be chosen to withstand the appropriate voltage.

The voltage between anode and cathode of the diode is equal
to twice the peak volts (27) and a diode must be used capable of
withstanding such a peak voltage.

On wavelengths below 100 metres the construction of peak
voltmeters for high voltages is rendered difficult on account of the
capacity, and dielectric losses, in the valve used for the diode. In
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certain cases special valves for use on short waves have been con-
structed but have not been found very satisfactory. If accurate
measurements of peak voltage are required on a short-wave trans-
mitter the voltage may be broken down by means of a capacity
potentiometer, the peak voltmeter being bridged across the series
condenser in the potentiometer which has one of its plates at ground
potential. Valve capacity still introduces a difficulty, however,
because it lowers the input impedance of the peak voltmeter, and
this must be taken into account in designing the capacity in the
potentiometer across which the peak voltmeter is bridged. In
other words, this capacity, after being designed in the normal way
for a given voltage ratio, must be reduced by the input capacity of
the peak voltmeter.

4.4. Design of Peak Voltmeters. The design of a peak
voltmeter therefore involves the following steps :

1. Choose a diode capable of withstanding a voltage between
anode and cathode equal to twice the peak volts to be
measured, and make a preliminary determination as in
2 below to check that the peak emission is adequate. If
not, choose another diode or use two diodes in parallel.

2. As described in 4.12 and 4.13, determine the value of R neces-
sary to measure the highest value of peak volts it is required
to observe, in conjunction with the diode it is proposed to
use. An (uncorrected) accuracy of 29, should be aimed at,
which means that R should be at least 1,000 times the lowest
value of R, (which occurs on the lowest values of peak
volts). This represents an ideal which cannot always be
realized. The value of R to be used is made equal to the
higher of the two values determined respectively by the
requirements of maximum permissible peak current and
accuracy.

3. For condenser C choose the largest condenser capable of with-
standing the voltage across it which is determined as in 4.3.

The limit on accuracy imposed by the valve of C is then
found from 4.12.

4. If the design accuracy is not adequate, plot a correction curve

as in 4.14.

5. Valve Voltmeters.

Although the peak voltmeter is one form of valve voltmeter,
many other forms exist for use on low power. In one form, an
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amplifier with its gain stabilized by feedback, delivers its output
into an anode-bend detector, into a full-wave rectifier circuit or
into a thermocouple.

In another, a diode detector (in effect a peak voltmeter) is
arranged so that the voltage developed in its anode circuit varies
the bias of a valve of which the anode current gives an indication
of the input voltage. This type is particularly suitable for use on
short waves.

All valve voltmeters depend on the constancy of valve parameters
and in certain cases calibrating means are included in the apparatus.
These consist in means for applying a known voltage at some pre-
determined frequency, the validity of the calibration depending on
the fact that the instrument has uniform sensitivity over the band
of frequencies for which it is designed. A response curve of the
instrument is sometimes supplied for extending its use above the
frequency range for which it is designed.

The requirements of a valve voltmeter are a high input
impedance, a stable and uniform response at all frequencies, and an
adequate range of amplitude. This last is sometimes secured by
the insertion of calibrated potentiometers or attenuators.

6. The Transmission Measuring Set.

This is an audio-frequency instrument designed for measuring
the attenuation of lines and the gain of amplifiers.

It consists of a sending circuit supplying a known level of Zone
(single-frequency current) and a receiving circuit capable of measur-
ing a received level. The levels are expressed in terms of decibels
above or below one milliwatt.

Sending Circuit. One type of sending circuit is shown in
Fig. 1 (@) and contains a screened repeating coil or transformer R,
balanced on its secondary side, which is connected through a variable
resistance R, and a thermocouple T to a resistance R,, which is of
the order of 40 ohms. Resistances Ry and R, build up the output
impedance to its required value. When this is 600 ohms as is usually
the case

R; = R, = (600 — 40) = 260 ohms.

An A.F. oscillator is connected to the input terminals 1,1 of the

repeating coil, and by adjustment of R, the current through the

thermocouple and R, is adjusted until the e.m.f. in R, is 1-549 volts

(assuming a 600-ohm sending circuit), in which case when a resistance

equal to 600 ohms is connected across 2,2, one milliwatt (zero level)
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is supplied to it. When a circuit having any other impedance than
600 ohms is connected to 2,2 a lower value of power is supplied to it,
the power loss corresponding exactly to the reflection loss (see
VII:10) between the impedance in question and 60o ohms. This
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F16. 1/XX:6.—(a) Sending Circuit of T.M.S. (b) Receiving Circuit of T.M.S.

reflection loss is considered to be part of the circuit loss of the
apparatus under measurement and is measured automatically, as
will appear below. Means not shown are incorporated in the set
for calibrating the thermocouple by passing a known direct current
through it.

Receiving Circuit. This is shown in Fig. 1 (b). It consists
essentially of a variable calibrated attenuator, usually adjustable in
steps of o-5 db., connected to the input of a variable gain amplifier,
the output of which is connected to a rectifier of some convenient
form, or a valve used as an anode-bend detector associated with
a meter M.

In practice the receiving circuit is not exactly as shown in
Fig. 1 (b). The input of the circuit is usually a balanced and
double-screened input transformer with an impedance ratio of
20,000 : 30,000 ohms, with a 30,000-ohm potentiometer across it
calibrated in fairly large steps and connected to the grid of the first
valve of an amplifier. A later calibrated potentiometer in the
amplifier provides fine adjustment of loss. The input impedance is
reduced to 600 ohms by means of a shunt 600-ohm resistance, for loss
measurements. For *‘ level ”’ measurements (see below), the 600-ohm
resistance is removed.

Calibration. The sending circuit is connected directly to the
receiving circuit and adjusted to send one milliwatt, and the attenua-
tor in the receiving circuit is adjusted to a known loss N, db. The
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gain of the receiving amplifier is then adjusted to bring the needle
of the receiving rectifier meter to a marked position, usually at mid-
scale. For calibration and all measurements, except measurement
of level, the receiving circuit is adjusted to have an impedance
of 600 ohms (or any other value corresponding to the nominal
impedance of the circuit under measurement).

Measurement of Attenuwation. The circuit to be measured
is connected between sending and receiving circuit as shown in Fig. 1
and the sending circuit is adjusted to send one milliwatt. The
receiving attenuator is then adjusted to bring the rectifier meter in
the receiving circuit to mid-scale. If the number of decibels loss in
the receiving attenuator is then N,, which evidently must be less than
N,, the loss of the circuit under measurement is given by

L:NI_N’db.. . . . (I)
Measurement of Gain. The procedure is identical with that

for measurement of loss except that N the setting of the receiving
attenuator is now greater than N, and the gain is given by

G=N3‘—N1 db-. . . . (2)

Loop Measurement. If the two ends of the circuit to be
measured are both in the same building, as, for instance, is the case
when an amplifier gain is being measured, a single T.M.S. can be used
for the measurement. In this case the sending and receiving circuits
in Fig. 1 belong to the same T.M.s.

Straightaway Measurements. When the two ends of the
circuit to be measured are not in the same building, as, for instance,
is the case when a line between two places is to be measured, two
T.M.S.s are required. In this case the sending circuit in Fig. 1 belongs
to one T.M.S. and the receiving circuit to the other T.M.s.

The loss or gain measured by a T.M.s. is evidently the insertion
loss or gain (see VII:12) and includes the reflection loss at each end
of the circuit.

Measurement of Level. If after calibration as above the
Receiving Circuit is used to ferminate a line, with the 600-ohm
bridging resistance in circuit, and the calibrated attenuator is
adjusted to bring the rectifier meter to mid-scale, the attenuation
removed from the attenuator gives the number of decibels by which
the power level is lower than I milliwatt. In previous terms the
power levelis N, — N, db. below zero level, that is, below 1 milliwatt.
If to bring the meter to mid-scale it is necessary to add attenuation,
the amount of added attenuation gives the number of decibels by
which the received power level is above zero level.
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When it is required to know the power level in a 600-ohm line
which is already terminated in 600 ohms due, for instance, to a piece
of apparatus normally terminating the line, or constituted by a line
going to a distant piece of apparatus, the shunt 600-ohm resistance
in the Receiving Circuit is removed. Evidently measurements of
level made exactly as above will now give the power level delivered
to the terminal apparatus or line which now takes the place of the
600-ohm resistance.

In the case of a circuit terminated in an impedance Z /¢ other than
600 ohms, if - L,is the observed level in decibels above or below zero
level (4L, db. = L, db. above zero level ; — L, db. = L, db. below
zero level : 1 milliwatt) the true received level is given by

L = Ly+10 logy, [6—;-0 cos ¢] . . . (3)
Note that if Z > 600, the sign before the log is negative.
Example 1. L, = — 10 db. Z = 1,200 2 ¢=o0
600
L = — 10+log,, [m X Iil
= — 10410 X I'699 = — I0 — IO X 0°30I
= — 13-01 db.

Example 2. L, = — 20 db. Z =300 Q ¢ = 30°
60
L = — 20-+log, [372 X 0-866]

= — 20+logy, 1732
— 20+2-39 = — 1761 db.

It will have been realized that, in its last use, the transmission
measuring-set has been used like a voltmeter. Owing to the varia-
tion of the input impedance of cables with frequency and the
consequent frequency distortion introduced by the variation of the
reflection loss with frequency, a vogue exists among telephone
engineers involving the use of low-impedance amplifiers as sources
of power driving the lines and voltmeters bridged across the lines
to obtain an arbitrary measurement of level. This technique has
reference to steady tone measurements as well as to measurements
of varying speech power ; see VII:6. When this technique is applied
to the measurement of items of equipment having impedances of
constant resistance, the relation to normal conceptions of power gain
and loss is simple and obvious; where this is not the case it is
necessary to establish simple conventions to express level, gain and
loss.
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7. Measurement of Resistance.

7.1. Ohmmeters. There are a number of battery-operated
devices on the market with which it is possible to obtain a direct
reading of resistances, up to 100,000 ohms, on a meter scale. The
principle on which most of these operate is shown in Fig. 1. A
battery B is connected through a switch S to a variable potentio-
meter R, which supplies a fraction of the battery voltage to the
circuit constituted by R,, meter M and the external circuit through
terminals 2,2. The device is originally calibrated by shorting
terminals 2,2 and adjusting R, until the meter gives full-scale
deflection. After this different known values of resistance are placed
across 2,2 and the meter needle position marked with the value of
resistance.

For subsequent use of the apparatus, by varying R,, the meter is
adjusted to full-scale deflection with 2,2 shorted, after which the
meter indicates the value of external resistance connected across 2,2.

g 2
e | 2
B ]
T K2 2

F16. 1/XX:7.—Ohmmeter Circuit.
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These instruments usually have three ranges, 0-1,000 ohms,
0-10,000 ohms and 0-100,000 ohms. A particular commercial type
of instrument operating on this principle is the Avometer.

7.2. Megger. This is designed for measuring high resistances,
and in particular insulation resistances from a few megohms up to
1,000 megohms. It consists of a hand-driven generator and a direct-
reading ohmmeter operating on a different principle from the above.
This consists of two coils, with an angular displacement between
them, fixed together, and free to rotate in a magnetic field. One
coil is connected in series with the generator and a fixed resistance
internal to the megger. The other coil is connected in series with
the generator and the external resistance to be measured. The
position taken up by the two coils is therefore dependent on the ratio
of the currents in the coils (and so on the ratio of the internal and the
unknown resistance) and is independent of the e.m.f. of the generator.
Meggers are usually made to apply 500 or 1,000 volts to the resistance
under measurement and are graduated in resistances from 1 to
100 megohms.
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The megger is particularly valuable for revealing faulty insulation
which only breaks down when a high voltage is applied.

7.3. Resistance Bridges. These are sometimes called Wheat-
stone Bridges after the original inventor.

The circuit of a resistance bridge is illustrated in Fig. 2. R, and
R, are fixed known resistances, R, is a
calibrated variable resistance, and R,
is the unknown resistance to be
measured. S, and S, are switches
and G is a sensitive current-indicating |
device such as a galvanometer, which
is nothing more than an uncalibrated
milliammeter or microammeter, except
in exceptional cases where it is more
sensitive even than a microammeter,
ie. it will give an indication on a F16. 2/XX:7.—Resistance Bridge.
very small fraction of a microampere.

If V is the voltage of the battery, with switch S, closed and S,

=

open, the pP.D. between I and 2 is —R’—V and the p.D. between
Ri+R,
3 R‘ . —
I and 4 is Rt RuV. As a mnemonic make R, = R,
When R y_ R y |

R+R, R.+R,

the potential of points 2 and 4 is the same, so that when S, is closed
no current flows through G.
In this condition the bridge is said to be balanced, and at balance,

from equation (1) :

1 I
R, " R,
R R
. Ri_R,
"R, R,
C» _R
,Ru—R—lRa (2)

Hence by adjusting the bridge to balance (by varying R,), the
value of R, can be obtained. In order to prevent inductive kicks
from giving a false reading on the galvanometer, S, should be closed
before S,, and arrangements are usually incorporated in the bridge
to do this.
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The resistances R, and R, are called the ratio arms, and bridges
are usually designed so that it is possible to give these resistances any
of the values 1, 10, 100 or 1,000 ohms. By this means it is theoretic-
ally possible to measure resistances having values varying from 34+
to 1,000 times any resistance in the range of resistances covered by
R,. The sensitivity of the bridge is a maximum when R, = R; = R,,
and in practice, when possible, equal ratio arms should be used of
value in the neighbourhood of R, : the approximate value of R, can
always be found by a preliminary measurement. When it is neces-
sary to make R; and R, very different from one another it will
probably be necessary to increase the voltage of the battery to obtain
increased sensitivity. When this is done care should be taken not to
exceed the current rating of the resistances in the bridge.

It can be shown by a similar argument to that used above that the
positions of battery and galvanometer can be interchanged without
changing the conditions for balance.

8. Iinpedance Bridges.

These exist in a variety of forms of which Fig. 1 is the simplest.
Z, and Z, constitute the ratio arms, Z, an adjustable impedance of
known values, and Z, the unknown impedance. T, and T, are

F16. 1/XX:8.—Simple Impedance Bridge.

screened transformers with the windings facing the bridge balanced
for inductance and for impedance to the screen and case. If an
oscillator is connected to the input of transformer T, it can be shown
by an argument identical with that used for the resistance bridge,
that balance is obtained when % = %, in other words, when this
3 u
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condition exists there is no potential difference between points 2 and
4, and no e.m.f. induced in the secondary of T,. Hence at balance

z
Zi=F% - . . O

If Zu = Ru+qu and at balance Za == R3+jX3

— R > - 2 . 2 s 2 . .
Zy wHiXy ZIZ Z,R —0—4 X (2)

In the simplest forms of impedance bridge Z, and Z, are usually
resistances, so that g— is a numeric (a simple arithmetical ratio).
1
In this case, since two impedances can be equal only if their real

parts are equal to one another and their imaginary parts are equal,
it follows from (2) that

_Z

A
R, = 2R, and X,
u 1 Z

7 ZX N )

The balance condition is observed by connecting a pair of head-
phones to the output of T,. An amplifier in the output of T, may
be used to increase the sensitivity of the bridge, in which case care
must be taken that no transmission path exists between the oscillator
and the amplifier (e.g. due to stray capacity, mutual impedance, etc.)
other than through the bridge.

8.1. Audio-Frequency Bridges.

8.11. Capacity Bridge. Fig. 2 shows an audio-frequency
bridge for measurement of capacity, constructed from two repeating
coils, making use of a calibrated variable
condenser box for C;, the known calibrated
capacity. Such a bridge can be used for
measurement of capacity to give values
correct to about 459, over the range of
the calibrated condenser. On account of
the capacity to screen and ground of T,
this bridge should always be used with
R, equal to R,. If thisis done the trans-
former capacities balance out, provided,
as is essential, the winding of T, facing
the bridge is balanced for inductance,

. 8,—C
and for capacity to screen and to case. the 2/X]);ndge apaclty
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At balance I R, 1
Lo R Cw
— Rl
C, = EC, . . . . (4)

Hence if R, = R,, C, = C,.

8.12. Capacity and Conductance Bridge. Fig. 3 shows
additions to Fig. 2 to eliminate any capacity unbalance due to T,,
and to provide for measurement of the leakage of the unknown con-
denser. The winding of T, facing the bridge is separately screened,
and the screen connected to one end of the winding. This locates the
capacity of this winding to ground, via the second screen of T, to
one end of the winding, and makes it substantially independent of
frequency. As an initial adjustment, C, is adjusted to balance out
his capacity with C, and C, removed.

'V'vl‘f v‘v‘v‘v“i
A

(S

F16. 3/XX:8.—Capacity and Conductance Bridge.

A known fixed resistance R, is connected in parallel with C, and
therefore in parallel with R, the leakage resistance of C,.

At balance C,=0, . . . - (5)
RR, _
and RAR, R,
.. RR, = R;R,+R,R,
S Ry(Ry, — R;) = RiR,
_ RyR,
Ru - Rs__ Rs (6)

A suitable value of R, is 10,000 ohms, and assuming this value

to have been used, if Ry = 9,990 ohms
_ 9,990 X 10,000 _
R, = 10,000 — 9,990 999 M.
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Evidently, this bridge can be used without modification, for the
measurement of any impedance with a negative reactance. By
transferring C; from the unknown side to the known side the bridge
can be used for measuring impedances with positive reactance.

8.13. General-Purpose Impedance Bridge. Fig. 4 shows
a simple practical form of general-purpose impedance bridge in which

B

Cg/l"( 7
/Ta

1
]
]
1
[]
O

F1c. 4/XX:8.—Practical Impedance Bridge.

the capacity C; is located at A4 if Z, has a negative reactance and at
B if Z, has a positive reactance. On account. of transformer
capacities this bridge should also be used only with equal ratio
arms.

This bridge expresses the unknown impedance in the form
R,//iX, ie. at balance R, = R, and X, = 4 ch'

3

For the means of conversion to the series form of representation
of impedance see V:16 and Fig. 3/V:16.

Remember that if, for balance, C, has to be placed on the Z, side
of the bridge, the reactance of
Z, is positive, and if on the
other side, the reactance of Z,
is negative.

8.14. Inductance Bridge.
There is little difficulty in
devising either a series or a
parallel resonance bridge to
measure inductance. This
bridge, however, involves a
fairly accurate knowledge of
the frequency since the value
of inductance involves the
square of the frequency. Further, radio engineers are often
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interested in measuring the inductance of radio-frequency coils
which cannot be resonated at audio frequency with practical values
of capacity.

The Maxwell inductance bridge shown in Fig. 5 is designed to
overcome these difficulties, but introduces its own difficulties owing
to the location of transformer capacities. R, and R, are equal and
are fixed during final balance of the bridge. The bridge is balanced
by adjustment of C and R,.

At balance
R, _ R,+jL, where R, is the resistance
R, R, of the coil L,.
1-+jR,Co
. R, RRCw _R, jLo
"RTRTRTR
SR, = RI}R, and L, = R,R,C . .
3

Example. At balance
R, =R, =100 £, R; =10,000 2, C = 0005 uF

100%
hence R, = =1 2
10,000

L, = 100% X 0005 X 107¢ = 50 uH.

Assuming R, and L, to be fixed, the effect of reducing R, and R,
is to lower the impedance of R; and C at balance. This is an advan-
tage since the effect of transformer capacities is reduced, but if it
demands such a large value of C that the stray capacities of C are
increased, because a larger size of variable condenser has to be used,
it may become a disadvantage. If, however, L, is a small coil, the
earth point may be located at 1 or 2, in which case the stray capacities
of C constitute part of the indicated value of C, since they were
present during the calibration of C.

If, however, L, is a large coil with bigger stray capacities than C,
the earth will have to be located at point 3 or point 4, in which case
the stray capacities of C become important.

If the oscillator is connected to T, the earth should be located at
1, if the C stray capacities are most serious, and at 3 if the L, stray
capacities are most serious. Provided R, and R, are not greater
than about 100 ohms, the transformer capacities should be negligible,
for measurements at 1,000 c/s, and little trouble is likely to be
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experienced due to the other stray capacities. As a compromise, if
both sets of external stray capacities are equally important, the earth
should be located at the midpoint of the winding of 7', which faces
the bridge.

8.2. Bridge Technique.

In Fig. 6 is shown the set-up for measuring a balanced unknown
impedance.

E
O—K-

FO—= [y
F

FiG. 6/XX:8.—Bridge and Load.

4 is the unknown and is ““ balanced "’ to earth if either :

(1) The admittances B and C to earth are negligibly small.

(2) The admittances B and C to earth are equal.

G is the measuring bridge. If the bridge is equally sensitive to
the currents at E and F it is a ““ symmetrical ’ bridge.

If not, it is an unsymmetrical
bridge. The bridge measures the

balanced unknown correctly if the E c
earth current through H is zero, G I: | |
F I ¢ _l:

i.e. the currents at K and L are
equal and opposite. These cur-

rents will be equal and opposite Ji’

with a balanced unknown if the
voltages (to earth) at E and F
are equal and opposite.

This may be secured in two
ways :

(1) If the bridge admittance to earth is negligibly small.

(2) If the bridge admittances to earth are equal on the two poles

of the bridge.

With a modern type of bridge the bridge will be balanced, but
not symmetrical, i.e. it will be sensitive to current in only one arm, E.
The check for balance is shown in Fig. 7.

Two equal condensers, C and C’, are measured in series and the
measurement noted. Their centre point is then earthed and the

I51

Fic. 7/XX:8.—Check for Balance.
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measurement repeated. If the bridge is balanced the two measure-
ments will agree.

With such a bridge measurement technique is as follows. One
measurement is taken of the balanced unknown and the leads are
then interchanged. If the readings remain the same the unknown
is accurately balanced and the readings are correct. If the readings
are different the unknown is not accurately balanced, and if necessary
further measurements will give complete data. (An unbalanced un-
known is a three-terminal network.) If the unknown has one pole
earthed, then the bridge will give the correct measurement if correctly
poled.

Symmetrical Bridge. The symmetrical bridge is not
thereby balanced and therefore does not necessarily give correct
measurements of a balanced unknown. It gives no means of
checking the balance of the unknown and cannot be used to
measure unbalanced unknowns.

The above summary is due to C. G. Mayo.

9. Radio-Frequency Bridges. (See B.B.C. Patent No. 561,693
and Application No. 3212/44.)

The principles of the audio-frequency bridges described above
apply equally to radio-frequency bridges, with the qualifications and
limitations consequent on the large admittances of stray capacities at
radio frequencies. Radio-frequency bridges require careful screen-
ing, the importance of the screening increasing with frequency.
(For accurate measurements at audio frequency, particularly when
the output of the bridge is amplified, screening is also necessary.)

The input to a radio-frequency bridge is provided by means of
a radio-frequency oscillator in a metal box constituting a complete
screen : a frequency accuracy as good as can be obtained with normal
commercial methods of manufacture is usually adequate. The out-
put of the oscillator which should have a low impedance, e.g. about
200 ohms, should be balanced and should be completely enclosed in
a heavy screen of braided copper sleeving which makes good contact
at each end with the screens of oscillator and bridge. The input and
output to the bridge should be constituted by a transformer (e.g. T,
and T,, Fig. 1) with both primary and secondary windings balanced,
and the input and output impedances should be about 200 ohms.
The balanced output from the bridge should be led to the receiver
through a pair of wires enclosed in a heavy screen of braided copper
sleeving making good contact with screens of bridge and receiver.
Both bridge and receiver should be contained in a metal box con-
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stituting a complete screen. In practice, owing to the difficulty of
obtaining plugs and sockets suitable for making connections in
balanced screened circuits, unbalanced circuits are often used between
oscillator and bridge, and between bridge and receiver. In this case
mutual impedance exists between the connecting circuits at input and
output of the bridge and the length of the connections should not
exceed a couple of feet, otherwise the bridge will be partly by-passed
at high frequencies so that a false balance will be obtained.

9.1. Unbalanced Radio-Frequency Bridge. Fig. 1 shows
a circuit of a typical R.F. bridge for fmeasuring impedance in
unbalanced circuits.

-
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F1c. 1/XX:9.—Unbalanced R.F. Bridge.

R, and R, are equal ratio arms and R, and R, fulfil the same
function as in Fig. 3/XX:8. T, and T, correspond to T, and T in
Fig. 3/XX:8 but are designed to operate over a band of radio fre-
quencies. The double screening of T, has been omitted since it is
not always used on account of mechanical difficulties of construction :
it can, however, be introduced with advantage. C is a differential
condenser which, on being rotated in a clockwise direction, for
instance, reduces the capacity between 1 and ground and increases
the capacity between 3 and ground. C is calibrated in terms of the
difference in capacity introduced between 1 and ground and between
3 and ground.

Before use the bridge capacities are balanced out by balancing
the bridge with terminals 3 and 4 open circuited. The reading of
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C is noted and this reading must be subtracted from all subsequent
readings of C obtained during measurement. On a bridge in which
T, is properly balanced, the bridge should balance on open circuit
with R, = R,, but if a bridge is found to give a poor capacity balance
with R; = R, an extra variable balance resistance is sometimes intro-
duced across one side of the bridge, cancelling a fixed resistance on
the other side of the bridge. For instance, a fixed resistance of
100,000 £ may be placed in parallel with R, and a 200,000-£2 variable
resistance in parallel with R,. The bridge is then initially adjusted
for balance and capacity unbalance simultaneously with R, set
equal to R,.

R, is not calibrated in terms of its own resistance values but in
terms of the external resistance across 3, 4, which will give balance
with each setting of R,, e.g. if 7, is any particular value of Rj it is
marked with the value R, = Rr,R,, —

8 3

The range of C is sometimes extended by the addition of fixed
capacities which can be connected either side of the bridge according
to whether Z,, is inductive or reactive. If this is done, care must be
taken to see that the length of connections 1—5, 6-3, 2—7 and 7—4 is
not unduly increased, otherwise the different shunt elements are in
effect spaced out along a transmission line and their effective
impedance respectively at 1, 2 and 3, 4, may depart appreciably from
their actual value. This difficulty is not normally serious until
frequencies above 10 Mc/s are reached when lengths of two or three
inches begin to become important.

9.2. Balanced Radio-Frequency Bridge. Fig. 2 shows a
circuit of a typical R.F. bridge for measuring impedance in balanced
circuits.

Comparison with Fig. 1 shows that this bridge is a balanced
equivalent of the unbalanced bridge just described. R,, R, are one
pair of equal ratio arms and R, and R, an identical pair. C, and C,,
which are physically ganged on the same shaft to rotate in the same
direction, are electrically connected so that effectively, in Fig. 2,
C, moves in a clockwise direction when C, moves in a counter-
clockwise direction, and vice versa. W, and W, are equal balanced
windings on transformer T',, both screened from the output winding,
and connected in such relative sense that an e.m.f. injected ¢nfo the
output winding would cause aiding e.m.f.s to flow round the circuit 1,
2...7 8.

The operation of the bridge is otherwise exactly as described for
the unbalanced bridge.
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9.3. Performance of R.F. Bridges. The frequency range of
R.F. bridges such as the above is determined firstly by the pass range
of the transformers T, and T, and secondly by the physical dimen-
sions of the bridge. A long- and medium-wave bridge has been
designed, for instance, to operate from 150 kc/s to z Mc/s, and
a short-wave bridge to operate from 2 to 30 Mc/s. Above 30 Mc/s
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Fic. 2/XX:9.—Balanced R.F. Bridge.

difficulties begin to appear owing to the physical dimensions of the
bridge. The accuracy of measurement is about 459, on both
reactance and resistance.

9.4. Improved Types of R.F. Bridge. These have been
made possible by the production of high permeability radio-frequency
closed cores, which make possible the construction of highly
balanced windings at radio frequencies. A particular core which has
been found suitable is the R2821 Rhometal tape ring core made by
the Telegraph Construction and Maintenance Company.

The circuit of a simple type of bridge which has been constructed
in the B.B.C., by C. G. Mayo, to cover the frequency range 1—40
Mc/s is shown in Fig. 3. In this the ratio arms are constituted by
the balanced windings (3-4) and (5-6) on transformer T,. These are
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each constituted by two turns of copper tape. The known imped-
ance is constituted by the variable condenser C, and the variable
resistance R,.

Owing to the close coupling existing between the two ratio arm
windings it is found in practice that this bridge can be used to
measure balanced or unbalanced circuits without any modification
to the circuit.

A balancing condenser, not shown, is added on one side of the
bridge to balance out stray capacity.

Fig. 4 shows a bridge designed by Mayo to extend the range of
impedances which can be measured. In this bridge, windings (1-2)
and (3—4) of T, have 10 turns, winding (3-5 and 3-5') has 1 turn,
winding (6-7) of T, has 10 turns and winding (6-8) has 1 turn.

qu

]
-

|._Bridge
Screen

-

Fic. 3/XX:9.—Balanced and Unbalanced R.F. Bridge.

Switch S, is arranged to connect the lower end of the known imped-
ance constituted by R, and C, either to bus-bar C connected to
terminal 8 on T, or to bus-bar D connected to terminal 7 on T).
This makes it possible to change the voltage across the known impe-
dance by a ratio of 1o times and so to change the current through
the known impedance and winding (1—2) by a ratio of 10. This in
turn changes the value of Z,, the unknown impedance required to
give balance, by a ratio of 10 times.

Similarly the unknown impedance can be connected between
4 and C or 4 and D, so changing the value of the known impedance
necessary for balance in a ratio of 10. Finally, by changing the
upper end of the unknown impedance from A to B the value of
unknown impedance required to give balance is changed in the
ratio 10 on account of the change in the value of the ratio
arm.
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The net result is summarized in the table below, assuming that
the known impedance covers a range of resistance from 1,000 2 to
50,000 £ and a range of capacity from o uuF to 150 uuF. This

Bridge
Screen

Fi6. 4/XX:9.—Balanced and Unbalanced R.F. Bridge with Extended
Impedance Range.

table gives the impedance range of the bridge for each of the possible
combinations of the position of S, and output terminals.
Accepting the principle that the volts on the unknown impedance
(which, if an aerial circuit, may be noisy) should be a maximum, to
reduce interference, conditions 2, 3, 4 and 6 should be used.

Condition S,on Zu Terminals | Resistatee Range | Capacity Range
I D AC 100—5,000 0-1,500
2 D AD 1,000—50,000 0-150
3 D BC 10-500 0-15,000
4 D BD 100—5,000 0-1,500
5 C AC 1,000—50,000 0-150
6 C AD 10,000—500,000 o-15
7 C BC 100—5,000 0-1,500
8 C BD 1,000—50,000 0-150

Condenser C, is an initial balancing condenser to balance out the
zero capacity of C; and any unbalance capacities in the bridge.
A bridge of this type constructed for a frequency range from

150 kc/s to 2 Mc/s was found to measure any resistance in the range
10 2 to 100,000 2 and any capacity in the range 10 yuF to 10,000 uuF
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with an accuracy of +359,, whether balanced or unbalanced, i.e.
whether terminals C or D were earthed or unearthed.

By inserting a tap 9 in winding (1-2) a tenth of the winding
from terminal 2, the range of the bridge may be still further extended
if the standard C,, R;, is connected to g instead of to 2 : the bridge
will then have a resistance range from o-I to 5 megohms, and
capacity range from o to 1-5 puF.

It is important to note that, in a certain region of frequency and
impedance where residual inductance becomes important, some
advantage in accuracy of standards may be obtained by using a ratio
bridge so that the standard is of higher impedance than the unknown.

A bridge of the type shown in Fig. 4 is being manufactured
to operate from 15 kc/s to 5 Mc/s with an accuracy of 2%.
Another bridge of this kind is being made to operate up to 100 Mc/s
and to measure resistances down to 10 ohms and capacities up to
250 uuF.

10. The Cathode-Ray Oscillograph.

This consists essentially of an electron gun in an evacuated glass
tube which projects a narrow beam of electron against a fluorescent
screen at one end of the tube. Two pairs of deflecting plates are

Y
! v
__.l._._ X
¥
X2 v 4%,
@ ®

Fic. 1/XX:10.—Cathode-Ray Oscillograph.

located mutually at right angles on each side of the beam. By
applying a potential difference between either pair of plates the
beam can be deflected along the line normal to the plates. The
arrangement is illustrated in Fig. 1. G in Fig. 1 (a) is a glass
envelope containing at its narrow end a cathode C which may be
indirectly heated, but is shown directly heated by battery B,. A4 is
a cylindrical anode maintained at a high positive potential with
regard to the cathode by means of battery B,, as a result of which
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a stream of electrons flows from cathode to anode, some of which
acquire such a high velocity that they emerge from the far side of the
anode in a beam. Special means of concentrating this beam are
provided which differ in different types of tube. Plates D in
Fig. 1 (a) are shown in Fig. 1 (), which is an end view of the tubes,
as X,, X;and Y,, Y,. These are insulated and lead out to terminals
outside the envelope. They constitute deflecting plates : the beam
normally strikes the centre of the end of the envelope, at the inter-
section of lines XX and YY. The end of the envelope, or screen, is
covered with fluorescent material which glows under the impact of
the electron beam so that a small spot of light appears where the
beam strikes the screen. If a p.D. is applied between plates X, and
X, the beam is deflected in a direction parallel to XX and sense
depending on the sense of the applied p.p. Similarly a P.D. between
Y, and Y, causes deflection along the line YY. In practice the
leads from the electrodes are usually brought out through a cap
at the narrow end of the tube and not through the envelope as
shown.

A number of commercial C.R.0. equipments are on the market

which usually comprise the following :

(x) A.F. and/or wide band R.F. amplifiers for supplying inputs to
the deflecting plates.

{(2) A time base which can be switched so as to supply a wave of
saw-tooth form, at any required frequency in the range
provided, to the X plates of the c.r.0. This is provided
with an input circuit to which any periodic wave form,
applied to the Y plates for examination, can also be applied,
so that the saw-tooth wave is held in synchronism with the
wave under examination.

(3) An A.c. power pack for providing all necessary power supplies
for the c.r.0., input amplifiers and time base.

Great care should be taken to see that the input amplifiers are

not overloaded, as this is a frequent source of misleading results.

The applications of the c.R.0. are almost infinite. It can be used

for the exact comparison of two different frequencies, for observation
of the form of any periodic wave, for the indication and measurement
of transient voltages of too short duration to read on a meter, for the
measurement of phase difference, percentage modulation, and very
small time intervals. It provides a means of checking the stability
of high-power valve amplifiers throughout each instant of their
operating cycle, and hence a means of detecting parasitic oscillations.
It presents a direct picture of the non-linear relation between output
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and input in any circuit due to overloading or any other cause. In
conjunction with appropriate accessory equipment, a C.R.0. can be
made to represent an instantaneous picture of a response curve : this
feature is particularly useful when ganging receivers. A response
curve set is marketed by Cossor under the name of “ Ganging
Oscilloscope . See XX:15.

10.1. Frequency Comparison. Two methods of frequency
comparison are in use. The first is most convenient for small simple
ratios between the two values of frequency, such as 1 to 2, I to 3,
I to 4, 2 to 3, 2 to 5, or for ratios which approximate very closely to
such simple ratios. In this method one frequency is applied to one
pair of deflecting plates and the other frequency to the other pair of
plates, as the result of which the c.r.0. spot traces a path in the form
of what is called a *“ Lissajou "’ figure. When the frequency ratio is
simple (see qualification below) the figure is fixed, its form depending
on the time relations of the two frequencies. There are therefore an
infinitely graded series of possible figures corresponding to any one
simple ratio and some skill is required in recognizing any ratio : this
can only be acquired by experience : by the observation of known
ratios. If the frequency ratio is not an exact simple ratio, but
approximates to it, the figure passes periodically and progressively
through all the configurations applying to the simple frequency ratio.
If the whole cycle of change lasts T seconds and the approximate
simple ratio is 1:# such that f; — nf,, where » is integral, i.e.
n =1, 2, 3, etc., the relation between the two frequencies given by

fr=whryr . . . . (@

(When # is non-integral equation (2) applies: see Multiple Traces
below.)

To determine whether the plus or minus sign must be taken,
change one of the frequencies. If increasing or decreasing f, makes
the figure rotate more slowly f, is respectively less than or greater

than ”i and the plus and the minus signs must be taken respectively.

If increasing or decreasing f, makes the figure rotate faster, the minus
and plus signs respectively must be taken. If increasing or decreas-
ing f, makes the figure rotate more slowly the minus and plus signs
respectively must be taken, and so on.

Proof of Equation (1). If any period of time T (less than
the time of persistence of the c.R.0. screen and the eye) exists such
that a number of complete cycles Tf, of frequency f, occur while
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a number of complete cycles Tf, of frequency f, occur, the figure is
retraced every T seconds and is stationary. If T is greater than the
persistence time and if, as is the case in practice when the ratio
approximates to a simple ratio, the persistence time is only great
enough to show simultaneously half a dozen to a dozen cycles of the
lower frequency, the figure progressively changes through all the
configurations of the nearest fixed ratio. The time 7 taken for each
cycle of change is the shortest time during which both frequencies
execute an integral number of cycles. If f, is greater than f; and
approximately equal to nf,, T is the time during which f, does Tf,
cycles and f, does Tnf, cycles plus or minus one cycle. But f, does
Tf, cycles in time T .
s Tfy = Tnfy 10

Alternatively T is the time during which f; does T, cycles, mid
/1 does T'—f,—: cycles plus or minus one cycle, but f, does Tf, cycles in

time T
L. Tfl = T’%:}:I
S Tf’ = Tan:FI
or f, = nfﬂi%, which is equation (r).

In this case the inversion of the 4 sign is unimportant and this
is therefore merely an alternative form of proof, which is, however,
necessary to show that no second condition exists.

Some care is required in observing the period T since a figure
may repeat the same configuration twice in one cycle, so that if this
configuration is chosen as the beginning of the cycle it also appears
once in the middle of the cycle as well as at the end of the cycle.
The configurations which lie in time between recognized configura-
tions must therefore be examined to see whether they differ. As
an example, Fig. 2 shows some of the series of progressive configura-
tions corresponding to a ratio which is very nearly 1 : 1, the time T of
one complete cycle being indicated.

When a particular ““ Lissajou "’ figure is unrecognizable it is some-
times helpful to make it progress through all its forms, since some
forms of one ratio are more easily recognizable than others. An
obvious method if a variable oscillator is available is to try to repro-
duce the figure with known frequency ratios. To make recognition
of figures more easy the two frequencies should always be applied to
the plates at approximately equal amplitude.
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Fic. 4/XX:10.—Frequency Comparison by Cathode-Ray Oscillo.
graph.

(a) Frequency Ratio = 1:6. (b) Frequency Ratio = 2: 11.
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The second method of frequency comparison is really a laboratory
method, since commercial C.R.0. equipments are not fitted either
with phase shift devices or with means for applying a sinusoidal
voltage in series with the anode battery (i.e. B, in Fig. 1). In this
method the lower frequency for comparison is supplied in quadrature
(i.e. go° relative phase shift) to the two pairs of plates. In practice
this can generally be achieved very simply by feeding one pair of
plates through a series condenser and a shunt resistance and the
other pair of plates through a series resistance and a shunt condenser.
The reactances of the condensers should be equal to the values of the
associated resistances at the applied frequency, the exact arrange-
ment being shown in Fig. 3. The result is that the cathode-ray spot
describes a circle corresponding to one of the conditions in Fig. 2.
It is not very important that a circle should be produced very
exactly ; in other words, it is not important that the voltages applied
respectively to each pair of plates should be exactly in quadrature
and exactly of equal amplitude.

The higher frequency is then applied through two blocking con-
densers across a choke in series between the anode battery and the
anode of the c.r.0. The result is to produce a sinusoidal variation
in the electron velocity which causes a sinusoidal variation in the
control effected by the deflecting plates, and results in the second
frequency appearing as a small amplitude sine wave described with
the periphery of the circle as axis.

Single Trace. When the resultant configuration is fixed and
consists of a single trace the frequency ratio » is given by the number
of cycles (including fractions of a cycle) of the superimposed fre-
quency which can be counted in one traverse of the circle. Fig. 4 (@)
shows a single-trace diagram corresponding to a frequency ratio of
I to 6. The dotted circle indicates the path followed by the spot
when the lower frequency only is applied.

When the figure consists of a single trace which rotates, equa-
tion (1) applies, where T is the time taken for the rotating diagram
to move forward one cycle, and # is the number of cycles on the trace.
Single traces always occur when the frequency ratios are of the
form 1:#, where » is an integer.

Multiple Traces. When the frequency ratio in its simplest
form is 2:#., 3:m, 4:n, etc., there are respectively 2, 3, 4, etc.,
traces. This will be clear by reference to Fig. 4 (b), which shows
the trace resulting from a frequency ratio of 2 : 11.

If the figure is stationary the frequency ratio is given by m : n,
where m is the number of traces and # is the total number of cycles
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of the higher frequency in the whole diagram, i.e. in the m traces.
This can be checked by reference to Fig. 4 (b).

When the figure consists of m traces, say, the frequency ratio
when the figure rotates may be determined as below, where # is the
number of cycles in the complete figure, i.e. in m traces.

In the time of one circuit of the tracing spot, i.e. in z seconds,
1

fa

h

in place of f, would complete

f2 completes % cycles. In the same time a frequency % f, applied

nf

stationary. When f, is a.pphed the figure therefore advances

cycles and the figure would remain

:}:(é — ﬁ) cycles in I seconds. Hence the figure will advance
fl m fl

n cycles in time

. n
T::t fl =:t "
f,_n _n
FTm STal
-.f.=:’—nf,i’-:‘f. R %)

T is then the period of rotation of one tooth round the whole
figure. It will be understood that to traverse the whole figure a
tooth must make m circuits. For Lissajou figures T is the time to
pass through all configurations once.

10.2. Measurement of Phase Difference. If two equal
amplitude sinusoidal voltages V, and V, are applied in phase respec-
tively to the X and Y plates of a C.R.0. a straight line is obtained as
at (iii) in Fig. 2. If ¥, is now made to lead on ¥V, by 45° condition
(iv) results, and increase of lead of ¥, to go° gives condition (v), and
so on. The phase relations corresponding to each condition are
indicated immediately above it, while the arrows indicate the
direction of rotation of the spot.

In this diagram the convention has been adopted that two
voltages applied to the X and Y plates are in phase when a positive
increase in each voltage makes the C.R.0. spot move in a positive
direction along both axes, i.e. “ upwards '’ along the Y axis and to
the right along the X axis.

Fig. 5 shows an ellipse produced by two sinusoidal voltages of
equal amplitude 4 and with a mutual phase shift equal to ¢, less
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than go°. In this case the axis a is the major axis and axis & is the
minor axis. When ¢ is greater than go° axis b is the major axis and
a is the minor axis, see Fig. 2, (iv) and (vi).

Fig. 6 shows the relation between % and 2 and ¢, which is

A4 4
derived in CIV.

Hence to find the phase shift between two sinusoidal voltage
waves apply one wave to the X plates and adjust to give a swing 4
1
V2
Remove the voltage from the X plates and apply the other voltage

not greater than times the maximum swing the tube will take.

F16. 5/XX:10.—Ellipse formed by Two Waves: A sin (w! 4+ ¢) applied to
X Plates and 4 sin w? applied to Y Plates.

to the Y plates adjusting to the same amplitude 4. Then apply
both waves together and measure 2 and 5. The mutual phase shift ¢
a
A
reading off the value of ¢ on the appropriate curve. It is
probably best to use the reading taken from the major axis
since the thickness of the trace then introduces less chance of
error.

10.3. Wave Forms Resulting from the Presence of Odd
and Even Harmonics. Fig. 7 shows at A1 and B1 a fundamental
sine wave and a 30 %, second harmonic, with two different relations in
time between the fundamental and harmonic. The composite wave
resulting from adding the ordinates of fundamental and harmonic
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is shown for A1 at A2 and for Bx at B2. It will be noted that
in each case the composite wave form is asymmetrical.

At C1 and D1 are shown a fundamental sine wave and a 309,
third harmonic with different time relations between fundamental
and harmonic. The corresponding composite waves are shown
respectively at C2 and D2. It will be noted that in each case the
composite wave form is symmetrical.
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Fic. 6/XX:10.—Relation between ¢ and % or —.
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In general, even-order harmonics produce asymmetry and odd-
order harmonics give rise to a symmetrical wave form. It should
be noted in particular that A2 is really an asymmetrical wave form
although it appears to have a kind of skew symmetry.

When harmonics are sufficiently large, by inspecting the wave
form at the output of an amplifier driven with a sinusoidal input, it
is possible to obtain an idea of what harmonics are present. More
important, perhaps, examination of the output wave form may give
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an indication of the type, and hence the source of distortion. This
may be made clearer by reference to Fig. 8, which shows the dis-
tortion of a sinusoidal input resulting from anode limitation and
bottom bend of the valve characteristics. In Fig. 8, the curves at
Ax and B1 are obtained by applying the output wave of the

Fundamental + 307 2nd Harmonic

Component
Waves

As seen
on C.R.0.

Component
Waves

As seen
on C.R.0.

Fic. 7/XX:10.—Component Waves and Corresponding Composite Waves as
seen on C.R.O.

amplifier to the Y plates of the c.R.0. and the time base of the
C.R.0. to the X plates. The curves at A2 and B2z are obtained by
applying the output wave as before to the Y plates, and the input
wave to the X plates, adjusting the voltages on the X plates to the
same phase as the output wave and equal amplitude. The resultant
curve in the second case will be called an Input-Output diagram. It
is particularly useful because it presents a direct picture of the non-
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linearity of the amplifier, which is much more easily seen than in the
eurves at A1 and B1, because departure from a straight line is more
easy to detect by eye than departure from a sine wave.

It will be found that, in a single-sided (i.e. non-push-pull)
amplifier, anode limitation and/or bottom bend gives rise to odd
and even order harmonics. In a push-pull amplifier anode limitation
gives rise to odd-order harmonics.

Output on Y Plates; Output on'Y Plates;
Time Base on X Plates., Input on X Plates.

Anode Limitation or Bottom Bend Distortion
in Single Sided Amp/ifienr.

(B1) N~ (B2)

————

Anode Limitation in Push-Pull Amplifiep.

F16. 8/XX:10.—Types of Curves seen on C.R.O. connected to Amplifier
with Sinusoidal Input.

10.4. Trapeziumn Diagrams. Fig. g shows a number of
modulated waves and their corresponding Input-Output diagrams
which are usually called ““ Trapezium " diagrams. The trapezium
diagram is derived by applying to the X plates the modulating
(envelope) frequency derived from some point at or before the input
to the modulator and adjusted to be in phase with the envelope of
the modulated wave, the modulated wave being applied to the
Y plates. The effect, on the trapezium diagram, of phase shift
between the input wave and the envelope, is shown on the extreme
right of Fig. 9 (a).

Fig. 9 (@) shows a 1009, modulated wave and Fig. 9 (b) a wave
modulated less than 1009,.

Fig. g (c) illustrates a case of over-modulation, which would
occur in an anode-modulated amplifier, for instance, if the amplitude
of the audio-frequency swing applied to the anode of the modulated
amplifier were larger than its steady H.T. voltage. In this case
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during part of the negative modulation half-cycle the anode would
stay negative for an appreciable time and there would be no output
from the modulated amplifier during this time. Needless to say,

Modulated Wave Forms. “Trapezium” Diagrams.
Modulated Wave applied to Y Plates. Modulated Wave applied to Y Plates.
Time Base driving X Flates. n - = » XFPlates.

-

H

(e) Distortion of Type due to Bottom Bend of Anode Current
Grid Vo/tage Characteristic of Valves /n H.F. Amplifier.

Fic. 9/XX:10.—Modulated Waves Viewed with C.R.O. under Different
Conditions.

the degree of over-modulation indicated is very much greater than
would be tolerable in practice.
Fig. 9 (d) shows a wave such as would be produced at the output
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of a high-frequency amplifier driven with a normally modulated
wave and running into anode limitation or filament saturation.
The last condition is, however, unusual.

Fig. g (e) illustrates a case where the bias on an H.F. amplifier,
amplifying the modulated wave, is too large and bottom bend dis-
tortion occurs. If the bias is made still larger the output will fall to
zero during some of the time and the resultant wave might be
mistaken for over-modulation as illustrated at (c).

10.5. Measurement of Percentage Modulation. This can
be determined either from the true wave form seen on the c.r.0. as
shown in Fig. g (b) or from the corresponding trapezium diagram also
shown. The trapezium diagram has no advantages for this purpose
except that the trapezium diagram can be obtained on a ¢.R.0. which
is not fitted with a time base. If in the wave in Fig. g (b), C is the
amplitude of the carrier frequency and S the sum of the amplitudes

of the sidebands, the modulation m =

E.
Also a = 2C+2S
and b=2C —2S
: C=?——+band5=a—b
4
. S _a-—b
'm—f—a+b . . (3)

10.6. Location of Instability in H.F. Amplifier. A cathode-
ray oscillograph is practically the only means of locating instability
which only occurs during a limited part of the R.F. cycle. (See, how-
ever, XI:13.) It may show up on the trapezium diagram as a small
kink or wriggle in the curve, but may be difficult to see on account
of the speed at which the spot moves. A method that is sometimes
used to check stability on an R.F. amplifier is to drive the amplifier
with a 50-c/s wave derived from the mains and to examine the
Input-Output Diagram, with the output taken across the output-
tuned circuit. Since this circuit is fed through a small condenser
having a high reactance at 50 c/s, and since the impedance of the
output circuit at 50 c/s is negligible, the resultant diagram will be
substantially a horizontal straight line unless any parasitic oscillation
occurs, in which case the line may appear broken, or of increased
breadth, in the region of input amplitude where the oscillation
occurs.
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11. Harmonic Analyser.

This is a device for the measurement of the amplitude of each
frequency component of a complex wave.

The simplest form of harmonic analyser is a tuned circuit
arranged so that the current through an associated indicating device
reaches a maximum at a frequency determined by the setting of the
tuned circuit. Such a simple arrangement is not usually sufficiently
selective, its input impedance varies with frequency and may upset
the operation of the measured equipment at some frequency other
than that to which the circuit is tuned, and finally, the range of
tuning on one coil range is limited. A high input impedance can
be secured by using an input amplifying valve, while improved
selectivity can be obtained by using a number of tuned amplifying
stages before the detecting device. Means of calibrating the system
at each frequency must be provided, e.g. by supplying a known
voltage at the input, from the output of an attenuator supplied
with a known current or voltage at its input.

Where high selectivity is required, the superheterodyne principle
is used ; this also increases the range of tuning on one swing of the
frequency controlling condenser. The voltage wave under examina-
tion is modulated with a frequency derived from a calibrated
oscillator, and as the oscillator frequency is varied the band of
difference frequencies resulting from modulation is progressively
shifted through the pass range of a highly selective fixed frequency
filter circuit following the modulator. The oscillator is marked at
each setting with the value of frequency supplied at the input of
the analyser which, when modulated with the oscillator frequency,
will produce a frequency in the pass range of the filter. Such
a device can be constructed to read directly the amplitude of each
component frequency in volts or millivolts.

When designed for the audio-frequency range it is very con-
venient for measuring the harmonic distortion of audio-frequency
amplifiers and transmitters with sinusoidal input waves (funda-
mental frequencies).

An analyser may be designed, for instance, to read the amplitude
of any frequency in the range 100 c/s to 15,000 c/s. By supplying
fundamental frequencies in the range 100 to 7,500 ¢/s, any harmonic
below the 150th harmonic of 100 cycles can then be measured, while
in the case of 7,500 c/s only the second harmonic can be measured.
On intermediate fundamental frequencies an increasing range of
harmonics can be measured as the frequency is reduced below
7,500 c¢/s. Such a device is marketed by General Radio.
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If the rR.M.S. sum of the harmonics is required it must be cal-
culated by taking the square root of the sum of the squares of the
individual harmonic amplitudes.

12. Direct Measurement of R.M.S. Harmonics.

By using a low-pass filter and a high-pass filter, each with the
same cut-off frequency, which is located between the fundamental
input frequency and its second harmonic, all the harmonics can be
separated from the fundamental frequency. The R.M.S. sum of the
harmonics can then be measured by using a square law detecting
device such as a thermocouple, or a valve with a square law anode-
current/grid-voltage characteristic.

Apparatus H.P.Filter
under '
Measurement -
- 1 Fy 3 151 1 Sz Detector
0 A Vo &
by p [|©
Oscillator 72 = A 2 2 T
N k) N
Fixed P Callbrated Meter
Attenuator Filter Variable
Attenuator

Fic. 1/XX:12.—Measurement of R.M.S. Harmonics.

One form of arrangement is shown in Fig. 1. The oscillator O
supplies the fundamental frequency to A, the apparatus under
measurement, the output of which is connected through a fixed T or
7 attenuator 4, (or the balanced equivalent), with not less than
10 db. loss, to the input of the H.P. filter F, or the L.P. filter F,,
selection being made by switch S,. A variable attenuator A, is
connected in series with F,, the L.p. filter, to adjust the R.M.s.
amplitude of the fundamental frequency to the same amplitude as
the R.M.S. harmonic amplitude as measured on the detector D, which
is switched from one circuit to the other by means of the switch S,.
The loss in the variable attenuator then gives in decibels the differ-
ence in level of the r.M.s. harmonics and the fundamental frequency,
after allowance has been made for the loss in the pass ranges of
F,and F,. R, and R, are equal resistances equal to the character-
istic impedances of the H.p. and L.p. filters, and variable attenuator,
which should all have the same image impedance.
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The object of 4, is to mask the impedance presented by 4 to
F, and F, and by F, and F, to 4, and to present to 4, F, and F,
their required impedances ; if the loss of 4, is 10 db., its input
impedance cannot differ from its characteristic impedance by more
than 209,. A4, may also be an unequal ratio attenuator if the
nominal output impedance of 4 differs from the image impedances
of F, and F,. If at any point it is necessary to change the circuit
from a balanced circuit to an unbalanced circuit, repeating coils
should be inserted at the point of transition. It is more simple to
build unbalanced filters than balanced filters, and for this reason the
whole circuit to the right of 4; may be unbalanced, in which case
a repeating coil should be inserted in the output of 4,. Care should
be taken not to associate a balanced attenuator in the position of
A, with an unbalanced filter F,. This may, however, be done if
repeating coils are placed each side of 4, and allowance made for
their loss. As already indicated, in accurate measurements, allow-
ance should be made for the losses in the pass ranges of F; and F,;
for this purpose the mean loss in the pass range of F, should be
used, while for F, the loss at the fundamental frequency should be
taken.

13. Modulation Meter.

This is a device giving a direct indication of percentage modula-
tion. Various arrangements are employed for this purpose. In one
type of instrument separate measurements are made of the amplitude
of rectified carrier and detected envelope, and the ratio between the
two gives the percentage modulation. The accuracy of this measure-
ment depends on the accuracy of the two separate measuring trains
and the accuracy of two observations, while the accuracy is impared
if the carrier level varies between the two sets of measurements. In
the preferred circuit in use in the B.B.C. these difficulties are over-
come by comparing electrically the amplitude of modulation with
the mean carrier amplitude, before applying the result to an
indicating circuit.

The carrier is first rectified and smoothed so that a steady
potential, equal to the mean peak value of the carrier, is obtained,
with a potential following the modulation envelope superimposed.
These two components are separated out and the modulation fre-
quency is rectified again, giving a potential equal to the peak value
of the modulation envelope. This potential is then subtracted from
that arising from the first rectification, and the difference is measured,
a convenient stable and accurate voltmeter for this purpose being
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»

a valve arranged as a ‘' cathode follower ", with a meter for reading
cathode current. This arrangement has been developed in the B.B.C.
by C. G. Mayo and H. McD. Ellis.

Fig. 1 is a circuit showing this arrangement in its simplest form.
The modulated wave is applied at terminals 1,1. V, is a diode
which passes the rectified wave through its cathode circuit. In the
cathode circuit the low-pass radio filter constituted by L, C, and
C, removes the radio frequency, léaving a p.c. current corresponding
to the carrier amplitude, plus an audio-frequency alternating current
corresponding to the modulation depth. These two currents flow
through resistance R,, producing corresponding voltages across it.
Resistance R, and condenser C,, which is a large condenser, e.g. 4uF,
constitute a filter removing the audio frequency, so that across C,
appears a voltage corresponding to the carrier amplitude. The
voltage across R, is, therefore, the difference between the voltage

z

Modulated
Carrier z
Input
(D.C. Low
Resistance

Path) G Cz
-1 T

Fig. 1/XX:13.—Circuit showing Principle of Direct Reading Modulation
Meter.

across R, and the voltage across C,, that is, it is the voltage corre-
sponding to the modulation depth. Bridged across R, is what is in
fact a peak voltmeter constituted by a diode V', and the parallel
resistance R; and condenser C,. A D.C. voltage is, therefore,
developed across R, proportional to the modulation depth. With
the diode V, in the sense shown in Fig. 1 the sense of the voltage
across R, corresponds to the depth of the negative modulation peak,
so that if the negative modulation peaks down to zero radio frequency
current, the volts across R, are equal and opposite in sign to the volts
developed across C,.

The result is that while the voltage developed between terminal 3
and ground is proportional to the carrier amplitude, the voltage
developed between 2 and ground with the negative modulation peak
reaching 1009, is zero. For lower values of modulation the voltage
between 2 and ground is equal to the carrier level minus the amplitude
of the negative modulation peak. By measuring the voltage between
3 and ground and between 2 and ground, it is, therefore, possible to
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measure the percentage of modulation. ¥ in conjunction with its
cathode resistor R, and meter M constitutes a high impedance valve
voltmeter, which can be switched either to point 2 or to point 3.
The meter M is a normal D.C. meter calibrated with 09, modulation
at full-scale deflection and 100%, modulation at zero deflection. For
purposes of measurement the voltmeter is connected to terminal 3
and the amplitude of the input wave adjusted until the meter M
reads full-scale deflection; owing to the presence of the audio-
frequency filter constituted by R, and Cj,, this deflection is inde-
pendent of the presence of modulation. If the voltmeter is con-
nected to terminal 2, meter A/ will then read percentage modulation
direct.

The full circuit is shown in Fig. 2. T, 1is an R.F. input transformer
supplying the valve V,; which fulfils the same function as valve V,
in Fig. 1. The R.F. filter is constituted by C,, C,and R,. The audio-
frequency filter is constituted by the winding 1-2 of transformer T,
and condenser C;, so that a D.c. voltage proportional to the carrier
amplitude is developed across C; and therefore between contact 3 of
switch S and ground. Resistances R,, R, and inductance L, are
provided to constitute in conjunction with the impedance presented
by terminals 1—2 of transformer T’y and condenser C,, a resistance
termination to the radio-frequency filter, which is constant and
independent of frequency (cf. XIX:6).

The audio frequency flowing through windings 1-2 of trans-
former T, induces audio-frequency voltages in the two secondary
windings proportional to the depth of modulation. Dependent on
the sense of the secondary windings and the connections to the two
anodes of the double diode V,, the voltages developed across R, and
Ry correspond respectively to the negative peak and positive peak
modulation amplitudes. The remainder of the circuit operates in
exactly the same way as Fig. 1.

Since, however, modulation lasting less than 5 milliseconds is
substantially unnoticeable by ear, the time constants of the second
rectifier, i.e. the two peak voltmeter circuits of V,, are arranged so
that peaks of modulation of shorter duration than 5 milliseconds do
not fully deflect the instrument, while peaks of longer duration are
fully recorded. This follows the practice adopted with the peak
programme meter, but the actual value of the time constant is made
half the value of that in the peak programme meter since the
modulation monitor operates on only one-half of the modulation
cycle.

T, is constituted by two air-cored coils, L, and L,, with variable
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coupling between them ; the values of L, and L, for various wave-
length ranges being as follows :(—

Wave Range Meters L, L,
12:3-53 0-6 uH 16 uH
24—100 1-6 uH 60 uH
150-600 770 uH 207 uH

The variable condenser tuning L, has an effective range of
capacity from 28 to 525 uuF.

A modulator winding is fitted to transformer T, giving audio-
frequency output at zero level (1 milliwatt) on 409, modulation,
which may be used instead of the usual check receiver associated
with a transmitter. The output of this winding is approximately
II ohms and it may be loaded with any impedance of not less than
600 ohms without appreciably upsetting the operation of the device.

14. Peak Programme Meter.

The peak programme meter is a type of valve voltmeter with
a high impedance input designed to measure the peak voltage in
a circuit-carrying programme, and to represent this level on a meter
having a logarithmic scale. In other words, equal intervals on this
scale represent equal changes of level measured in decibels.

Fig. 1 shows the circuit of a typical B.B.C. peak programme
meter. T, is the input transformer which has its primary bridged
across the circuit in which the level is to be measured. The
secondary of this transformer supplies voltage to the potentio-
meter P,, the slide of which is connected to valve V,, which is
a normal audio-frequency amplifier valve, resistance coupled in its
anode circuit to transformer 7T;. The secondary of T’y drives the
push-pull rectifier circuit constituted by the two diodes ¥, and V5,
as a result of which a D.c. voltage of intensity proportional to the
peak programme level is built up across resistance R,. This voltage
changes the bias of valve V,, a variable 4 valve, which by good
fortune provides a logarithmic relationship between its grid voltage
and its anode current, when suitable values of cathode resistance
and screen volts are used.

The meter in the anode circuit of ¥, then indicates the level of
the voltage applied at the input of the device; on a logarithmic
basis. This meter has seven divisions on it, numbered from 1 to 7,
and each division corresponds to a change in input level of 4 db.
For any one setting of sensitivity controls at the input, the meter
therefore covers a level range of 28 db. Taps are provided on the
input transformer, in order to extend the range of sensitivity of the
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device. In Fig. 1, for instance, connection to terminals 1 and 2
provides for measurement of a circuit carrying zero level, while
connection to 1a and 1b instead of to 1 provides respectively for
reception of levels of plus 10 db. and minus 6 db. These taps are
typical only and do not represent all cases met in practice.

Potentiometer P, is not calibrated since the whole device is
always calibrated by transmitting line-up tone through the circuit
at a known level, and adjusting P, until a predetermined deflection
is obtained on the programme meter. This predetermined deflection
is normally up to division 5 on the output meter. Having set the
sensitivity in this way on line-up tone, control operators regulating
the outgoing level of programmes from studios continually adjust
their gain controls so that the outgoing level makes the programme
meter peak up to division 7. It is essential that the programme
should not peak up above division 7, otherwise overloading of
transmitters fed by the programme will occur.

Normally the programme is not allowed to fall below a level at
which the programme meter peaks up to division 2. This means
that the outgoing range of levels covers a variation in level of 20 db.
(= plus or minus 10 db.).

Since the programme meter is adjusted on line-up tone to give
a deflection up to division 5, and since the programme level is
adjusted to make the programme meter peak up to division 7, it is
possible to adjust transmitters to 409, modulation on line-up tone,
and so to be certain that, on programme, 100 %, modulation will be
obtained (since the difference between 409, modulation and 1009,
modulation = 8 db. =2 divisions on the programme meter).
See XV:4.2.

15. Ganging Oscilloscope.

This is really a trade name for a piece of apparatus designed to
portray response characteristics (particularly of radio receivers) on
the screen of a cathode-ray oscillograph. It consists of a cathode-
ray oscillograph and time base, and a variable frequency oscillator
whose frequency at any instant during the working stroke of the
time base, is directly proportional to the displacement of the cathode-
ray spot (in a horizontal direction on the screen). The amplitude of
the frequency swing of the variable frequency oscillator is usually
about +15 kc/s and the mean frequency, about which the oscillator
frequency swings, can be adjusted to any required frequency (usually
covering the medium- and long-wave broadcast bands).

The result is that, if the output of the oscillator is applied to the
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aerial and earth terminals of a radio receiver, and the output from
the receiver diode detector is connected to the Y plates of the
cathode-ray oscillograph (sometimes through an amplifier incor-
porated in the equipment), the time base being, of course, connected
to the X plates, a response curve on a voltage basis will appear on
the cathode-ray screen.

It is evident that this useful piece of apparatus reproduces
instantaneously response curves which would otherwise have to be
plotted from a series of laborious measurements. It is therefore
particularly valuable for adjusting the ganging and tracking of radio
receivers, since it is possible to see at a glance whether the response
of the side-bands is symmetrical about the carrier frequency. See
XIX:19.6.

16. Absorption Wavemeter.

An absorption wavemeter is the simplest possible form of wave-
meter. It consists of a tuned circuit and a device indicating when
the current in the tuned circuit is a maximum. This device may
be a small lamp lit by the R.F. current flowing in the circuit, a thermo-
couple in conjunction with meter or any other device which does
not disturb the tuning of the circuit.

An absorption wavemeter is used by bringing it near any coil
carrying an R.F. current whose frequency is to be determined, and
adjusting the tuning of the wavemeter condenser until maximum
current flows in the tuned circuit as shown by the indicating device.
The frequency, or the wavelength, is then either read off directly
from the condenser dial or from a calibration chart which converts
the reading of the condenser dial to frequency or to wavelength.

The name of the wavemeter is derived rather obviously from the
fact that it absorbs power from the source of the frequency to be
determined. It is, however, rather hard to conceive a wavemeter
which operated without absorbing power.
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CHAPTER XXI

RESPONSE ADJUSTMENT AND EQUALIZER
DESIGN

1. Causes of Variation in Response; Response Distortion.

THE variation with frequency of the response of a piece of
apparatus or circuit is due to the presence of reactive elements
usually in series with or in shunt across the circuit.

Fig. 1/V:17 shows the reactance of all practical values of induc-
tance and capacity. The reactance of an inductance is proportional
to frequency, while the reactance of capacity is inversely proportional
to frequency. The presence of a series inductance or a shunt
capacity in an otherwise resistive circuit, as for instance in Figs. 1 (a)
and 1 (b) respectively, therefore gives rise to a response which falls
with increase of frequency. At any one frequency, reducing the
value of inductance or capacity respectively, reduces the circuit loss.
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Fic. 1/XXI:1.—Illustrating Effect of Series and Shunt Inductances and
Capacities.
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Similarly, the presence of series capacity or shunt inductance, as
in Figs. 1 (¢) and 1 (d) respectively, gives rise to a response which
falls with decrease of frequency. Increasing the value of capacity
or inductance respectively reduces the circuit loss at any one fre-
quency. In the case of shunt elements the circuit loss is evidently
small when the reactance of the shunt element is large compared to
the mean circust impedance as defined below, while in the case of
series circuit elements the loss is evidently small when the reactance
of the element is low compared to the impedance sum as defined
below. For this reason shunt inductance and series capacities
usually are effective in determining the lower frequency cut-off of
the circuit, while series inductance and shunt capacity are usually
effective in determining the upper cut-off frequency of the circuit.
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It will be appreciated that in the simple cases described the circuit
does not cut off sharply but the response falls away progressively.
The exact point at which the cut-off may be said to occur in such
a case is entirely a matter of convention; a convenient figure to
take for the cut-off frequency in such a case is the frequency at which
the response has fallen 3 db. below the midband response. This is
because a fall of 3 db. is about the largest that can be permitted
without it being noticeable by ear in an audio-frequency circuit.
Many figures have been suggested for the cut-off point and 3 db. has
only the disputable merit claimed here.

As a corollary of the fact that series and shunt reactance elements
introduce response distortion, it follows that suitable combinations
of reactance and resistance can be used to correct the response of
a circuit to a level response, or to adjust it to any required response
characteristic. Special assemblies of reactance and resistance
elements for response adjustment are called equalizers because they
were originally used to make the overall attenuation of transmission
lines equal at all frequencies. In general, however, equalizers may
be used to convert a response characteristic from any one form to
any other.

The adjustment of response curves requires a combination of art
and science and is a particular field where use of a little artfulness
saves a large amount of systematic labour. The art consists partly
in the application of a variety of circuits and circuit modifications
and partly in the proper choice of the type of structure which is
capable of being designed to provide a required response curve. The
science consists of the method of design of chosen structures to give
the required response characteristic. This involves the calculation
of the response of prescribed forms of circuit.

2. The Means Used for Response Adjustment may be con-
veniently classified as follows :

(x) Circust Modification. Response characteristics can be
adjusted by modifying the values of circuit elements and
sometimes by the addition of extra elements. Generally,
‘but not always, this method has the advantage that no loss
of gain or little loss of gain, results over parts of the fre-
quency range where it is not required to change the response.
This statement suffers from ambiguity since the response
is defined by a curve of relative efficiency of reproduction.
It loses its ambiguity if it is taken to refer only to cases
where the response falls off at low or high frequencies
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due to a specific cause for which compensation can be
provided.

(2) Series and Shunt Equalizers. Series or shunt impedance
elements made up of the combination of reactance and
resistance, are added at any convenient point in the circuit.
This method has the advantage of simplicity, but the dis-
advantage that the consequent change in circuit impedance
makes its behaviour difficult to predict.

(3) Open-Circuit Equalizers. These are four-terminal networks,
designed to work from a generator of zero internal impe-
dance into an open circuit. In general they can only be
inserted between valves where the required open-circuit
impedance terminating the network is approximated by
the grid circuit of a following valve. The internal
impedance of the driving source is considered as part of
this network. The only advantage which may exist in
the use of such circuits is in cases where they give simply
characteristics which would otherwise be difficult to obtain.
This type of equalizer is not considered separately,
although examples occur incidentally throughout the
discussion of other types. Examples are shown in Figs. 5,
6, 10 and 11/XXI:5.

(4) Variable Impedance Equalizers. These are four-terminal net-
works consisting of assemblies of reactances and resistances
with image impedances which vary over the frequency
range. These also are usually but not always limited to
the cases where they can be inserted between valves, i.e.
constituting the coupling between the input of one valve
and the output of the next. These, also, are not discussed
because no useful specific design instructions can be given ;
in the cases where they are used they are best adjusted
by measurements of overall response.

{(5) Constant Resistance Egqualizers. These consist of four-
terminal networks (fourpoles) built up of assemblies of
reactances and resistances in such a way that their image
impedances are equal to a resistance of constant value, i.e.
independent of frequency. This type of equalizer is the
one which has the most general application, since by
adjusting the respective image impedances of such an
equalizer to be equal to the (resistive) impedance facing
etther its input or output, or both, the insertion of the
equalizer introduces no new reflection loss, and the insertion
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loss of the equalizer is equal to its loss when terminated
with its image impedances. Since this loss is determinable
as a specific characteristic of the equalizer, such equalizers
can be used in a variety of circuits to introduce known
values of loss varying over a range of frequencies.

Contrary to the performance of constant resistance equalizers,
equalizers of types 2 and 4 can only give a predicted performance
when working between resistive impedances at both input and
output, while open-circuit equalizers normally require a resistive
impedance (constituting part of this equalizer) at the input and an
open circuit impedance at the output, in order to give a predicted
performance.

3. Response Adjustment by Circuit Modifications.

The high-frequency response of a circuit may be improved by
reducing the value of shunt capacities due either to straight capaci-
ties, deliberately inserted circuit elements, or valve capacities. The
low-frequency response may be improved by increasing the size of
shunt chokes or series condensers, such as blocking condensers in
resistance coupled amplifiers or stopping condensers, as they are
sometimes called. If the response of a circuit is limited by the
performance of transformers, usually the most satisfactory thing to
do is to get a better transformer. There are, however, one or two
measures which can be adopted to improve the performance of an
existing transformer.

Fig. 1 (@) shows a unity ratio transformer working between equal
impedances R. At (b) is shown the equivalent circuit of this trans-
former where C, and C, are the self-capacities of the windings. M is
the mutual inductance and L — M is half the leakage inductance.
The leakage inductance is the inductance looking into one winding
with the other winding short circuited. 2(L — M) is therefore
only an approximate expression for the leakage inductance since the
inductance looking into one winding of a transformer with the
secondary short circuited is (x — k2)L,, where L, is the primary
inductance. Since % is usually nearly unity this expression is very
nearly equal to 2(x — &)L,, and in a unity ratio transformer, where
L, =L,=L say, the expression reduces into 2(L — M), see
Fig. 16/XXIV:6. At low frequencies the reactances of C, and C,
are so high that they can be neglected, while the reactance of
L — M is so small that it can also be neglected. The circuit
therefore degrades to that shown at (c¢). The generalized response
characteristic of the structure at (c) is given by the dotted curve on
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Fig. 9/XXI:5. This is the insertion loss consequent on the intro-
duction of the shunt inductance M between resistances R, If
a condenser of capacity C = ;:—f is inserted in the position shown
in Fig. 1 (@) the resulting response curve is given by the full line
curve of Fig. 9/XXI:5.

The use of generalized network characteristics is fully explained
in XXI:5, which should preferably be read before proceeding further.
It may, however, be helpful here to give a short explanation of the
frequency scale in Fig. 9/XII:5 which, it will be noted, is marked
o-01fy, 0'If, and f,, etc. In all cases f, is the frequency at which
the reactance of one element becomes equal to the reactance or
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F16. 1/XXI:3.—Equivalent Circuits of Transformer and Use of Bumping
Condenser.

resistance of another element. In Fig. 9/XXI:5, for instance, f, is
determined by the frequency at which the reactance of L (= M in
Fig. 1) becomes equal to the resistance R. For instance, if L is
3 henrys and R is 600 ohms, f, = frequency at which the reactance
of L is equal to R = 32 ¢/s. The point marked f, on the scale of
abscissae on Fig. 9/XXI:5 should in this case, therefore, be marked
with 32 c/s, and the point marked 10f, corresponds to 3zo0 c/s.
The final-response curve on Fig. 9/XXI:5 therefore has fallen o0-5 db.
at 32 c/s, 3-5 db. at 16 c¢/s, and 11-8 db. at 8 c¢/s. It should be
noted that the improvement in the response obtained due to the
insertion of the capacity is very small. It will be evident from
inspection of Fig. 9/XXI:5 that the dotted curve can be shifted
bodily to the left by reducing the value of R. Even if it is not
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possible to reduce R both sides, an improvement in response may be
obtained at the low end by shunting the transformer with a resistance.
This may, however, have a disastrous effect at the upper end of the
characteristic. Inspection of Fig. 1 (b) shows that at high frequencies
the reactance of M is so high as to be negligible, and in practice
a further simplification leading to the elimination of either C, or
C, (on the lower impedance side) can be effected because most audio-
frequency transformers are step-up transformers and the only capacity
of importance is that on the high impedance side. This reduces the
circuit to the form shown on Fig. 7/XXI:5, where the full line curve
shows the response for a correctly designed transformer. If by
changing R the parameter » is changed from unity to any other value,
either 0-5 or 2-0, the response is degraded as shown. Further curves
for different values of # may be calculated from the formula given on

I b4 ! z
R
P L R L
R c c 3 4
L c R C R
2 2 : 2
(@ ()] @) )
Fi1c. 2/XXI1:3.—Use of Shunt- Fi1c. 3/XXI:3.—Constant Resistance
Capacity-Compensating In- Networks.
ductance.

Fig. 7/XXI:5. Inspection of Fig. 7/XXI:5 shows that a poor
response at the upper end may sometimes be improved by changing
the value of the resistances facing the high impedance side of the
transformer. The obvious way to see whether such a measure is
effective is to try it.

Fig. 2 (a) shows a resistance R in parallel with a capacity such,
for instance, as might represent a grid leak shunted by the input
capacity of a valve. The reactance and resistance components of
the impedance observed between terminals 1 and 2, are shown in
generalized form on Fig. 2/XXI:5, and it is seen that at f, the value
of resistance and reactance are both equal to half R, where f, is the
frequency at which the reactance of the condenser equals the
reactance of the resistance. The magnitude of the impedance at this
frequency is therefore R/v2. By inserting an inductance L = R2C
in series with the resistance, the impedance observed between 1 and
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2'is transformed to that represented by the reactance and resistance
curves of Fig. 3/XXI:5. It will be seen that the impedance keeps
up to a value greater than R, at least up to the frequency at which
the reactance of the condenser is equal to the reactance of the
resistance. The improvement in response obtained is again small,
but this circuit has achieved quite a considerable degree of popularity
and is certainly worth while using because, although the improve-
ment is small, its cost is cheap. The limit to the use of this arrange-
ment is usually the unfortunate fact that the required inductance is
too large to be realized without such a large self-capacity, that at
fo the inductance no longer presents an inductive reactance, but
behaves as a capacity.

Fig. 3 (@) shows a circuit which when L = R2C presents between
terminals 1 and 2 a constant resistance equal to R at all frequencies.
Since, when a voltage is applied across 1,2 the potential between
points 3 and 4 is zero, these points may be joined without affecting
the performance of the network. The network then assumes the
form shown in Fig. 3 (). This network is seen to consist of the
network on Fig. 1/XX1:5 in series with the network on Fig. 2/XX1I:5,
and inspection of the resistance and reactance curves for these two
networks shows that when the value of w, = 2nf, is the same for
the two networks and the resistances in each are equal to R, the
reactances cancel and the effective resistances add up to R.

Fig. 4 shows an application of the network of Figs. 2 (b) and 3 (b)
to a cathode follower valve in which the filament is directly heated
with A.c. T, is an audio-frequency transformer supplying the input
to the grid. T, is a power transformer supplying heating to the
filament and fed by a second power transformer T,. If winding W,,
of T,, were connected directly to the filament it would introduce
a capacity to ground via T'; and the mains. The difficulty is over-
come by inserting two screens, S, and S,, in the transformer between
the two windings, connecting S to the midpoint of W, and ground,
and S; to the midpoint of W, and connecting resistance R, between
the two screens, which constitutes, with the capacity between the
screens, one-half of a circuit corresponding to the lower half of
Fig. 3 (b). The equivalent of the upper half of Fig. 3 (b) is provided
by resistances R, and the balanced inductance L, effective in both
legs of the filament leads. Neglecting L,, therefore, the impedance
to ground of the filament is in this way built up to constant resistance.
The output lead is taken away from the two centre-pointing resis-
tances R, to feed the output load. Since the lattéer in general has,
and is assumed in this case to have, a certain amount of incidental
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capacity C, to ground, the balanced inductance L, is inserted to
constitute in conjunction with the constant resistance already built
up, and C;, a structure of the form shown in Fig. 2 (). Inductances
L, and L, are both in series opposing and therefore in parallel aiding.

+H.T

3 3

F16. 4/XXI:3.—Cathode Follower Circuit for Directly Heated Valve, driving
Circuit with Capacity C, to Ground.

The adjustment of the response of radio-frequency circuits in
transmitters is dealt with under VII:14, while the adjustment of
aerial circuits for response purposes is dealt with under XVI:12.
Response in radio receivers is discussed in XIX:8, 11, 12, 14 and 19.

4. Series and Shunt Equalizers and Constant-Resistance
Equalizers.
The application of these types of equalizer may be said to con-
stitute nearly the whole of the systematic methods of response
adjustment. Before considering these in detail, it is necessary to

give some definitions.
188



RESPONSE ADJUSTMENT—EQUALIZER DESIGN XXI:4

Circuit Impedance. While the term impedance is one designed
expressly for the purpose of embracing complex impedances, it is
used also to describe the input and output impedances of apparatus
which, over the range of frequencies for which they are designed, are

st
B Tifi ® R,
e __L e

Mean Circuit Impedance Bridge Impedance Impedance Sum

Leye/f = ‘VRI Rz Rb = M Rs =-R1+R2
.RJ"'RZ
@) () )

FiG. 1/XXI:4.—Impedance Conventions.

substantially impedances of zero angle. Since these impedances
are not constituted by resistance, it is not customary to call them
resistances, but to refer to them as impedances of value R or R,,
R,, etc.

Fig. 1 shows a generator of internal impedance R, feeding a load
of impedance R,, three circuits being drawn to explain three different
impedance conventions.

Definitions :
The Mean Circuit Impedance Level R = VR,R,.
. R,R
The Bridge Impedance R, = ——2: see Fig. 1 (3).
The Impedance Sum R, = R,+R,; see Fig. 1 (c).

2 &
=l Ot
_—31 e Zl v
o o__é
(5)

@
Fi6. 2/XXI:4.—Iltustrating Voltage Transfer Loss.

...rn-—T»..
b

Fig. 2 (a) shows a four-pole with an input e.m.f. applied to
terminals 1,1 and a resultant voltage V generated across its open-
circuited output terminals 2,2.

189



XXI:4 RADIO ENGINEERING

The network of Fig. 2 (b) shows a specific example where N is
constituted by a series resistance R, and a shunt resistance Z. In
practice it may sometimes be convenient to consider the internal
impedance of a sending circuit as constituting a series element in the
network N, e.g. corresponding to R, in Fig. 2 (b).

The Voltage Transfer Ratio (v.T.R.) of a network, such as NV in
Fig. 2 (a), is the ratio between the open-circuit output voltage and
the input voltage : the V.T.R. of the networks in Fig. 2 (a) and (b)
is 2.

e
The Voltage Transfer Loss (v.T.L.) of a network, such as N in
Fig. 2 (a), is the decibel equivalent corresponding to the V.T.R.

. v
That is, v.T.L. = 20 log,, — = 20 log,, V.T.R
e

(a) €]
F16. 3/XXI:4.—Illustrating Insertion Loss.

Fig. 3 (a) shows a network N inserted between impedances R,
and R, and the definition of the resultant insertion loss has already
been given. It is, however, useful to give a new definition of
insertion loss consistent with the previous definition.

The Insertion Loss of network N in Fig. 3 (a) is equal to the
difference between the v.T.L. of the whole circuit from 1,1 to 2,2
with N inserted and the v.T.L. with N removed as in Fig. 3 (b).

Forms of Constant-Resistance Networks. The series of
structures in Fig. 4 provide a very simple line of approach to the
design of shunt and series equalizers and constant-resistance
equalizers. The networks at (d) to (k) inclusive shown between
terminals 1,I and 2,2 are constant-resistance structures, those at
(@) and (e) having constant resistance looking into terminals 1,1
when terminals 2,2 are closed through a resistance R and the rest
from (f) to (k) inclusive, having constant resistance looking into
either pair of terminals when the other pair are closed through an
impedance R.
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The v.T.R. of (a) is seen by inspection to be

2y _ T
R, +2, I R,
Zy
The v.T.L. of (a) is therefore
1
20 log,, . . . . (1)
"
Zy

()
Fic. 4/XXI:4.—Constant Resistance Equalizers and Related Networks.

2 — JR—
When (i) Z,=Z£, (i) Z, has the same value in each structure, (iii) R= \/RIR3=R,
s

and (iv) Ry = Ry Ry

Ri+R,
are the same, and equal to the Voltage Transfer Loss of Structure {a). The Structure
in each case is the Fourpole between 1,1 and 2,2.
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The v.T.R. of (b) can similarly be shown to be

R, » I
R,+R, I+ R,R, x i
R1+Rz Zb

Since ﬁ— is the value of v for this network with the shunt
R,+R, e

removed, the insertion loss due to the shunt in (b) is

I
20 log,, m (2)
R,+R, Z,
Similarly, the insertion loss due to the series impedance Z, in (c) is
I
20 logyo | ———
1+—Z“
R,+R,
2 .
and, if Z, = Rg— where R = VR,R, = the mean impedance level,
b
the insertion loss in case (c) is
1
20 loge L RR T (3)
R,+R, " Z,
. . R®
Finally, for all the structures from (d) to (&) inclusive, if Z, = 7
b

the loss dué to the insertion of the four terminal networks between
the sending and receiving impedances R is

20 logy, = —20log, | I +%

: @)
K

Z,

The method of demonstrating the equality of insertion loss of
networks (d) to (%) is given in Example 3 of XXIV:6.10.1.

Hence the insertion losses of the networks (b) to (%) inclusive are
equal to the voltage transfer loss of the network at (z) when the
following conditions hold :

R,\R, I R,

Network (b) : R.1R, X A It is evidently not neces-

sary that the values of Z, in the two networks should be
equal, but only that this relation should hold. In other
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words, it is not necessary that the impedance level of the
two circuits should be equal. The same remark applies in

all the other cases below . . . . . . (5
Network (c) : RxL-i-aRﬁ = %. In other words
Z, = (Ri+R)R, . ) . . (6)
Zb .
Networks (d) to (k) inclusive : Izi as defined by the elements in
b
networks (d) to (k) =§— as defined by the elements in
network (a) . . ’ . . . . . . &

Similarly network (c) has the same insertion loss as (b) when
Z, )
R+R, = defined by the elements in network (c)

_ Ry
Zy(R1+R,)
Networks (d) to (k) have the same insertion loss as (b) when

g— as defined by the elements of networks (d) to (k)
" RR,
"~ Zy(Ri+R,)

Networks (d) to (k) have the same insertion loss as (¢) when

Izi as defined by the elements in networks (d) to (%)
b

El—i'—lz as defined by the elements of network (¢) . (z0)

In order, therefore, to design any of the networks (b) to (%)
inclusive, it is only necessary to find the type of shunt in network (a)
which gives the required response characteristics expressed by the
v.T.L. of network (a) and then to make the transformations defined
by (5), (6) or (7). This leads directly to the values of the elements
of any of the other networks in order that their insertion loss char-
acteristic (when inserted respectively between impedances R, and
R, or between equal impedances R) shall be the same as the chosen
v.T.L. of (a).

The whole point of this is that the v.T.R., and hence the v.T.L.
of (a), is easy to determine by calculation or measurement on the
simple type of network (a). See end of section XXI:4.3.
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Alternatively, of course, if the insertion loss of any of the other
networks is known, or can be easily determined, if it does not con-
stitute the network it is required to use, the characteristics of the
chosen network can be determined by making use of any of the
transformations (8), (9) or (10).

4.1. Inverse Networks. Impedances Z, and Z, in networks
(d) to (k) are called inverse impedances and they are said to be
inverted about the resistance R. The inversion is mutual :

R2 Rz
Z, == that Z, = —.
¢ Zb’ > 2 d Za
Ly
€ Ly Ry
B Networks TC H'—\MI—‘WVV‘O
b Rb
La
1112112
A Networks L, 0—wmv—| l-o o—-WWWA4—O
Ra g L%
B Network
A Network

Fic. 5/XXI:4.—Inverse Networks.
(Rp has no relation to the R, in Fig. 4.)

Any impedance Z, which is constituted by a network B of lumped
impedances may have an inverse impedance Z, realized by an inverse
network 4.

The method of inverting a network B is very simple. In the
inverse network A :

1. Every parallel arrangement of elements in B is replaced in
A by a series arrangement of elements, and vice versa.
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2. Every inductance L, in B is replaced in A4 by a capacity

L
Ca=gr
3. Every inductance C, in B is replaced in 4 by an inductance
L, = R2C,,.
4. Every resistance R, in B is replaced in 4 by a resistance
R2
Ra = E’.

It is evident therefore that, once the form of the network con-
stituting Z, is known, the form of network constituting Z, may be
determined as above, or vice versa. Equalizer design is therefore
primarily concerned with the determination of the form and the
element values of one two-terminal network.

Fig. 5 shows corresponding inverse networks, inverted about an
impedance R.

4.2. Determination of Loss Curve of an Equalizer.
Recapitulating : since the loss curves of all the networks in Fig. 4
are the same, any one network can be chosen for the purpose of
finding a loss curve, and for approximate estimations of loss the
network of Fig. 4 (a) is the simplest to consider. The form of the
network may, therefore, be chosen by considering Fig. 4 (4) and its
loss characteristics be determined from equation (4) as follows :

The insertion loss of networks (d) to (&)

I L= _ R|_ _ Z,
_I.L_zologxo ;R ! Zologmlx-l— l 20 log;e 1+R—
A
and if Z, =a + 7b
I.L =—20lo 1#a+lij——zolo ~/1+a 2-i—b2
T e[ T"RTRIT S \""R) T\R
- — 10 1og,°[(x+}%)2+%] . . . . (1)

This gives the loss as a negative number of decibels which is in
accordance with common convention in use in fundamental trans-
mission-line theory ; it is, however, more convenient to reverse this
convention and so to reverse the sign in equation (11), and this is
often done.

In this case, from equation (11)

a 2 b 2 _ . I.L
(I_‘—E) T(E) = antilog,, = . . (12)
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If a plane is chosen, with values of % plotted along the axis of

abscissae and values of % along the axis of ordinates, equation (11)
is the equation of a series of circles with centre at the point — 1,0
and radius » where 72 = antilog II'—O.

The circles corresponding to insertion losses from 1 db. to 45 db.
are shown in Figs. 6 () and (b).

The curves on Figs. 6 (4) and (b) provide a rapid means of
determining the equalizer loss at any frequency, once the value of
Z, is known at that frequency ; that is once the values of @ and &
are known.

For instance, if a/R =6 and b/R = 3-8, from Fig. 6 (a),
the insertion loss = 18 db. If a/R = 100 and b/R = 148, from
Fig. 6 () the insertion loss = 45 db. Alternatively, if the required
insertion loss is known at any frequency, an infinitely graduated
range of corresponding values of @ and b is given.

4.3. Practical Equalizer Design. The above method of
approach has provided a means of determining the loss character-
istics of a variety of structures suitable for equalization, once the
form of the impedance Z, and the value of its components have
been determined.

Unfortunately the problem of equalization always appears in the
inverse form : instead of wanting to know the loss curve correspond-
ing to a certain form of network (i.e. constituting Z, or Z,), it is
always required to determine the form of network, and the values of
its components which will provide a certain loss curve. There is no
satisfactory general method for doing this. In practice, it is there-
fore desirable to have available a series of loss curves for the most
common types of shunt elements in use. Figs. 5, 6 and 8/XXI:5
show the kind of curves which should be prepared. It will be noted
that Figs. 5 and 6/XXI:5 use one set of curves to describe the voltage
transfer loss of one type of network corresponding to Fig. 4 (&) and
the insertion-loss curves of two other types of network corresponding
respectively to Fig. 4 (b) and (c). Although mot specifically so
described, all the curves are, of course, directly applicable to all the
circusts of Fig. 4, provided the transformations of equations (5), (6)
and (7) are used. It should be noted that these curves are plotted
as response curves, the loss being plotted as a negative quantity.

Since the general form of equalizers required for different purposes
is very varied, it is impossible to show here characteristics of
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Fi16. 6/XXI:4.—Dependence of Equalizer Insertion Loss on I—: and % where a and &

are defined by a+jb = Z,; and R is Impedance Level of Circuit in which
Generator Impedance = Load Impedance = R.
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a sufficient range of types to be of general utility. It is, therefore,
necessary for each type of equalizer to be designed for its particular
purpose, and this involves as much art as science. Inspection of the
required loss curve that the equalizer has to provide gives a clue to
the general form of equalizer. In cases where the required form is
not provided by any of the basic curves of Figs. 5 and 6/XXI:5,
a very useful form of equalizer is shown in Fig. 7 at A, and B, which
show respectively the forms of network constituting Z, and Z,
(either or both of which may be used according to the type of
structure employed). If A4, is a series element it can be made to

AL RT

Hw o—ll—wﬂ—«o—m—w\mﬂ

o—’-‘Imng—&E‘nL—o Ay

,_'

o—¢ .Bq_

Fic. 7/XXI:4.—Impedance Elements for Inserting Losses in Different Parts
of the Frequency Spectrum.

introduce a fall in the response curve of width in the frequency range
which can be varied by changing the L-C ratio : and of magnitude
which can be varied by changing the value of R, The form of the
loss curve which this type of network is capable of introducing is
shown on Fig. 12/XXI:5, which also gives the formula for the overall
V.T.R., from which the insertion loss can be calculated for any
particular value of Q and #n. See definition of insertion loss in
XXI:4. Fig. 13/XXI:5 shows an insertion loss curve for the same
network when @ = 45, which normally is not of any interest from
the point of view of equalization, but illustrates the performance of
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this circuit when used as an acceptor circuit for purposes of eliminat-
ing an unwanted frequency. If 4, is a shunt element (in which case
B, is the corresponding series element) it can be made to introduce
a rise in the response curve, of width in the frequency range con-
trolled by the L-C ratio, and of magnitude controlled by the
magnitude of the resistance.

Assuming that a network corresponding to 4, and B, has been
built to introduce a rise or fall in response at the low frequency end
of the pass range, if the rise or fall of loss respectively in the middle
of the range is too small, it can be increased by inserting a resistance
in series with the condenser as shown at 4, with a corresponding
resistance in shunt with the inductance in B, if used.

If, on the other hand, the network of a type at 4, has been used
to insert a rise or fall of response at the top end of the frequency
range, and if the rise or fall is not great enough in the middle of the
band, it can be increased by inserting a resistance in series with the
inductance as shown at A, with a corresponding resistance in parallel
with the capacity in B; if used. See Figs. 5 and 6/XXI:5.

By putting in series, networks of the types shown at 4, and 4,,
a rise in response may be introduced at each end of the pass range.
Such a network is shown at 4, with its corresponding inverse net-
work at B,. In this case, of course, 4, is a shunt element and B,
is a series element. If series resonance of L of 4, with C of 44 gives
too high loss, two separate equalizers may be necessary.

It should be noted that where the required rise in response at
each end of the pass band is not sharp, this can be achieved by
a shunt element of the type shown at B,, which may then be regarded
at the low-frequency end as constituting a network of the type shown
on Fig. 5/XII:5 (shunt impedance consisting of series condenser and
resistance) and at the upper end of the frequency range as constitut-
ing a network of the type shown on Fig. 6/XXI:5 (shunt impedance
consisting of series inductance and resistance). If the required
curves at the bottom end of the range and the top end of the range
correspond respectively to any corresponding curves on Figs. 5 and
6/XXI:5, providing the values of f, for the two networks are
sufficiently far apart, the values of inductance and capacity can be
determined separately from these two figures. The reason for
specifying corresponding curves on the two figures is to introduce
the limitation that each end of the networks demands the same value
of r, or ;. This network may be regarded as a case of the network
on Fig. 12/XXI:5 with a very low value of @, eg. @ =01 or
less.
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Broadly, therefore, when it is not possible to choose a network
from prepared characteristics, a series of intelligent trials have to be
made with networks of different form and different values of elements
until one is found which gives the required characteristic. For the
purpose of these trials the response curves may be determined by
calculation as described above or better still by measurement, using
the types of components which are finally going to be employed.
This is quite an important point, because in practice the variation
of the impedance of inductances with frequency does not always
correspond to that of a pure inductance. For the purpose of such
a trial, the circuit of Fig. 8 may be used. O is an oscillator supplying
an input resistance R, in series with the impedance Z,, representing
the impedance under measurement. V is a valve voltmeter with
a high impedance input capable of being switched so as to measure
either the voltage across Z, or the voltage output from the oscillator.
By this means the v.T.R. can be measured directly and so can be

Ry

———
(o} Zy Q v
e | S—

Fic. 8/XXI:4.—Circuit for Measuring Voltage Transfer Ratio.

obtained the v.T.L. and the insertion loss for any equivalent structure.
If a transmission measuring set with a high impedance input is
available this may, of course, be used.

In the equalization of landlines and in similar cases where
equalizers have to be designed comparatively frequently to match
or correct response or loss characteristics of a particular kind, it is
worth while developing a standardized technique of plotting equalizer
characteristics and line characteristics. This means little more than
the adoption of standard scales of frequency and loss : suitable scales
are shown in Fig. 5/XXI:5; loss or response is plotted in decibels
and frequency is plotted against a logarithmic scale. Generalized
response or loss characteristics are then plotted on transparent paper
for each type of equalizer which is found to be most useful : a char-
acteristic or a family of characteristics is plotted for each of a chosen
set of values of each variable parameter which changes the form of
the response curve : e.g. parameter a in Fig. 5/XXI:5.

By placing these transparencies or masks over loss curves plotted
to the same scales of frequency and loss or response (the frequency
scale in this case being absolute, however) they may be moved about
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until one curve on the mask coincides sufficiently closely with the
curve to be matched or equalized. The frequency opposite the unity
frequency on the mask then gives the value of w, from which the
values of the components can be calculated, using the value of
parameter written against the curve.

As an example suppose that, using a mask having the form of
Fig. 5/XXI:5, the curve marked & = o'5 was found to match the
required loss curve sufficiently accurately when the unity point of
the frequency scale was opposite 1,000 c¢/s on the frequency curve
of the curve to be matched. Suppose, then, that it was required to
make a bridged-T equalizer of the kind shown at (f) in Fig. 4/XXI:4
to work between impedances of 600 ohms, i.e. R = 600 ohms so that

R, is 300 ohms. The elements of Z, are then C = where

I
2nfoRy’
fo = 1,000 c/s, and 7 = aR, where a = 0'5. The elements of Z,
then follow by inverting C and r about 600 ohms.

When constant-resistance equalizers are always being used it is
more useful to label the masks directly in terms of the elements of
either the Z, or the Z, impedance arm.

Fig. 9 shows such a mask with the Z, arm indicated at the top
right corner. In this case no scale of frequency is normally pro-
vided, although a relative one has here been shown to indicate what
scale is used for plotting the characteristics to be matched. The
calibration of the frequency scale is obtained from the frequencies of
zero loss which correspond to the resonant frequencies of L and C.
Evidently if the value of L/C is known and the value of the resonant
frequency of L and C is known the values of L and C are determined.
These values and the value of the resistance R, correspond to a value
of R equal to 600 ohms ; in other words, this equalizer is intended
to be used in a circuit of 600 ohms impedance.

In the opinion of the present writer, the method of presenting
generalized characteristics used in Fig. 5/XXI:5, and neighbouring
figures, is preferable to that shown in Fig. g.

Whether equalizer characteristics are plotted as response curves,
the loss being plotted as a negative quantity as in Fig. 5/XXI:5 and
neighbouring figures, or whether they are plotted as loss curves as
in Fig. 9, depends only on the convention being used for plotting the
characteristics of the structure being equalized. If these are plotted
as loss curves, then it may be considered preferable to plot equalizer
characteristics as response curves, and vice versa.

This point will be made clear by reference to Fig. 10, which
shows how equalizer response characteristics, when plotted to the
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convention shown, may be added to line-loss characteristics to give
an overall flat response as indicated by the chain-dotted curve which
is assumed to be drawn on the same paper as the structure (e.g. line)
characteristic. Similarly, equalizer loss characteristics may be sub-
tracted from structure response characteristics to give an overall

Frequency
Fqualizer 4 Response Characteristic
Response S of Structure being

" Characteristic -§ 10— | Cfqualized
//I Z /—{ frequency

G

=)

losg ab.
Q
S N\\8 /loss ab

Loss Characteristic

S jerist

“ of Structure being 3 £q;1:/;z e_/-l -ﬂ ;

\gl 0 bquatized Characteristic
Freguency Frequency

Fi16. 10/XXI:4.—Use of Loss and Response Characteristics.

flat response. In Fig. 10 it is assumed that the equalizer mask is
in the position it would be just before it was slid so that the two
characteristic curves coincide.

The use of masks for equalization has been practised in the B.B.C.
for a considerable time.

5. Generalized Network Characteristics.

The advantage of algebra over arithmetic is the facility it affords
for presenting generalized solutions to problems. These are
expressed in terms of symbols to which values may be assigned
corresponding to the arithmetical values which occur in any practical
problem to which the solution applies. If a voltage V is applied
across a resistance R a current flows of value I = %,

. 24 |4
particular case V = 24and R = 12, then ] = I = Zamps. I= R
is therefore a generalized solution of the problem as to what happens
when any voltage is applied across any resistance. It describes
what happens independently of the particular values of V and R.

Similarly, generalized network characteristics are drawn so that
the performance of networks of resistance, inductance and capacity
is described independently of the particular values of resistance,
inductance and capacity and independently of the absolute value of
frequency. A simple transformation of the scales of the axes of
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abscissae and co-ordinates is then used for each particular case
which calibrates these axes in terms of absolute values of the
elements and of frequency.

The characteristics of networks which can be portrayed in this
way are :

For two-terminal networks: Impedance.

For four-terminal networks (four-poles) : Voltage transfer con-

stant, voltage transfer loss, insertion loss and attenuation
(the attenuation of a network is its insertion loss when
placed between a generator and load respectively, having
impedances equal to the image impedances of the network
at the terminals which face them).

Figs. 1 to 13 show a number of generalized network character-
istics. Their method of calibration and method of use for any
practical case will be made clear by consideration of the network of
Fig. 1. This is a two-terminal network and the curves represent
generalized values of the series reactance and resistance, observed at
the terminals of the network, plotted against a generalized scale of
frequency. The way in which these curves are plotted will serve
as an introduction to their method of use.

The impedance presented by an inductance L in parallel with
a resistance R is

_ jRLo _ jRLw(R — jLw)
" R+jLle R+ L%?
RL*w*+jR*Lw
= T Riiligr . . . . (D)

If w, is the angular frequency at which the reactance of L is

equal to R, then

Lwo=RandL=E . . . (2)
W
Substituting (2) in (1)
Cpiep [o e
w; ) ) .
Z=— i =R
R24+ZR? L1+_; 1+=
), ) w,
L r
I L
I+—= I4%
fe f
= R(r+jx) say . . . . . . @
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;
where r = 1.: 7 (5)
fe
fi
x = °F (6)
fs

w, = 27f, and o = 2af.

On Fig. 1 is plotted the value of 7 against @ _/ from equation (5)

W 0
_/f

and the value of x against wﬁ = = from equation (6).
] 0
To calibrate graphs for any particular value of R and L it is

therefore only necessary to multiply the scale of ordinates by R and

the scale of abscissae by f,, where f, = p—
Example 1. An inductance of 10 millihenrys is shunted with

a resistance of 1,000 ohms.

1,000

The value of f, is given by f, = 27 X 10 X I0~2

= 15,900 C/s.

Hence on the scale of abscissae, against — = 1, write 15,900 c¢/s,
Wo

) . . .

against P 0°1 write 1,590 c/s, against Pt 10 write 159,000 c/s,
[} 0

etc. The values of » and x read off from the curves must then be

multiplied by 1,000 to give the values of reactance and resistance.

Example 2. What is the reactance of the above parallel combina-

tion of inductance and resistance at 12,000 ¢/s? 12,000 c/s corre-

sponds to a value of / __ 12,000
0 15,900
f

= scale at 0755 the values of » and x are » = 0-365, ¥ = 0'482.

= 0-755. Entering this on the

0
Hence the impedance is given by Z = 3657482 ohms.

Fig. 2 shows the generalized impedance curves for a resistance
and capacity in parallel.

Figs. 3 and 4 show generalized impedance curves for two R, L,
C combinations in which in each case the reactance of both induc-
tance and capacity reaches the value R at the same frequency f;, so

that Lo, = = R. It is only necessary, therefore, to specify

T
Cw,
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Fi1G. 1/XXI:5.—Generalized Resistancc and Reactance Curves for Network Shown.
(By courtesy of S.T. & C. and Wireless Engincer.)
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F16. 2/XXI:5.—Generalized Resistance and Reactance Curves for Network Shown.
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Insertion Loss and Phase Shift for A/rVetwoNrs below.
i _RitR,
w0 fo= 27mrL
g, 3 - B2
'~ 3 ~ a
S \Q\ ~a=0 | re=aRy !
&’ 2 \ Insertion Loss 7 Insertion Loss L= RarRe
~ (O\, \\\ =fall in level in Ryw, =fall in /eve( n Wy
& 3+— Vo/tage Transfer loss k\\\ Rz W/?Eﬂ-Sbuﬂt 1 }?2 when series ng =R1*R2
Q and Phase Shift for ry+Cis inserted o =Ry impedance Ljjry
\: 4p— Network below. @ /s inserted
1
Q c = 1 Lt
S 6 = Rpews e 80°
'\ 2
7 2 =0 o
§) 7_2_ [a(lra)-l-%%] +;% 3 a=0-75 70 §
= > .
% 8¢ (1+a)2+ %‘75 60° &
N o0
s 2|~ Voltage Transfer Loss S a=0'5 50 ?:’
g _ v o
8 wob— =lkg, l?l l 40°
~
“
S ph N 30°%
N N Q
N NZA
&, 73 e \ v \‘: 25\ 70°
i ) N |
é‘ 14 - S e o 0
o1 05 10 whoy=flf, 50 0 100
014 ° Frequency 0% 7001,

F16. 5/XXI:5.—Loss and Phase Characteristics of Networks Shown, under Conditions specified, and of Equivalent

Constant Resistance Structures.

(By courtesy of S.T. & C. and Wireless Engineer.)
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F16. 6/XXI:5.—Loss and Phase Characteristics of Networks Shown, under Conditions specified, and of Equivalent
Constant Resistance Structures.
(By courtesy of S.T. & C. and Wireless Engineer.)
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F1c. 7/XXI:5.—Insertion Loss and Phase Shift of Network Shown.

(By courtesy of S.T". & C. and Wireless Enginecer.)
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two of the quantities L, R, C or w, in order to specify completely
one physical embodiment of the network and to obtain the proper
calibrations for the scales.

The process of disembodiment or generalization of any network
containing » elements consists therefore in the following steps :

(x) Calculate the characteristic of the network of interest in terms
of L, C, R and w. This characteristic may be impedance,
V.T.R., V.T.L., or insertion loss.

(2) Equate the reactance Lw, or (,% of one inductance or

0
capacity to the value of one resistance R in the network
at an arbitrary angular frequency w.

(3) Equate the reactance, at w,, of any other inductances or
capacities, or the value of any other resistance in the
network to any constant times R where the constant may
have any positive value. There are therefore # — 2 con-
stants or parameters. Every different value of each
parameter defines a different network of the same form.

(4) Plot the characteristics of the network so calculated

. w
against o

An example of the case of step 3 is given in Figs. 5 and 6. In
Fig. 5 the resistance 7, in series with the condenser is defined by
7. = aR, and characteristics are plotted for each of a number of
values of a. These characteristics define the v.T.L. of one type of
network and the insertion loss of two other types of network. Each
of the three inserts in Fig. 5 define the conditions under which the
characteristics of Fig. 5 are applicable to the network in question.
Similar remarks apply to Fig. 6. See also XXIV:2.23, Example 2.

Fig. 7 shows the insertion loss due to the leakage inductance and
self-capacity of a transformer, and so defines the response at the
high-frequency end of any transformer of high-impedance ratio,
working between primary and secondary impedances R, and R,
such that ITI = z—‘ A then represents the leakage inductance as

] 2
determined by measuring, at a frequency in the middle of the pass
range of the transformer, the inductance looking into the high-
impedance winding of the transformer with the low-impedance
winding short circuited. The capacity C represents the self-capacity
of the high-impedance winding and can be determined by measuring
the capacity looking into the high-impedance winding at a frequency
219
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equal to 10 or 20 times the upper cut-off frequency of the trans-
former. The value of the resistances R then represent respectively
the impedance facing the high-impedance winding, and the impe-
dance referred or transferred from the low-impedance to the high-
impedance winding, which is evidently of the same magnitude.

Fig. 8 is of very general application since it determines the low-
frequency response characteristics of resistance-capacity couplings,
and also of the low-frequency end of the pass range of transformers.

Fig. 9 has already been discussed in XXI:3.

Fig. 11 represents the response at the high-frequency end of
a transformer working into an open circuit or a grid capacity. R is
then the impedance looking back into the transformer with the
primary terminated in its working impedance, L is the leakage
inductance observed on the open-circuited side, and C is the self-
capacity of the transformer plus grid-input capacity of any valve
driven by the transformer. Separate networks of this kind may be
used as open-circuit equalizers for correcting response characteristics
at the high-frequency end of the pass range of a circuit.

Similarly, the network on Fig. 10 may be used as an open-circuit
equalizer to correct the response characteristics at the low-frequency
end of the pass range of a circuit.

Fig. 12 has already been discussed in XXI:4.3.

Fig. 13 shows how the characteristics of the network of Fig. 12
may be sharpened by changing the values of the parameters z» and Q.

Example 2 in XXIV:2 gives the derivation of the generalized
formula for the impedance of a parallel resonant circuit.

220



XXII:1

CHAPTER XXII

LEVEL RANGE COMPRESSION AND EXPANSION
AND LEVEL LIMITATION

1. Objects.

IT has already been pointed out that the range of levels occurring
in speech and music in a studio is very large and may be as much as
100db. For reasons connected with noise, and with normal listening
conditions as well as with the performance of apparatus, the level
range of practical importance for broadcasting is less than this, and
appreciable advantage is obtained by compressing this range by
manual operation of a volume control at the control position. The
control operator attempts to hold the volume within a range of
20 db., but is not always successful in doing this. Further, even if
the volume as indicated by a peak-programme meter is kept within
this range it is certain that the absolute change of level is very much
greater than 20 db., and it is in fact desirable that this should be the
case. Thisis because the decay time constant of the peak-programme
meter is such that the reading falls by 20 db. in two to three seconds
after cessation of signal. Low levels of duration less than this which
occur between periods of higher level are therefore not indicated at
their true level, but at a higher level.

For these and other reasons automatic means of volume com-
pression have been proposed, but there are serious objections to such
schemes and so far they have not been put into general use. It is
therefore not proposed to consider in detail any arrangements for
level range compression, but merely to describe diagrammatically
what is involved in order to distinguish between level-range com-
pression and level limitation.

Since the control operator does not always succeed in preventing
the volume from exceeding the level which will fully load the trans-
mitter or transmitters being fed, limiting devices are often fitted in
shunt across part of the transmitter circuit to prevent the occurrence
of unduly high voltages and the consequent risk of flashover. These
devices usually consist of some circuit element such as neon lamp
which does not pass any current until the voltage reaches a certain
value, and when this voltage is reached they instantaneously start
to pass current and constitute a shunt across the circuit, preventing
any further rise in voltage, and may even drop the voltage. This
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introduces non-linear distortion, which is undesirable. A supplemen-
tary type of limiter has therefore been recently introduced and
inserted in the audio-frequency circuits at the input of a transmitter.
This is designed so that when the volume of speech or music reaches
the level which is just capable of fully loading the transmitter, the
gain of an amplifier in the circuit is progressively reduced at such
a ratio and in such a way that the level fed to the transmitter rises
no further, but remains substantially constant until the level fed to
the limiting device has dropped below the level which fully loads the
transmitter.

2. Characteristics of Level-Range Compressors, Expanders
and Limiters.

The simplest way of showing the performance of level-range
compressors, expanders and limiters is by means of a curve relating
the input and output levels of the device. It may be of some
assistance in understanding curves illustrating the performances of
such devices to consider first the equivalent curves relating the
input and output levels of an amplifier or an attenuator.
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Fic. 1/XXII:2.—(a) Normal Gain and Loss Lines on Input-Output Diagram.
(b) Volume Compression Curves (full line) and Volume Expansion Curves
(dotted line).

Fig. 1 (a) shows the input-output characteristics corresponding
with a number of values of straight gain or loss, respectively, of an
amplifier or an attenuator. Each characteristic is simply a plot of
the relation between input and output level expressed in decibels
relative to one milliwatt.

It is seen that these characteristics constitute a series of straight
lines at 45°. In Fig. 1 (b) the full lines show typical input-output
characteristics for level-range compressors with a compression ratio
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of 2: 1. This means that the output-level range is half that of the
input-level range. It is evident that to change from one line to
another it is only necessary to insert gain or loss before or after the
compressor. Also it may be noted that the slope of the line deter-
mines the range-compression ratio. The dotted lines show typical
input-output characteristics for level-range expanders with an
expansion ratio of 2 : 1.

Fig. 2 shows typical input-output characteristics for limiters.
It will be noted that for low levels the limiter behaves exactly as an
amplifier or attenuator with a certain gain or loss, but that when
a certain level R is reached, which will be called the roof of the
limiter, as the input level is increased further, the output level rises
no further or rises very little. Ideally,
the output level should rise no further, 7 +36

but in practice it is not possible to "%;20 R
achieve the ideal performance and a N //
small rise occurs. The input level at N4
the point R may be called the input I,,pu?/ Level, db.
roof and the output level at the point 30 <20 -»/ 0 w0 +20 +30
R may be called the output roof. *J%._‘S_ 70
Rl S

It may be noted that to change 1 7
from curves 4 or B to C or D respec- [ZA 207/ .
. . B
tively, attenuation must be added (or _30/
gain removed) before the limiter, while . XXIT-2—Tvoical Limi
to c