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PREFACE 

T H E  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 upto-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 
v 
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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. Tuner. 
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 GroupCaptain 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 GroupCaptain 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 E.N.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 initio. 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. 
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V O L U M E  TWO 

CHAPTER XVII 

BALANCED AND UNBALANCED CIRCUITS 

RE GA R  D L E s s 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 line. 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 present 
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. I (a) where a generator of internal impedance R, 

FIG. r/XVII:x.-Unbalanced and Balanced Circuits. 

and internal e.m.f. e 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 Iong circuits because, 
if the wires of two such circuits run close together, interference or 
cross-talk occurs from one circuit into the other due to two effects : 
electromagnetic and electrostatic induction. 

I 
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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. I (b) 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. I at (c) and (d ) .  

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

Since it is seldom the case that a piece of apparatus is constructed 
m6th its two output legs inherently balanced to ground, the circuit 
of Fig. I (c) has no practical interest. The practical circuit is shown 
in Fig. I (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. 
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5. Reduction of Electromagnetic Induction. 
In Fig. I (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 a and b are the con- 
ductors of one pair and c and d are the conductors of a second pair, 
it is evident that the currents induced in leg c by the current in a 
are in opposite sense from the currents induced by the current in b ; 
they therefore subtract. If the distance from a to c is made equal 
to the distance from b to c the induced currents cancel. Similar 
remarks apply to currents induced in leg d. 

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. 

FIG. 1/XV11:5.-Arrangement of Conductors in Balanced Circuits. 

In the first method each pair is twisted as indicated by the arrows 
in Fig. I (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 comers of a group of four wires. 
This method is shown at (c), 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 qzcpd, 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)/XV11:5 

illustrates the capacities between the legs of two pairs, ab and cd. 
This arrangement is redrawn diagrammatically in Fig. I (j), from 

3 
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which it is evident that in order that no voltage shall appear across 
cd due to a voltage across ab the condition must hold that 

c m  - cad 
c, - c, see XX:8 

Twisting or rotating the pairs as in Fig. I (b )  has the effect of 
making C, = Cbc = Cd = Cbd 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 

FIG. I/XVII:~.-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. I. The inner conductor constitutes one 
leg of the circuit and the outer conductor the other leg of the circuit. 

4 
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I t  evidently constitutes an unbalanced circuit. 
At zero frequency (direct current) and a t  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 condzu:tor is insulated from g r o d  this 
wiU 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, a t  a very high frequency where 
the depth of penetration (see 11:13.1) 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 cancause 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. 

W h  th cable is buried in the earth the potential gradient along 
the length of the cable may give rise to earth currents a t  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- 

5 
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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 AX. 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 
(I) 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 
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(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 a t  
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 volta&s to Ground Occur 
in a Disturbing Circuit. The general case is indicated in Fig. I. 
A generator of internal e.m.f. e and internal impedance R, is con- 
nected to the legs a and b of a circuit having impedances to ground 
which are respectively Za and 2,. It is evident that the voltages 
to ground are 

7 

Hence 

The presence of a balanced load across terminals 23 does not 
va. change the ratio - v, 

Considering voltages with regard to ground, Vb is evidently 
negative with regard to V a  and it is permissible to consider Va and 

7 
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V, (V, negative) as being each made up of two voltages with regard 
to ground. Algebraically : 

The two voltages v,  and - v ,  constitute a balanced voltage to 
ground, while the voltages v ,  constitute an 

2 unbalanced voltage to ground. Algebraically 

$y[io v,  numerical = +(Va+Vb) magnitudes = half of the Va difference and Vb. of the 

e Z6 The balanced voltages to ground give rise 
2 to balanced currents in the two legs, equal 

in maenitude and o ~ m s i t e  in sense. while " A a 

FIG. 1/XV11:9.-- the voltage v,  gives rise to currents in the 
Unbalanced Voltages. 

two legs of the circuit which are equal in 
magnitude and of the same sense. These currents are called longi- 
tudinal currents. 

9.11. Case 1. Unscreened Transformers : Screened Can- 
ductors : Ideal Earths. A particular case which is really the 
general practical case is shown in Fig. 2, where a transformer T, 

FIG. z/XVII:9.-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 a 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 TS. Neglecting the effect of T, by a similar argu- 
ment, the impedances to groundnat E and F are unbalanced. There 
is, therefore, unbalance at both ends of the circuit. 

The unbalance of voltages in the output of T, 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. 
I t  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 la. Screened and Balanced Transfomners. 
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 t ransforw 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 
t6 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 
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Fig. 3 shows a circuit identical with that of Fig. 2 except that 
T ,  and T ,  have been replaced by T ,  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. 

I t  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 C1 and C ,  in Fig. z) 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, C ,  and C ,  are distributed capacities so that the longitudinal 
currents flow to the screen partly through the two halves of the 

r, 

- - - 
FIG. 3/XVII:g.-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 shodd 
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. 

I0 
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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- 

. . . . r---L -----------------.,-- ---- --------------- 
a .  . * I I 

I AmpJfier 
I I 

I I 
I :: - I L ------------------  --- -------- - ----- - ---------- a . . 

"C, 
FIG. 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 a t  supersonic frequencies, and this must be avoided. 

9.14. Case 3. 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 2,. 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 2,. A voltage is therefore established across 2, and the 
point P is a t  some voltage above ground. The whole of the .earth 
circuit of amplifier I is therefore at a potential to ground, and a 

I1 
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longitudinal current flows out along the input circuit of amplifier I 
and in so doing applies a voltage between grid and cathode of the 
first valve of amplifier I. This can be seen from the fact that the 
longitudinal current from the filament flows partly through C, and 
L, and partly through La 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 I. 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 

* - - 
FIG. g/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 a P , i n d uces 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 
A and B are the points at  which the screen of the interconnecting 
wiring is bonded to F ,  and Fa. A current, therefore, circulates 
round this circuit, and by electromagnetic induction induces a , 

I2 
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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. 

I t  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 2,. 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 

Receiviqq end o f  circuit 

. a  T 
7 

I I 
I 

ce:-T: ::I: 7% c, - 

p i  - - 

FIG. 6/XVII:g.-Use of Centre Point Earth. 

reduced by earthing the midpoint of a suitable transformer. For 
the reasons give.n below, the use of swh earths is dangevous, and they 
should be a$$lied with cadon.  

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 T. 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. 

13 
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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 i n  this way may be found to i w e a s e  the interferewe if the balance 
of the transformer i s  poor, or if the series im+edances of the legs of the 
circuit are unequal. 

I t  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. I t  has the potential disadvantage that, while it reduces the 
disturbance into other circuits, it may increase the disturbance f r m  
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. 

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

Fig. I shows two pieces of apparatus, A, and A,, 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. I t  is evident that a potential difference Ve 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 
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two earth leads to El 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 4 in. to ) in. or even larger. 

PIG. I/XVII:IO.-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 

A2 

Power Ci~cuit Earth 

E 
FIG. ?/XVII:io.-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 advpcated in this section (XVII:IO) 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. 
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11. Separation of Power Earth Leads and Apparatus Earth 
Leads. 

I t  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. 
I t  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. 



XVIII : 1 

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 
identsable as such. 

Noise 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. 

I t  is &sumed 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. 

Irt the case of lines the cross-talk attenzcation between unrepeated 
lengths of pairs of conductors traversing 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 programn~e 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 ~ w  = 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 
Led - B - (Liw - C,). 

In the case of transmission in opposite directions through the two 
circuits the relative cross-talk level is equal to L,  - (Ling - 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 80 db., the far-end cross-talk is IOO 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 and is 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) = 80 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 fa l l  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 nearend 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 78 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. I t  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- 
frequeixy 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 
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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 IOO amps., hum is sometimes introduced owing to inter- 
action between the magnetic field of the filament and the electron 
stream from 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 t h e ' ~ . 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 AX. 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. 

g. All screens should be well bonded together and to earth : see, 
however, XVII:g.q, " 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 filter in the input of the apparatus affected. I t  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-curren t (e.g. 
1,000 amps.) machines, such as the filament machines of large 
transmitters, an electrolytic condenser of about 50 pF is required. 

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

I. The relays are operated from a separate battery with a 
sefiarate earth. 

z. 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 qzlenck consisting of a 2-pF 
condenser in series with zoo 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 : 

I. 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. I t  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 XVI1: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 dry electrolytic condensers, e.g. ~ ,ooo  pF, 
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.f., 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-ilz 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, zf,, zf,, 
f l f  fa ,  f l f  2 fs ,  f s&z f i ,  etc., each modulated with both 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 a;erial 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 g. 

5. Interference in Radio Receivers. 
5.1. Interference Not Incoming to Aerial. I t  is evident 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 receiver 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 receiver. See XV111:5.211. R.F. interference incoming on the 
A.C. 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 R.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: 

I. 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 coctacts 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 vLith 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. I (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. I t  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 a t  (6) and (c) in Fig. I, the aerial, which is nominally 
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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 I (c) the transformer is only necessary to match the 
aerial to the feeder in the case where the overall length of the hori- 

Screen Screen 

FIG. 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. I (c), 
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 born 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 10 kc/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 g kc/s from the original frequency, 
is reproduced with a frequency = 9,000 - f cjs. 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 camer 
frequency itself, intermodulating with the wanted camer, will give 
rise to a 9-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 adjacentchannel heterodyne. Heterodyne notes are 
reduced by the use of I.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 34 kc/s give rise to 
sidebands located more than 10 kc/s away from the camer frequency. 
These give rise to frequencies in the adjacent channels which usually 

30 



INTERFERENCE AND NOISE XVIII : 5.224 

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 adjacentchannel 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 I.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 
camer and the unwanted signal, beats occur between the unwanted 
camer and its sidebands, so that the unwanted programme appears 
as cross-talk. 

5.225. AdjacenbChannel 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 infrequencyfrom 
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. 

I t  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 Eflect of Third-Order Non-linearity in 
a S.F. Amplifier. In general, the anodecurrent grid-voltage 
characteristic of a valve over its operating range can be expressed 
by the relation 

i, = k,+k,e+k,e2+k&+ . (1) 

when e is the instantaneous value of the grid volts. 
The output will therefore contain contributions corresponding to 

all these terms. 
Consider the output 

is = kses (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 A , ( I + ~ ,  sin vd) sin c,t, corresponding 
to a carrier frequency f,, and the unwanted wave be 

A,(I +ml sin v,) sin c$, 

corresponding to a carrier frequency fz. The sum of these two waves 
may be considered to constitute the input grid voltage e. 

If Eg is the grid bias 
i, = k,[A,(~+m, sin v,t) sin c,t+A,(x+m, sin v,) sin c$ - Egla (3) 

(a) Ib) (cl 
Calling the terms inside the cube bracket a, b and c respectively, 

The terms aa, ba, cS, 3b2c, 3bc2, 3aZc, 3ac2 evidently contain no inter- 
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modulation products between a and b. This leaves only three terms, 
3aba, 3aab and - 6abc. The term 
6abc = 6EoA1A,(r +ml sin vlt +ma sin v,t 

+mlm, sin vlt sin v,t) sin clt sin cat 
This corresponds to two carrier frequencies respectively of frequency 
f,  +f, and f1 - 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. 

abe = A,A:(sin clt+ml sin clt sin vd)  
x ( I  +zm, sin v,t +mi sina vd) sina c,t 

But sinP cat = 4 - $ cos zcPt 
From which it follows that among others a term appears : 

+A ,A,: sin c , t ( ~  +zm, sin v,t - @,i cos 2214 . (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 EXEect. 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 
fieldstrength signal. on reception after reflection a t  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:g . To 
receive the wanted frequency the oscillator of a superheterodyne 
receiver is usually set to a frequency fo, greater than the wanted 
frequency f, by an amount equal to the I.F. frequency f. The differ- 
ence frequency fo - f, = f traverses the I.F. circuits. If a carrier 
frequency f, greater than fo reaches the aerial and f, is such that 
f, - f, = f, the difference frequency will pass through the I.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, = f1 +zf, 
the response of the signal frequency circuits at f,, the secondchannel 
frequency is much less than at the wanted frequency. The differ- 
ence between the response of the signal frequency circuits at f1 and 
f,, 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. I t  
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 I.F. frequency will give rise to 
a difference frequency which will traverse the I.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 I.F. frequency, will give rise to a fre- 
quency which will traverse the I.F. 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 I.F. Frequency. If the signal 
frequency selectivity is not adequate, a frequency incoming from 
the aerial which lies within the pass range of the I.F. filter will pass 
through the I.F. 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 I.F. frequency. 

5.22.12. Mixed-Channel Interference. If two carrier fre- 
quencies occur with a frequency difference between them equal to 
the I.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. I t  is evident that the interference will rise 
to a maximum with the signal frequency circuits tuned somewhere 
between the carriers in question. I t  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 I.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 described in XV1: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 requirements laid down in Appendix I 
of International Radio Communication Regulations, Cairo 1938, are 
useful : these are as follows : 

Frequencies below 3000 kc/s (Wavelengths above IOO 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 IOO 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 C,. In Fig. 2 (b) is shown an alternative type of circuit 
which is called an acceptor circuit and consists of inductance L,  and 

Receiver L,,p +====+ 
- 

(a) Cb) 

Tubu//ar screen, we// bonded to  
at cud end 

A 
0 Receiver 

fl 
E 

- - 
I J Screen 

(c) 
FIG. z/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 n 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. z (a) and 2 (b) are suitable. This consists of a combination 
of inductances and capacities respectively of value L,, C,, L, 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,, La and C,, in Fig. 2 (c) 
are given by 

The values of inductance are in Henrys and the capacities in Farads. 
R is the impedance looking into the receiver, which, for this 

$zcr$ose, can usually be assumed to be in the neighbourhood of 200 

to 400 ohms. 
Strictly, the values of the n section should conform to these values, 

but if the values of L, are difficult to realize it is permissible to use 
%L, and 2Ca in the shunt arms, instead of L, and C,. An artful 
means of bringing the value of La 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 off, and f a  depends on the separation between wanted 
and unwanted signals. In general, f1 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 IOO kc/s away 
from the unwanted frequency, f a  - f, should be about 40 kc/s. 

Themost probable optimum valuesof L,, C,, L, and Ca in Fig. 2 (a) 
and (b) respectively are also given by the above relations (assuming 
values for f, and f, as for Fig. I (c)), 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 n 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 giyes 
the best results. 

As stated, the n 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 (c). There is no direct earth on the rejector 
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screen which picks up an earth via the continuous screen running 
to the receiver screen. 

I t  should also be noted that the n rejector circuit is tapable of 
rejecting a band of frequencies of any required width, i.e. extending 
from f, to f,. For improved n 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.z. 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 
XVIII: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 
occurred 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. amplifie~ 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:IZ .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 *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 
Celotex. - 

6.7. Johnson Noise : the I2IM.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.pennanent 
state of movement which results in a system of random e.m.Es 
appearing at the terminals of the resistance. This was first 
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discovered by J. B. Johnson. The sound appearing a t  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 fl cycles per second to f, cycles per second with 
the resistor at T degrees K (Absolute) is 

En = zdkm volts 

where k is Boltzman's constant = 1-37 x I O - ~ ~  joule per degree 
and b = f , -  fl 
Hence - 

En = 7.4 x I O - B ~ R T ~  microvolts. 

With the resistance on open circuit the voltage developed across 
the terminds of the resistance is En. 

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 

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 

Vo = 6.17 x 10-3d(f, - f,)/gm microvolts 

where gm 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 #artition 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 Vo, 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 

1+8& (see Bibliography, I 8.1) $3 3 
where I, = the total cathode current in mA 

I, = the anode current in rnA 
I, = the screen current in mA 
g,,, = the mutual conductance of the pentode from control 

grid to anode in mA/volt. 
6.9. Flicker Effect. J. 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, = 0-316dlo~,(f,/f,) microvolts. 

630. 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 I, mA, the noise voltage on the grid is 

V ,  = 1.8 x 10-~2/I, (tanp1 2nCRj2 - tan-' z n ~ R f , )  microvolts, 
where jl and f2 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. Dejnitions. 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 conjugate 
of that of the generator. 

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

where A ,  is the power amplification factor at  the arithmetic mid 
band and A is the power amplification factor at any frequency. 

Then the Noise Factor is 

Available Noise Power a t  Receiver Output before Detection. N = 
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". 

of thermal noise, 
this case it may 

As is substantially the case, it will be assumed that the spectra 
receiver noise and aerial noise are identical. In 
be shown that 
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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,. 

N,,, = 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 2g0•‹=4kTb. 

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,. I t  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. Jow., vol. 93, 
part IIIA, no. 6. 

I t  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,,, = 4kTb watts, 
where k = Boltzman's constant = 1-37 x I O - ~ ~  joules per cycle 

T = 290' Absolute. 
b = the energy band in cycles per second calculated as above. 

Hence N,,, = 1.6b x I O - ~ ~  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,+N,, 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 b. In 
general, therefore, the diode is faced with some other impedance 
than R,, which will be referred to as rR,, where r is the impedance 
ratio between R, and the diode. The temperature of R, is adjusted 
to 2g0•‹ 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 
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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 a t  the output of the receiver with the diode con- 
nected is twice that observed a t  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 =zebI x I O - ~  watts, 
where e is the charge on an electron in coulombs = 1.6 x I O - ' ~  

coulombs 
I is the 

and b is the 

The noise 

T = 290•‹ Abs. 
The author 

diode anode current in mA 
energy band in cycles per second. 

Zeb' x 10-3 = o-021 since factor is therefore -- 
4kTb 

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 Ra 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, = kTabRa watts. 

Value of Aerial Noise Tem+erature. 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 25% of the maximum, 
see L. A. Moxon, " The Noise Characteristics of Radio Receivers ", 
I.E.E. Jour., vol. 93, 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. 

T a  = 2700 x (I?)*' degrees Absolute. 
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Minimum Value in Direction Normal to Plane of Galaxy. 

T, = 600 x (y)" degrees Absolute, 

where f is the midband frequency of the energy band in megacycles 
per second, e.g. iff = IOO Mc/s, then the maximum maximum value 
of T,  = 2,700 degrees Abs. 

6.12.3. Determination of Received Slgnal 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 
XV111:8.1.) 

1 = wavelength in metres 
Nu = 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, = 2.65 x 10-9E2 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 = GA2/+z. 
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 - I)N,,,. 

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 I/&. 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. I t  is a practical 
proposition, for instance, to cut down the received frequency range 
from 30 to ro,ooo c/s to 30 to 5,000 c/s. This is done on certain 
short-wave receivers by changing the width of the I.F. filter. 

7.11. Single Sideband. See also XIXx7. 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, improves 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 (a), (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 

46 



INTERFERENCE AND NOISE XVIII : 7.2 

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 10 transmitters which 
provide an adequate noise ratio with an average transmitted power 
of, say, roo 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 : 
I. 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 

47 



XVIII:8 RADIO ENGINEERING 

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 R e  
ceiving Array. The performance of a directional receiving aerial 
is represented by drawing a vector in each direction proportional to 

(a1 C i v  
FIG. I/XVIII:~.-Polar Diagrams. 

(a) Class I 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. 

I n  a Class I 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 I array is illustrated in Fig. I (a), where the circle is the 
horizontal polar diagram of the reference 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. I (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 (spheterical 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 10 times logr, of this ratio. 
The statement in XVI11:6.12.3 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 N1 to an array with a higher noise 

N, ratio N, is then 20 loglo - db. There is evidently no point in using 
Nl 

a class 2 array if a class I array of equal noise ratio can be built 
for the same cost, since the higher gain of the class I 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 I 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 I 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 
yaries 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 

FIG. z/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 (e). In other words, the field at (c) can be reconstituted by adding 
the magnetic vectors in (d) and (e) and adding the electric vectors 
in (d) and (e) .  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 go0 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- 

Loop 
Aerial 

WEST 

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

coming ray of a horizontally polarized wave. I t  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 

(a) Cb) 
FIG, q/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 

FIG. jjXVII1:S.-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 OA and OB (which 
give rise to OC) and subtracting vectors such as OE and O F  (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 Cg and K the signal from the unwanted station can be balanced 
out. I t  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 I 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 I and 2, which are 
treated as the output of a single loop and may be regarded as being 
connected to terminals I 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 
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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 ". 

FIG. 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 I, so that coil I 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 A ,  and A,. 
As before, coil 3 is connected to terminals I and z 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. 

444 
FIG. 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. g. 

Fig. 8 shows the co-planar arrangement. The sense of the con- 
nection of the loops is indicated at 8 (a) 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 (c) 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. g (a) gives a perspective of the co-axial spaced loop system 
with the sense of interconnection between loops indicated as before. 
Fig. g (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 I LOOP a 
Receiver 

FIG. 8/XVIII:8.-Co-planer spaced Loops and Corresponding Polar .Diagrams. 
Full line = Vertical Polarization. Dotted line = Hbrizontal 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 : 

I. 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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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. Its 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 

FIG. g/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 (b),  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 t o  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 R A D I o R E c E I v E R is a device which converts the modulated 
wave induced, in a receiving aerial by a modulated space wave to  
the original band of modulating frequencies, a t  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 detection. 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- 

(a) (6) 
FIG. I/XIX:I.-Simple Receivers using Rectifiers. 

phones. Fig. I shows two such receivers. In  type (a )  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 (a) 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 pF. 

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 

(dl 
FIG. z/XIX: I .-Operation of Linear Detector. 

modulating wave. If the circuits L,C, and L,CI, respectively, in 
Figs. I (a) and I (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 (b) 
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 (c), 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, = aa, and approximately 
a, = a,/n. 

In either of the circuits of Fig. I 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. I t  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. 

FIG, g/XIX:1.-Rectilier 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 A .  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 metd 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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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.P. Receiver. 
After the simple crystal or diode detector the next stage in 

development was to add one or more high-frequency amplifiers 

* 
FIG. I/XIX:~.-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. I. 

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-pF 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 0.01-pF 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-01-pF condenser 
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coupling the anode circuit of V ,  to the tuned anode circuit L,, 
C, and the diode V, .  The diode load R, is usually between roo,ooo 
and 500,000 ohms and may be made variable, as shown, to provide 
a volume control. The condenser C6 across the diode load is usually 
about 50-100 ppF 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 zo pF  in order to prevent audio-frequency feed- 
back from anode to cathode circuit of V,.  L,  is an audio-frequency 
choke and C, is a I pF 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 o-5-pF 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. I shows a valve arranged as 
an anode-bend detector, which might be 
used to replace the diode detector in Fig. 
x/XIX:z, by inserting the circuit of Fig. I 
between A and B in Fig. r/XIX:z. :$jF 

In Fig. I, R6 is a resistance providing A 
audio-frequency coupling to the next 
stage in conjunction with condenser C,,, R7 

which is about 0-5 pF. R, in Fig. I -Eg 
maintains. the mean potential of the grid FIG, I,XIX:j.-Anode-Bend 
of the following valve, e.g. V ,  in Fig. Detector. 
I/XIX:Z at ground potential. Vi 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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indicated in Fig. 2/XIX:3, where E, is the applied grid bias and Ec 
is the grid bias required to take the valve to cut-off. 

This anode-current/grid-voltage characteristic is of the form 
ia=a(Ec+e)2 . (1) 

where i, 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 Vi consists of a carrier wave of amplitude A and angular 
frequency c modulated to a depth m by a sinusoidal audio-frequency 
wave of angular frequency v. 

I 
I Grid Yolts, E 

FIG. z/XIX:3.-Characteristic of Anode-Bend Detector. 

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

Em = A sin ct +mA sin ct sin vt (2) 
= A (I +m sin vt) sin ct . ( 2 4  

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

i, = a[E,+A(x+m sin vt) sin ct - E,I2 . (3) 
= a[(Ec - E,)2+A2sin2 ct+zmd2 sin vt sin2ct+zA(Ec - E,) sin ct 

D.C. Twice carrier carrier frequency 
frequency + D.C. 

f imA(E, - E,) sin vt sin ct+A k2 sin2 vt sin2 ct] 
sideband frequencies 
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Neglecting the D.c., carrier frequency, double-frequency carrier, 
and sideband frequency terms 

i, = a[zmA sin vt($ - 4 cos 2 4  +m2A - 4 cos 2vt) (3 - 4 cos 2 4 3  

= a[mA 2sin vt - mA2sin vt cos zct+&m2A 2+@2A cos zct cos 2vt 
Wanted zc+v and zc - v D.C. zc +2v and zc - zv 
original 
audio 
frequency 

- ~ m 2 A 2 ~ ~ ~ 2 ~ t - & t z 2 A 2 ~ ~ ~ ~ ~ t ]  . 
Twice carrier Twice audio 

- (4) 
frequency f r ~ q u c n c ~  

The only audio-frequency terms in this expression are the first 
and the last. The first term, which is of amplitude amA2, con- 
stitutes the wanted audio frequency, while the last term, which is 
of amplitude am2A2/4, 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 : 

Hence at IOO % modulation the second-harmonic distortion is 
25 % ; at 50% 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, 
f, 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 fa, giving rise to 
distortion products f, - f, and f,+fi of amplitude QamlmaA. 

4. Leaky-Grid Detector. 
This type of detector is shown in Fig. I /XIX:~.  C,, is about 

0.0003 pF, R, is about I MQ, while R,,, C,, and R,, have the same 
values and the same object respectively as R,, C,, and R, in 
Fig. I/XI.X:~. Since the valve V: is operated with no grid bias, 
when R.F. drive is applied between A 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. r/XIX:z ,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 +I/. r 
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, -kLy-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. I/XIX:I, C ,  in 
Fig. 1/XIX:2, and CI1 in Fig. I /XIX:~:  This distortion is illus- 
trated in Fig. I /XIX:~,  where the full-line curve represents the ideal 

Time 
FIG. r/XIX:g.-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 

kc/s 
445 
455 
465 

FIG. 2 / X I X : 5. -Diode 
Circuit with R.F .  Filter. 

Case I 

R C Time constant = RC 
Ohms ppF Microseconds 
200,000 100 20 

6oo.000 50 30 

IOO,OOO 50 5 

A variation of the diode load circuit 
is shown in Fig. 2, in which the diode 
load consists of two resistances, R, and 
R,, with two capacities, C1 and C,, 
shunted to the cathode. The transformer 
T is an I.F. or R.F. transformer supply- 
ing the signal to the diode circuit and 
the audio-frequency output is taken to 
the following valve from point A .  Typical 
values of R,, R,, C,  and C, taken from 
commercial receivers are : 

Case 2 Case 3 

R I IOO,OOO 9 47,000 9 50,000 9 
R2 180,000 9 1'5 M a  600,000 l 2  
c 1 IOO ppF 50 PPF IOO ppF 
c2 I00 ppF 50 PPF 50 PPF 

I t  will be seen that the tendency is to keep R, low in value compared 
to R2 in order to transfer as much voltage as 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. I, which shows also the 
following audio-frequency valve. If R, = R,  = R and L = CR2, 
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 
~o,ooo L2,'which is very low compared to the usual values of ~oo,ooo 
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 ~o,ooo ohms. 

FIG. r/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 : 
I. 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 IXx3 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 than at 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 0.45 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 
I.F. to the detector. 

6. A detector which suppresses the I.F. frequency and supplies, 
to the low-frequency amplifier following, an input voltage 
corresponding to the envelope of the I.F. 

7. A low-frequency amplifier feeding a loud-speaker 
8. A loudspeaker. 
9. 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 R.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. I 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 : 

Iff, 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 fw, as indicated by the position of the dotted curve marked 
" attenuation of SF circuits " : this is the normal process of tuning 

contm/ c/rcu/c P "~~""'  

FIG. I/XIX:~.-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 fa  (greater than fw) such that fo - fw = I.F., where I.F. 
is the mid-band frequency of the I.F. filter. The mixer therefore has 

I' 

Attenuat/on o f  
S.E Circuits ,I 

'?/' 
I' 2.8 8 G 
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Q 3 
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FIG. n/XIX:8.-Relative Locations in the Frequency Spectrum of Wanted (Signal) 
Frequency, Second-Channel Frequency. Beat 0scillator.and I.F. Frequency. 

applied to it the frequency f, and its sidebands plus the beat oscillator 
frequency f,. The mixer is in efect a non-linear device so that there 
appears at  its output fo+fw and fo  - fw plus sum and difference 
frequencies between fo  and the sidebands of the wanted carrier. 
(See XI:g 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 fo and fw is fo - f, = I.F., 
a shifted camer frequency appearing in the middle of the I.F. filter 
pass range at f, = I.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 I.F. filter and I.F. amplifier. 
Just as the sideband frequencies are transferred while preserving 
their proper frequency interval from the camer frequency, so are 
any other frequencies in the neighbourhood of fw which may, for 
instance, be due to a transmitter located on an adjacent channel. 
The degree to which these are suppressed in traversing the I.F. filter 
depends on the attenuation characteristics of the I.F. filter. After 
traversing the I.F. 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. I/XIX:Z or Fig. 2/XIX:5. The shifted camer 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 interference and noise observed in a radio 
receiver, together with such means as are available for their reduction, 
are described in XVIII:5 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 I.F. 
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 " and channel suppression " in Fig. 2/XIX: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 I.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. a/XIX:8 that f, = fo - f, 
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also increases in frequency, while the shifted value of j,, which is 
equal to fa  - f, decreases in frequency. The wanted frequency and 
unwanted frequency therefore travel through pass range of the I.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 j, = the shifted value of 
j, and reappears as a note of increasing pitch as the tuning is moved 
further. 

Heterodyne notes and mixed-channel whistles (see XVIII:5.zz 
and ~.zz.Iz), 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. I / IX:I~,  and 
Fig. I/XIX:IO. 

In the hexode and heptode the incoming signal is applied to 
grid I 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. I (c)/IX:q. 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 I 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 : 

pe = ke , .  (1) 

where k is a constant. 
If e ,  is the instantaneous voltage applied to the signal grid, the 

anode voltage swing 

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:g, where the term corresponding to the product of two 
sinusoidal voltages gives rise to sum and difference frequencies. 
More explicitly, if a frequency fw is applied to the signal grid and 
a frequency fo  is applied to the oscillator grid, there will appear in 
the anode circuits, in addition to frequencies fw and fa, also the 
frequencies fo+fw and fo  - fw, the last of which is the frequency 
required for supplying to the I.F. filter and amplifier. 

Typical mixer circuits are shown in Fig. I 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. I (a) 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 o-oox pF  ; on long-wave sets they should be 
shunted with a paper condenser of about 0.1 pF. The coupling 
condensers C ,  and C4 should be mica condensers about 0-01 pF. 
The coupling transformer T constituted by L,, L,, C ,  and C ,  is 
really one of the I.F. filter stages and may be designed directly from 
the chart on Fig. I/VII:X~ 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  I.F. Conversion Gain in. db. = 10 log.,, - 
Input power at signal frequency 

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 ro db. at  1 = 10 cm. 

11. I.P. Filter and I.F. Amplifier. 
The I.F. filter and I.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. I/XIX:IO. 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 I.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 ppF, wiring stray capacity 20 ppF, self- 
capacity of coil estimated at 5 ppF, total estimated capacity 35 ppF. 
A trimmer condenser is added with a capacity range from 5 to 
25 ppF, so the estimated total capacity range is from 40 to 60 ppF. 
Hence design for 50 ppF. Assume the I.F. frequency is 450 kc/s 
and that design is carried out for a band width of 15 kc/s : the 

15 percentage band width is then - = 3.33 %. From Fig. r/VII:14 
450 

the value of capacity for ro,ooo IR impedance with a mid-band 
frequency of I Mc/s and 3'33% band width is 475 ppF, and at 

I 000 
450 kc this corresponds to 475 x ' = 1,055 ppF. Hence the 

450 
secondary impedance is '4 x 10,000 = 200,000 l2 approximately. 

50 
The remainder of the-design 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 I.F. chain. If it is inserted between 
two I.F. 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 modem designation. 

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

FIG. I/XIX:I 2.-Aerial Coupling Circuit. 
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At (b) are shown two of these circuits in use with balanced 
short-wave aerials, and at (c) 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 (a) is of the same form as in I (a) constituted by 
L,, L, and C,, while the coupling at (b) is constituted by  L,, L,, 
C, 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. 

d +H. 7: 
(a) (5) 

FIG. z/XIX:IZ.-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 
I.F. circuits. 

12.1. Design of Signal Frequency Circuits. In the design 
of these circuits art plays a large part on account of : 

(a) 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. 

(c) 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 I.F. 

Any design indications based on simple assumptions are therefore 
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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. 1. 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 : 

(a) 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. 
(c) Above the band of frequencies : the circuit is then said to 

have a low impedance primary (i.e. L, is small). 
(a) 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 Electrique, Nov. 
1938, p. 521, '' Gtude 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 IOO 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 (6) to the Circuit of Fig. 1 (a). 
In British practice, at medium-wave frequencies the average aerial 
is assumed to look like a 2oo-,u,uF (U.S.A. 150-ppF) condenser in 
series with 25 SZ. In the aerial coupling circuits of Fig. I 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 I.) As an example, suppose the range to be covered is from 
200 to 600 metres, the geometric mean of zoo and 600 is 4200 x 600 
= 347 metres which corresponds to 865 kc/s ; and at 865 kc/s the 
value of inductance resonant with zoo ppF is 

L1 = 
10" X 10'~ 

= 170 pH. 
200 x (zn x 865,000)~ 

Let 

Q, = the Q of L, 
Ra = the aerial resistance 
R1 = the resistance of L1. 

Then at secondary resonance the secondary series impedance is * and the mutual coupling must be adjusted so that at the 
Q. 

geometric mid-band frequency the impedance transferred to the 
primary - circuit is equal to the total primary impedance = Rl+Ra 

= where OJ = prf and f is the geometric mid-band frequency. 
Q1 

That is 
- M"Pa = * where M = k ~ L J ,  

L# Q1 

The value of L, is determined by theinput 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 I, 
then the maximum value of C, must be equal to g times the total 
circuit capacity with C, at minimum. 

Let Co = the minimum condenser capacity 
Cc = the circuit capacity including wiring and valve input 

capacity 
C, = the maximum value of the condenser. 

Then 

and 
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where w,  = 2nfl and f, is the lower limit of the band of frequencies 
to be covered. 

Evidently such a circuit will give an ideal performance only a t  
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 (a) 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 I and 5% 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 

is a maximum and is of magnitude - M2wT2 - - kpaLlw,  retaining 
Law 

the conventions of X I X : I ~ . I I .  The input impedance looking into 
L, is then jLlo +kv,L,w = L,w(kv,+j) ,  neglecting the resistance 
Q,L,w 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 IOO or greater, the value of the 
impedance looking into L,  is nearly a pure resistance of magnitude 
kaQaLlw. The method of design is therefore extremely simple : the 
coupling factor is made as high as possible and L,  is determined 
by the equation 

kv&lw = Za, 
where Za is the required load impedance for the preceding value, 

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

12.2. Ganging. and Tracking. Gaaging 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 
@adding 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 defmed 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 I.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. I /XIX:I~,  
I.F.T.~, I.F.T.~, 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 VI1:14.4) 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 I.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 vIL14.3.) Where the 
I.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:q). 

The best procedure after adjusting the I.F. 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 afiode-grid capacity is very low, for instance, 
0.005 ,u,uF is an average figure. Even at roo Mc/s the reactance of 
this is over ~oo,ooo 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, I.F. or mixer) increases as the amplitude of the 
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signal increases. The valves used in these stages are of the 
variable ,u type in which the amplification factor drops as the 
bias increases : see 1X:xq. 

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 used in practice 
is illustrated in Fig. I. This shows in schematic form a number of 
valves, V,, V,, V ,  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, 

Tb anode circuits 

- 
= o f  H b  

FIG. I jX1X:rj.-Principle of Automatic Volume Control. 

and V ,  and V ,  the first and second I.F. 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 t s  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. 

I 
---3 ---. 
Yariation o f  ouCpur 
/eve/ over operating 
range o f  A. KC. 

----f --- 

FIG. z/XIX:I~.-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 f 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. I, 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 Re 
provides bias to all grid circuits via R,, the cathodes of all valves 

SignoL 2 ode Doub/e Diode Valve 

5 g ~ i d  circuits o f  A. K C contro//ed 
Cz valves through resistance capacity 

- - - 
FIG. g/XIX:q.-Amplified and Delayed A.V.C. using Diodes and D.C. 

Amplifying Valve. 

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 I 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.C. 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. 

0 - A K C .  
BPtte~y 

FIG. .+/XIX:I~.-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 
TOO 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 ~ 3 . 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. I t  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 I.F. 

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. AmpLifler (B.B.C. Patent No. 
533,275). The circuit, which is due to Mr. C. J. W. Hill and 
Mr. J. b'ardley-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 V ,  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,, C,, 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 o f  A. L[ C. contro//ed valves 

Bottet-y 

FIG. s/XIX:q.-Amplified and Delayed A.V.C. using Balanced Detectors 
and Triode D.C. Amplifier. 

potentiometer across the A.V.C. battery (usually about IOO 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 D.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. I t  should be noted here that this D.C. voltage is 

88 



RADIO RECEIVERS XfX : 14 

proportional to the peak value of the mean carrier level, and is not 
affected by modulation depths up to 100%. 

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. 2) 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. I t  
is possible to regard the circuit of Fig. I / X I X : ~  as one in which a 
simple receiver constituted by the I.F. amplifier and filter, the 
detector and L.F. amplifier, is preceded by a signal-frequency frlter 
and a frequency changer. The I.F. frequency is fixed and such a 
simple receiver can only receive one frequency, the I.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 

! 
I 

I 
] Loud- 
I speaker 

I 

Osci//ator i Osci//ator 
1 
I 

This may be constituted by a 
standard super-het. receiver 

J 

FIG. I/XIX:I~.-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. 

FIG. z/XIX:I~.-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. I. In Fig. I 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 I.F. 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 I.F. 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. I), 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 I Mc/s. The advantage of using a 
normal receiver to provide the first I.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 I.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 I.F. circuits, these can be tuned to 
any frequency in the range 0.5 to 1.5 hlc,'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 I.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. 

I t  is shown in XXIII that if positive feedback exists round an 
amplifier with a voltage amplification p, such that the voltage 
amplification round the feedback loop is +&?, the effective voltage 

C1 amplification of the stage is --- 
I - PB. 

If, for instance, pb = 0.5, 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 

I 
reaction is applied) by the factor - In other words, the dis- 

1 - PB. 
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 

92 



RADIO RECEIVERS XIX : 17 

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:~.II. 
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. I t  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 camer. 
I t  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 
camer voltage in the transmitter is equal to the peak voltage in 
the sidebands, so that suppression of the camer 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 camer amplitude C, and any number of sideband fre- 
quencies of amplitudes, respectively, m,C, m,C, m3C, etc., corres- 
ponding to original modulating audio frequencies. Assume also that 
after detection these sideband frequencies appear as the original 
audio frequencies of amplitudes amlC, am,C, am,C, etc., where a is a 
constant. The amplitudes of the corresponding intermodulation 
frequencies are then : 

amlm,C amlm3C amlm,C etc. 
am,m,C am,m,C am,m,C etc. 
am,m,C am3m,C am3msC 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 I 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. 96 and 97, typical characteristics of six com- 

mercial broadcasting receivers are shown. 
94 



RADIO RECEIVERS XIX : 18 

Fig. I, 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 10. 

The values of the components of this receiver are shown in 
Table 11, the operating conditions are shown in Table 111, 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 9,900-ohm 
resistance R1,and is also connected to switch " A ", which selects 
the.signa1-frequency circuits for each wave band, which are applied 
to the grid of the signal-frequency amplifier valve V, 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 C13 and stopper resistance 
Rll 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 I.F. 
amplifier valve. This is coupled through transformer I.F.T, to the 
grid of V,, the second I.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 Ca8, constitutes a 
filter to remove I.F. frequency. R,, (I MQ) constitutes the output 
potentiometer, and so the effective diode load impedance is con- 
stituted by R,, and R,, in parallel and so is about go,ooo ohms. 

R,, provides cathode bias for the triode of V, 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,, fo the 
push-pull output transformer which feeds the loudspeakers. 

95 



TABLE I 

Characteristics of Typical Commercial Broadcastifig Receivers of the Su9erheterodyne Type 

I No. r 

Controls. R.F. gain. 
Band switch. 
A.F. gam. 
A.V.C. on-off switch. 
Main tuning. 
B.F.O. on-off switch. 
Anti-noise level on-off 

\O 
a\ 

Frequencies covered. 

off switch, and tone 
control. 

Pitch control for B.F.O 
Send-receive switch. 

540 kc/s-4 Mc/s 
in 4 bands. 

Number of valves. I 9 

Intermediate 
frequencies. 455 kc/s 

Output impedance. I S p y ; h p l  

No. 2 

R.F. gain. 
Band switch. 
Mains on-off and 

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

25 Mc/s-66 MC/S 
in 2 bands. 

Speech coil 
3'5 0 

No. 3 

Volume control. 
Bass tone control. 
Treble tone control 

and main switch. 
Sensitivity and 

gram switch. 
Band switch. 
Tuning control. 

445 kc/s 

2 speech coils 
2 LJ 

Treble tone control 
and high fidelity 
switch. 

Volume control. 
Tuning. 
Band switch. 
Brass control and 

on-off switch. 

On-off and tone con- 
trol. 

Volume control. 
Tuning. 
Push buttons for 

each band. 

On-off switch. 
Volume control. 
Band switch. 
Tuning. 
Tone control. 

150 kc/s-4zz.5 kcjs 
526 -1,550 
2.8 ~ & - 6 1 - 6  M& 

in 5 bands. 

150-300 kc/s 
5461,500 

6-7-15 M'd/s 
9'47-9'87 ,, 

465 kc/s 465 kc/s 

140-360 kc/s 
~ I C - I , ~ ~ O  

5.85-18.4 M& 
in 3 bands. 

Spcech coil I Sprecll roil 1 Specch coil 
4 fl 3 fJ 2'25 1) 

465 kc/s 



Second-channel ratio. I Mc/s . . 3,700 32 Mc/s . . 35 
(Attenuation of S.P. 3 ,, . . 1,200 50 ,, . . 22 
circuits at  second- 10 ,, . . 73 
channel frequency 20 ,, . . 32 
expressed as voltagc 
ratio.) 

Sigal-noise I!atio : 1 I Mc/s . , 35 pV 
icrovolts 111 ;it 30% 3 ,, . . 22 ,, 

mod. by 400 c) clcs g ,, . . 28 ,, 
for 2:' db, output 25 ,, . . 20 ,, 
ratio !nod, on to 
mod, oft ". 

Selectivity 
Measured at  1 1,000 kc/s 50 Mc/s 32 Mc/s 
Band widths for I 

F ~ M Y  i 
Frequencies at  I 

which 
attenuation is cycles/s 

l d b l  140; 1,600 

db. 1 108 ; 2,300 
below response at  
1,000 cycles. 

Automatic w l u m  
control thmhold I None 

Change of output in db. 40 db. 
for 

change of input 
in db. IOO db, 

above threshold. 

4 PV 
1g db. 

40 PV 
26 db. 

6 rV 
32 db. 

70 PV 
' 1,000 pV 

5 db. 12 clb. 

83 db. 60 db. 84 db. 108 db. 1 88 db. 

I Maximum undistorted 
output (A.F.) 1 Not measured 1 Not measured 

Ill-defined ; 
approx. 1.3 w. 1 z d w a t t s  4'8 watts ! 4 watts 

Maximum output. 1 Not measured I Not measured 5.8 watts 9.2 watts 
I 

1.8 watts 1 5.2 watts 



TABLE I 

Characteristics of Typical Commercial Broadcasting Receivers of the Szcperheterodyne Ty$e 

No. I No. 2 No. 3 No. 4 No. 5 No. 6 

h-off switch. 
rolume control. 
3and switch. 
runing. 
:one control. 

Controls. Z.P. gain. 
Sand switch. 
Wains on-off and 
tone control. 

\.V.C.-B.F.O. switch. 
Variab!e selectivity 
\.P. gam. 
B.P.O. pitch control. 

'olume control. 
Lass tone control. 
'reble tone control 
and main switch. 
ensitivity and 
gram switch. 
Land switch. 
'uning control. 

rreble tone control 
and high fidelity 
switch. 

Jolume control. 
runing. 
3and switch. 
3rass control and 
on-off switch. 

h-off and tone con- 
trol. 

Iolume control. 
hning. 
'ush buttons for 
each band. 

LF. gain. 
Band switch. 
LF. gam. 
I\.v.c. on-off switch. 
Main tuning. 
B.F.O. on-off switch. 
Anti-noise level on-off 

switch. 
Band spread tuning. 
Eombined mains on- 

off switch, and tone 
control. 

Pitch control for B.F.O 
Send-receive switch. \O a 

Frequencies covered. 540 kc/s-44 Mc/s 
in 4 bands. 

25 Mc/s-66 Mc/s 
in z bands. 

:43 kc/s-333 kc/s 
i45 ,, 26.3 Mc/s 

in 5 bands. 

r50 kc/s-422.5 kcis 
526 -1,550 
r.8 ~&-61-6  M& 

in 5 bands. 

140-360 kc/s 
510-19580 8 ,  

545-18.4 Mc/s 
in 3 bands. 

Number of valves. 

Power supply. 
- 

110-250 volts 
25-60 C.P.S. 

100--250 volts 
40-100 C.P.S. 

Intermediate 
frequencies. 

Output impedance. Speech coil 
3'5 Q 

Speech coil 
3'5 Q 

2 speech coils 
2 R 

Speech coil 
4 Q 

Second-channel ratio. 
(Attenuation of S.P 
circuits a t  second 
channel freq~ienc] 
expressed as voltagc 
ratio.) 

Signal-noise Ratio : 
Microvolts ill ; ~ t  30% 
mod. by 400 cj  cle! 
for 20 db. ouipu 
ratio " ~noti, 011 tc 
mod, ofi ". 

Sclcclivily 
Measured at  
Band widths for 

attenuation of 
20  db 
40 db 
60 db 

Fidelily 
Freauencies a t  

wbicll 
attenuation is cyclcs/s 

3 db. 140 ; 1,600 
108 ; 2,300 

below response a t  
1,000 cycles. 

Aulomatic volume 
control lhreshold 

Change of output in db. 40 db. 
for 

change of input 
in db. loo db. 

above threshold. 

Maximum undistorted 
output (A.F.) Not measured 

- 

Maximum output. 1 Not measured 
I 

6 rV 
32 db. 

i 

1 2  db. 

83 db. 60 db. 108 db. 1 88 db. 84 db. 

I 
111-defined ; 

approx. 1.3 w. 2-8 watts 4'8 watts : ' 4 watts 
-- 

--1  

5.8 watts 9.2 watts 

Not measured - 
Not measured 1.8 watts / 5.2 watts 
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TABLE I1 
V a l ~ e s  of Components in Fig. I 

CONDENSERS 

No. Capacity Type 

G.E.C. TUB (500 V) 
LEMCO 3017 
E L  (350 V Unit No. 3 
G.E.C. T J B  (250 v )  
DUB. 635 
G.E.C. TUB (150 V) 
EL (350 V) Un. No. 3 
E L  (500 V) 
G.E.C. TUB 'ioo'ir)" 
G.E.C. TUB 1500 V) 
DUB. 635 
DUB. 5815 
DUB. 635 
DUB. 675 
DUB. 635 
G.E.C. TUB (500 V) 
LEMCO 3017 
LEMCO 3017 
LEMCO 3017 
LEMCO 3010 

EL (500 V) Un. No. 2 

Resistance 

9,900 $2 
22,000 a 
55~000 n 

440,000 n 
9,900 Q 

9,900 n 
44,000 
22,000 n 

2,200 a 
220,000 n 

50 IJ 
440,000 n 
220,000 n 
33,000 n 
55,000 a 
77,000 Q 
2,200 n 
1,300 n 

440,000 n 
77,000 
88,000 il 

220,000 Q 
99,000 Q 

99F"J n 
I MQ 

Watts 

4 
t  

BI 
I 
I 
t 

t i  

* 
I * 
4 * 

knsy. Cont 
6 

4 
1 

4 

* * 
Vol. Cont. 

Capacity 

RESISTANCES 

Type 

B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
3N. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 

Stackpole 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B:T. 

Dubllier 

G.E.C. TUB (500 \') 
G.E.C. TUB (500 V) 
ELECT (30 V) 
DUB. 635 
G.E.C. TUB (500 V) 
G.E.C. TUB (500 V) 
G.E.C. TUB (500 V) 
DUB. 635 
G.E.C. TUB (250 V) 
G.E.C. TUB (500 V) 
G.E.C. TUB (500 V) 
G.E.C. TUB (250 V) 
ELECT (30 V) 
EL (500 V) Un. No. 2 
G.E.C. TUB (500 V) 
ELECT (30 V) 
G.E.C. TUB (500 \') 
G.E.C. TUB (500 V) 
EL (500 V) Un. No. 2 

EL (500 V) ,, ,, 1 

EL (500 V) 3 
G.E.C. TUB ti50 v) 
G.E.C. TUB (500 V) 

No. 1 Resistance Watts 
i 
-- -- 

t 
t 
t 
4 
t 

t 
f + 

Tone Cont. * 
* 

t 
t ' 

Tone Cont. 

2 
* * 
+ 
. t 

B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 

Dubiier 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 

Dubilier 
3N. 

B.T. 
2 

4N. 
4N. 
4N. 
4N. 
B.T. 
B.T. 



- 

v 
No. 

I 
2 
3 
4 

2 
7 
8 
9 

10 

RADIO RECEIVERS 

TABLE 111 

Operating Conditions 

I I 
I I Valve Electrode Potentials and Currents 

i I - -  
I Heater I Voltage Relative 

Function ( Type Volts ! to Chassis Volts 
*.c. I 

1 ' I 
': call rod^ Anode 

- . . . , . - - . - . - 
I 

R.F. Amplifier 
Frequency changer 

' 

1st I.F. Amplifier 
2nd I.F. Amplifier 
Det. and first L.F. 
Tone corrector 1 

I Output 
Output 
Tunmg indicator 
Rectifier 

Currents (mA) 
- 

Smoothed H.T. across C43 = (262) volts. Smoothed H.T. across C45 = (250) volts. 
Volts across R42 = +2-9. H.T. volts across Cqq = (315) volts. 
Total H.T. current through choke No. I = gg mA. Current through choke No. 2 = 32 m.4. 
Figures in brackets denote measurements made with Avometer (1,200-V range). 
Receiver tuned to I Mc/s and sensitive control set for maximum sensitivity. 
* Voltages measured on o-120-V range of avometer. 

Voltages measured on o-12-V range of avometer. 

TABLE IV 

Wave Bands and Switch Positiom 

RANGE SWITCH 

Position Range 

11- 25 metres 
25- 75 ?, 

75- 200 ,, 
200--550 ,, 
9-2.100 ,, 

SWITCH OPERATIONS 

SI S2 Closed 
Radio SI S2 Open 
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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 
V, which supplies current through resistances R2,, R,, and R,, 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 Q and 60 9, 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 t o  an accuracy of f 10% up to 
10 Mc/s and &25% above 10 Mc/s. Their frequency calibration 
should be accurate within 1% or within &IO kc/s, whichever is the 
better, and incremental frequencies should be within f0.5 kc/s ; 
the modulation should be accurate to within &A 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 crns. in radius 
and 6 crns. deep, each winding wound with 20 turns to an approxim- 
ate inductance of 40 microhenrys. The whole coil shall be shielded 
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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. 

Vdve Voltmeter, Thermocouple or T.M.S.  for measuring output 
bud. 

Two Microammeters, o-zj 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 Oscillatw and OsciUoscope. 
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 I, 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 I, 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 r. The standard output is 50 milli- 
watts for receivers operating loudspeakers and I 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 : Xagnitude 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-Ekequency Response, Second-Channel and 
Mixed-Channel Selectivity. The Signal-Frequency Response 
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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 f 2 (I.F.) with regard to the 
frequency to which the receiver is tuned, where (I.F.) is the inter- 
mediate frequency. 

The Second-Channel Selectivity is the signal-frequency loss at  a 
frequency situated z (I.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 I.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 specijed for the measure- 
ment of sensitivity (see R.M.A. Specijication 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, Do. 
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 I.F.) each side of the 
frequency used in determining Do. 

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

Method of Exfiessing 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 = 10 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 I.F. is in the neighbourhood of 125 kc/s, the frequency 
scale to be used is I centimetre = 25 kc/s, and when the I.F. is near 
500 kc/s the scale to be used is I centirnetre = IOO kc/s. 

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

19.41. Second-Channel:&lectivity 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 
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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 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. 

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 (I.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 Eqbressing 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 I.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 I.F. loss shall be measured to a frequency 50 kc/s each side of 
mid-band or to a frequency at which the I.F. loss reaches 80 db., 
whichever is the less in frequency width. 

Method of Measurement. The automatic volume control is.&- 
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 
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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 I.F. loss at the given 
frequency. 

Method of Ex+ressing 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 z 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 80 db., whichever is the less in frequency 
width. Curves shall be taken at frequencies laid down in Section 2, 

Part I, 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 
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laid down in Section 2, Part I, 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 I.F. response, a family of smooth curves being plotted, 
one for each of the frequencies laid down in Section z, Part I, page 8, 
of the R.M.A. Specification. 
19.44. Audio-Frequency Response Overall. The overall 

audio-frequency response is the relation between the envelop 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 I, this would correspond to 
an input of between 1o"nd 106 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 I milIiwatt 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,ooo c/s, keeping the depth of 
modulation constant at 30%, and the output level is measured on 
a transmission measuring set, thermocouple or valve voltmeter. 
Observations of response are taken a t  the R.F. frequencies laid 
down in the R.M.A. Specification, Part I, 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 millirnetres. 

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 I 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 f 5 %, 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. I t  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 : 
(I) 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 mnning 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 I.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 Measurenaen.t. The receiver is tuned in to one of the 
standard frequencies given on page 8 of the R.M.A. Specification, 
Part I. 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 a t  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 = I 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 Expresskg 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 = I 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 I. 

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 I.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 a and b. The amount that 
the tuning indicator is off centre is given by +(a - b) .  

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 I. 

Method of Exp~essing 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 betwm the 
output of the receiver, terminated with its nominal impedance at 
1,000 cycles, when a signal of specified level at  a megacycle modulated 
30 % with I ,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 20 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 : 

109 



Frequency 
p : s 

25 
50 

I 0 0  

I 50 
200 

250 
300 
400 
500 
600 
700 
800 

1,000 
2,000 

5,000 
I0,OOO 

RADIO ENGIKEERING 
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in Decibels 

This curve is 
derived from the 
ear sensitivity 
curve, the rise 
at high 
frequencies 
being neglected 
for simplicity. 

The figures used in the right-hand column shall be subject to a 
tolerance of &I 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 6oo-ohm terminating impedances.* 

The series arms are equal, and each consists of a condenser of 
capacity 0.4 yF shunted by a resistance of 5,000 ohms. The shunt 
arm is composed of an inductance of value 0.5 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,ooo-pH 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 1.10 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 input signal 
when this envelope is sinusoidal. 

Method of Measurement. A special signal generator is modulated 
separately with IOO p : s and 1,000 p : s (filtered with a low-pass filter 
to remove harmonics) to a modulation depth of 80%. 

This signal generator is arranged to feed directly into the receiver 
through the standard dummy aerial and to deliver outputs of I 

millivolt and IOO 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 ~o,ooo 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 
Automatic Volume Control 
Sensitivity . 
Second-Channel Selectivity 
Selectivity . 
A.F. Response Overall . 
Tracking . 
Alignment of Tuning Devices 
Hum-and-Soise Level . 
Overall Envelope Harmonics 
Output Impedance . 

Section 

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. I t  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 camer 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:q. 

When a number of identical receivers have their A.v.c.~ 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 amving 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. I t  
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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 jazclt- 
Ending. 

Fault-finding in a modem 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 :  

(I) 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. 
(10) Disconnection or short in R.F., I.F. or A.F. circuits. 
(11) 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). 

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

(13) Internal disconnection in R.F., I.F. or A.F. chokes, or in 
smoothing chokes. 

With appropriate qualifications the above faults may occur in : 
A. The S.F. circuits. 
B. The I.F. circuits. 
C. The A.F. circuits. 
D. The oscillator circuits. 
E. 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. 

Fault Location. 
No out@t from lozcds~eaker. 
I. Turn main timing-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 I 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 pF 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. Chck  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 I .  All suspected parts of the circuit should be tested for 
continuity and all condensers should be tested for shorts. 

Note 2 .  If 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. 
I .  Disconnect speech-coil of loudspeaker. If hum persists it is 

due to fieldcurrent 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 fieldcoil in 
the H.T. smoothing circuit. This can probably be provided by 
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an 8-pF 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. has a high gain it is possible 
for hum to be introduced due to coupling between heater 
leads and the core of any audio-frequency transformer a t  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. 

(c) 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 xoo pA, 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 xoo,ooo 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. 
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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. 
g. 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-pF 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. 
I. 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 mov?. 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. 

(a) 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. 

(c) 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 
o.ooo3-,uF condenser across the grid of the first L.F. valve, 
or probably better by inserting xoo,ooo-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. I t  is unlikely that supersonic oscillation is due 
to this cause. 

Whistles. 
Whistles are broadly of three kinds : 
I. 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. 
I. 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 - i ~  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. 

z. 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 : 
(a) Second-channel interference. 

118 



RADIO RECEIVERS XM : 21 

(b) Mixed-channel interference. 
(c) Other channel interference due to stations separated from any 

harmonic of the oscillator by a frequency distance equal to 
the I.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). 

(e) 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. 
(c) 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 I.F. frequency. 

Interference may occur from a station operating at or near the 
I.F. 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. o.oooo5 pF) 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 0.01 pF. 
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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 : 

(I) 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. 

I. This type of oscillation is due to inadequate anode decoupling 
or to too high an impedance of the H.T. supply source, or both. I t  
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 roo,ooo 
ohms a condenser of I x 159/1oo,ooo x ~,ooo/zo = 0.0795, say, 
0.1 pF should be used. 

2. This can be cured by the method given for eliminating an 
incipient or supersonic oscillation given under 2 (c) 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 IOO 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 a t  the 
mains transformer, remember to look for fuses built into the receiver. 

If H.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. 



CHAPTER XX 

MEAsURING EQUIPMENT 

1. Ammeters, Milliarnmeters and Microammeters. 
T H E  s E 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 I 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. meters 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 A.C. meters operate : 
(a) By the mechanical expansion of an A.C. wire carrying the 

current : hot-wire meters. 
(b) By the magnetic effect of a coil carrying the current on 

a moving piece of iron or armature : moving-iron meters. 
(c) By the force between a fixed and a moving coil each carrying 

the current : dynamometer meters. 
(d) By the force exerted by a coil or coils inducing eddy currents 

in a disc, and the disc : induction meters. 
Audio-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 milk  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 D.C. microammeter may be over 
500 ohms all ammeters, milliammeters and microammeters must be 
regarded as zero resistance devices and must never be Put in a circuit 
unless the resistance in  the circuit is  suflcient to limit the current to 
a value within the range of the meter, having regard to the voltage 
effective in the circuit. This applies whether the circuit is D.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 curient which flows when the meter is removed 
from the circuit. 

Nearly all D.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 specijied 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 szcfer from 
an increasing drop in accuracy as the freqzGency is increased ; the 
accuracy a t  frequencies below 2 megacycles should never be con- 
sidered as being better than f 5%, 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. I 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 = d(observed c ~ r r e n t ) ~  - (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 f undamental calcula- 
tions of their sensitivity and by involved comparisons involving 
fundamental standards of resistance and e.m.f. 

Gril l  in screen t o  permit 
j/ reading o f  meter 

A B 

Potentia/ 
source 

FIG. I/XX:I.-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 raqge. 

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 ; immediately after use 
it 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 10 % 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 ~o,ooo or 15,000 volts, or even higher. 

Such voltmeters can be used for measuring D.C. 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 R.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 D.C. 
meter. This statement. requires qualifying by the statement that 
such instruments must be desimed to give the required accuracy. 

L, 

The design is discussed below. 

FIG. I/XX:~.-Alternative Forms of Peak Voltmeter. 

Alternative forms of circuit are shown in Fig. I. The circuit 
a t  (a) has the advantage that any D.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 (a) and (c). (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 E V  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 (a) .  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 
i s  greater than roo megohms the corvection fov the ratio of R to the 
diode resistancegiven 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 triode with the grid 
strapped to the anode, since, for high voltages, e.g. '~o,ooo volts, 
suitable diodes are not always available. For voltages up to 
7,000 volts an MRq/E620 diode may be used; such a valve has 
given satisfactory operation on voltages up to ~o,ooo 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 
~o,ooo 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 I,I, as given by RZR, where Z, 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 omparison 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 Ca very nearly equal to the peak 
value of the voltage applied at I,I. The condenser C is then 
charged to a mean voltage equal to fa. 

An inductance is sometimes inserted at the top end of the 
resistance to protect the resistance from R.F. voltages, as in Fig. I (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 Cd between anode and cathode, a capacity potentiometer 
is constituted by C and Cd and the voltage effective across the 
diode is reduced in the ratio 

I 

The reading of the electrostatic voltmeter (or the result obtained 
by multiplying the current meter reading by R) should therefore 

be multiplied by , 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 
Fador 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. I. 
Conventions. 

R, = anode cathode resistance of linear diode. 
6 sin ot = voltage to be measured, applied across terminals I,I, 

in Fig. I. 

ga = mean negative potential of diode anode (with regard 
to its cathode). 

ia = current flowing through diode ; this is given by 
ia = (6 sin wt - ga)/RD for positive values of ia 
only : the diode cannot pass current in the opposite 
direction. 

Ta = the mean value of i,. 
8 = the angle of current flow through the diode. 
i, = the peak value of i,. 
g = z',/i, and may be read from Fig. 1/X:z2 by entering 

the value of 8. 
TR = 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 I,I. 
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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 
B sin ot - ija. The error consequent on this assumption is small 
and is discussed below.) 

Since no direct current can flow through condenser C, - 
fa = fR, which is evidently equal to 5. R  

FIG. 2/XX:+-Relation of 0 and V,, during Positive Half Cycle. 

The angle of current flow may be determined by reference to 
Fin. 2 as follows : - 

Ca = v* sin C$ = 6 sin 
2 

From (I) and (2) 

e R  e :. g = g cos -+--D cos - 
2 R  2 
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By substituting in equations (2) and (3) corresponding values 
of g and 8 as determined from Fig. 1/X:zz the corresponding values 

R - 
of - and 2 can be determined. 

R~ V 
This operation is carried out in the table below and the results 

are plotted in Fig. 3. 

Peak to 
mean ratio 
of diode 

current - I 
g 

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 time. d sin cut - fia) is dropped in the ratio RID(RD+Rc), 
Evidently the same diode current would flow if the voltage were 
kept constant and the diode resistance were increased to RD+Rc. 
In other words, the value of R/(RD+Rc) should be entered in Fig. 3 
instead of the value of R/RD. When the value of Rc, the impedance 
of the circuit in which the voltage is being measured, is known, this 
may be done. The value of Rc 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 RD = 2,000 ohms and 
R = I megohm, R/RD = 500. Entering this value in Fig. 3, the 
correction factor is 1.035, which means that the value of RrR must 
be multiplied by 1.035 to give the true reading. Fig. 3 can therefore 

130 



MEASURING EQUIPMENT XX : 4.11 

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).. 

FIG. jjXX:+-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 i is directly 
proportional to the voltage V between anode and cathode, that is, 

300 

2 s F 2 $ 

.: 200 *- c 
F 
d 
3 
4 

100 

/ 

ON 
/ 

I 

0 200 400 ~ L W  
Anode Potential, in Volts 

FIG. 4/XX:4.-Anode Voltage Anode Current Characteristic of MR, Valve. 
[By courtesy of the B.B.C.] 

v i = -, where R ,  is a constant and is the resistance of the diode. 
RD 

In diodes which are available the anode current i is determined 
very closely by the relation i = .aVn, where a and rt are constants 
and V is the voltage between anode and cathode. For instance, 
in an MRq/E6zo valve the diode current below saturation is given 
very closely by i = 4-47 x IO-V~.~~' .  

In Fig. 4 the full-line curve is the characteristic of a typical 
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MRq valve, and the points in circles are plotted from the above 
equation. 

In other valves the value of the index .n 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. 

I t  should be noted that the diode resistance is given by 
v v - 2 R,=7=--- 
z aVn aVn-l 

I 
if n = 2. R ,  = -. 

aV 
If a varying voltage is applied to the diode the diode resistance 

I I 
varies continuously, its minimum value being R,, = 

= a, 
when n = 2, d being the peak voltage efective across the diode. 

Using the same conventions as in the first approximation, when 
the diode is in use in the circuits of Fig. I and a voltage 6 sin ot i s  
applied, the diode current is : 

z, = aV2 = a(S sin wt - $,)a 
zz, = a(6 - Ca)2. 

V V I  The diode resistance = - = - = - 
i, aV2 aV' 

I 
The minimum diode resistance R,,,.,. = 

a($ - 5,)' 
The mean current 

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 8. (The value 
of g" is shown on Fig. 6/VI11:1, and, for any value of 8, is very 

nearly equal to cg, the degree of approximation being about equal 
4 

to the probable error in reading the curve.) 
Hence, by reference to the derivation of equations (2) and (3), 

cos - 
R 2 

and 
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These equations are identical in form with equations (2) and (3), 
except that g is replaced by g", and RD by Rmi,., the minimum value 
of RD which occurs at  the instant of peak current. 

If a table is constructed as before, writing down the values of - 
R - 

-, g, 2, the correction factor and the peak-to-mean ratio of 
i n  V 

R 
diode current, the values of - are equal to the corresponding 

k i n .  
R 4 values of - x -, while the values of peak-to-mean current ratio 

RD 
4 are multiplied by -. Hence the curve plotted between peak-to- 
31: 

mean current ratio and - is the same as the curve plotted in 
Rmtn. 

R 
Fig. 3 between peak-to-mean current ratio and -. The curve 

RD 
R 

plotted between - and the correction factor is, however, different 
%in. 

R 
from that between - and the correction factor since the values 

Rn u 
R R 4 

of are greater than those of - in the ratio -. This curve 
Rmin.. RD 3~ 

has also been plotted in Fig. 3 and differs little from the curve for 
a linear diode,- i.e. for the case where n = I. It  will now be clear 
that variations in the index n 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 mn-linear diodes the 
value of R,,,. is the valw of resistance at the +eak current, and as the 
value of diode resistance varies very widely with current am+litude it 
is essential that the t r w  value of Rmin, should be used. 

4.13. To ensure that a valve of adequate currentcarrging 
capacity is provided the circuit should be adjusted so that the 
peak current does not exceed about or8 of the total emission. The. 
minimuan permissible value of Rmin. is therefore the value of the diode 
resistance with an anode current equal to 0.8 of the total emission it. 

The peak-to-mean ratio ( : = g:,) - is then read off from Fig. 3 by 
- 

entering the value of *, a tentative value of R being assumed. 
Amin.  

The mean current is then given by ra = gl'i and the maximum 
?' 

peak voltage the instrument is capable of readng without the peak 
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current exceeding o&, is then given by GR. 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 
is known. This in turn depends on -. 

Rmin. 
I t  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 i,. For each value of R,,,, 
so chosen determine the peak-to-mean current ratio by entering 

R 
the value of - in Fig. 3. By dividing the values of i, by the 

Rmia. 
peak-to-mean current ratios, obtain the corresponding values of Fa. 
Then tabulate the values of Ga = RTa and the values of the correction - 

K 
factor F obtained by entering the values of - in Fig. 3. Finally, 

Rmin. 
plot F against Ca. The true value of peak volts can then be obtained 
from the observed value of Ga (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 
fia by F. 

Correction Fador 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 I and 2 are obtained from ~e characteristic of 
Fig. 4 by choosing values of voltage v, effective across the dibde 
and reading off the corresponding currents i,. 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:4.12. I t  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 I, 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 I by column 5, and column 7 by multiplying 
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To obtain true peak volts mzcltip2y load D.C. Volts (V.) by cowection factor. 
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FIG. 5/XX:4.-Second Correction Factor of Standard Peak Voltmeter using one MRq/E6zo 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 I*# is about halfway between I 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.G. 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. I, provided they use one 
MR4/620 valve and a diode load of one megohm. 

5 

Peak - 
Mean 

11.3 

12.7 
14.15 
15'5 
17'5 
18.9 
20 

I t  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. Detemnination 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. I t  should be such 
that the value of the anode voltage does not decay appreciably 
during the time that the input voltage is less than iJa. If 8 = 5' 

180 - 5  
this time is equal to - 

180 
of the duration of one cycle, and it 

is simplest to assume that it is equal to one cycle. If the amount 
of decay is restricted to I %, for instance, the reduction of 5,, below 
G will be less than 1%. 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 
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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 a t  the time ia 
ceases to flow, the voltage at any subsequent time before i, starts 
to flow again is : - 

-1, 
v = v q  RC , where C is in Farads. 

I After an interval t = = one period of the applied voltage, 
J 

where f is the frequency 
1 

v = voe-Rc/ = o-ggv, if the decay is not to be less than I%. 
I -- 

" RCf x loglo e = log,, 0.99. 

0'4343 = 0.00436. 
" RCf 

I I R .'. RC = IOO x - very nearly or - = - 
f C o  soon 

I 
Similarly it may be shown that for an error of z%, RC = 50 x 

I 
7 

and for an error of 5% RC = zo x - very nearly. 
f 

J 

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 VoItmeters. 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 I,I, due, for instance, to the H.T. anode voltage of a valve 
to which terminals I,I are connected. If there is no D.C. potential 
difference between the two terminals I,I, then the m h u m  voltage 
across C is equal to 6+ga or approximately 26. If there is a D.C. 
voltage across I,I such that the terminal I connected to the condenser 
is positive with regard to the other terminal I, the maximum 
voltage across C is equal to the D.C. voltage+z6. 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 (26) and a diode must be used capable of 
withstanding such a peak voltage. 

On wavelengths below roo 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 : 

I. 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 2 % should be aimed at, 
which means that R should be at least ~ ,ooo  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 rectzer 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. 
I t  consists of a sending circuit supplying a known level of tom 

(single-frequency current) and a recei6ng 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. I (a) 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 R, and R, build up the output 
impedance to its required value. When this is 600 ohms as is usually 
the case 

R, = R, = J(600 - 40) = 260 ohms. 

An A.F. oscillator is connected to the input terminals I,I 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:IO) between the impedance in question and 600 ohms. This 

FIG. r/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. I (b). I t  consists 
essentially of a variable calibrated attenuator, usually ad justable in 
steps of 0.5 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. I (b). The input of the circuit is usually a balanced and 
double-screened input transformer with an impedance ratio of 
zo,ooo : 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 Attenuation. The circuit to be measured 
is connected between sending and receiving circuit as shown in Fig. I 
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 
Nl ,  the loss of the circuit under measurement is given by 

L = N 1  - N ,  db..  (1) 

Measurement of Gain. The procedure is identical with that 
for measurement of loss except that N s  the setting of the receiving 
attenuator is now greater than N ,  and the gain is given by 

G = N s  - N 1  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. I 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.~ are required. In this case the sending circuit in Fig. I 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:IZ) 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 terminate 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 level is N ,  - N ,  db. below zero level, that is, below I 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/t$ other than 
600 ohms, if f Lo is the observed level in decibels above or below zero 
level (+Lo db. = Lo db. above zero level ; - Lo db. = Lo db. below 
zero level : I milliwatt) the true received level is given by 

L = L,+10 log,, [F cos t$] . . (3) 

Note that if Z > 600, the sign before the log is negative. 
Example I. Lo = - 10 db. Z = 1,200 52 t$ = o 

= - IO+IO x T.699 = - 10 - 10 x 0,301 
= - 13-01 db. 

Example z. Lo = - 20 db. Z = 300 52 t$ = 30' 

= - 20+10gl0 1.732 
= - 20+2.39 = - 17.61 db. 

I t  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 ~oo,ooo ohms, on a meter scale. The 
principle on which most of these operate is shown in Fig. I. 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. 

FIG. r/XX:7.-Ohmmeter Circuit. 

These instruments usually have three ranges, o-1,000 ohms, 
o-10,000 ohms and o-~oo,ooo 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 
r,ooo megohms. I t  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 I to 
roo 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 is nothing such more as a than galvanometer, an uncalibrated which If='=@ ? G  4 

milliammeter or microammeter, except R3 R.9 
in exceptional cases where it is more 
sensitive even than a microammeter. I 
iae. it give an indication on a FIG. 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 P.D. between I and z is LV and the P.D. between 
R, +R,  

R, I and 4 is --- V. As a mnemonic make R, = R,. 
R,+Ru 

When 

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 a t  balance, 
from equation (I) : 

I I 

Hence by adjusting the bridge to balance (by varying RJ, 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 I, 10, IOO or 1,000 ohms. By this means it is theoretic- 
ally possible to measure resistances having values varying from & 
to  1,000 times any resistance in the range of resistances covered by 
R3. 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. Impedance Bridges. 
These exist in a variety of forms of which Fig. I is the simplest. 

Z,  and 2, constitute the ratio arms, Z3 an adjustable impedance of 
known values, and 2, the unknown impedance. T ,  and T ,  are 

FIG. I/XX:S.-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, 

z Z 
that balance is obtained when -2 = -2, in other words, when this 

2 3  2, 
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condition exists there is no potential difference between points z and 
4, and no e.m.f. induced in the secondary of T,. Hence at balance 

If Zu = R, + jXu and at balance Z, = R,+jX, 

In the,simplest forms of impedance bridge Z, and Z, are usually - 
L 

resistances, so that -2 is a numeric (a simple arithmetical ratio). 
2. 

In this case, since iwo 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* Z R, = -R, and Xu = X ,  . 
2, 21 (3) 

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-hquency 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 f 5 % 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 this is done the trans- 
former capacities balance out, provided, 
as is essential, the winding of T, facing 
the bridge is balanced for inductance, 

FIG. 2/XX:8.--Capacity and for capacity to screen and to case. Bridge. 
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At balance 1 RI I -- -- 
,C,W R,'IC,~ 

Hence if R, = R,, C, = C,. 
8.12. Capacity and Conductance Bridge. Fig. 3 shows 

additions to Fig. z 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 i t  substantially independent of 
frequency. As an initial adjustment, Cb is adjusted t o  balance out 
his capacity with C, and C, removed. 

* 
FIG. j/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, = Ca (5 )  

and 

A suitable value of Rs is ~o,ooo ohms, and assuming this value 
to have been used, if R, = 9,990 ohms 
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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 

I- - 
FIG. q/XX:S.-Practical Impedance Bridge. 

the capacity C, is located at A if Z,, has a negative reactance and at 
B if Z, has a positive reactance. On accountm of transformer 
capacities this bridge should also be used only with equal ratio 
arms. 

This bridge expresses the unknown impedance in the form 
I Ru//jX,, i.e. at balance R, = R, and Xu = f -. 

caw 
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 Zu side 

of the bridge, the reactance of 3 
Z, is positive, and if on the 
other side, the reactance of Zu 
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 c 
fairly accurate knowledge of 1 
the frequency since the FIG. j XX:8.-Maxwell Inductance Bridge. 
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 a t  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 1  - R,+jL, where R, is the resistance -- - - 
R3 --- RZ of the coil L,. 

I +jR,Co 

. R, .R,R,Cw R, jL,o - - +---- -+I-- - 
" R ,  R3 R* R,  

R1R3 and L,, = R,R,C . .-. R, = - 
R3 

Example. At balance 

R, = R, = IOO D, R3 = ~o,ooo 9, C = 0.005 pF 

hence 

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 I 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 
I, 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 IOO 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 a t  the midpoint of the winding of T ,  which faces 
the bridge. 

8.2. Bridge Technique. 
In Fig. 6 is shown the set-up for measuring a balanced unknown 

impedance. 

FIG. 6/XX:8.-Bridge and Load. 

A is the unknown and is " balanced" to earth if either: 
(I) The admittances B and C to  earth are negligibly small. 
(2) The admittances B and C t o  earth are equal. 
G is the measuring bridge. If the bridge is equally sensitive to 

the currents a t  E and F it is a " symmetrical " bridge. 
If not, it is an unsymmetrical 

bridge. The bridge measures the 1-1 

balaced unknown- correctly if the 
earth current through H is zero, 
i.e. the currents at K and L are 
equal and opposite. These cur- 
rents will be equal and opposite 
with a balanced unknown if the 
voltages (to earth) a t  E and F & - 
are equal and opposite. 

 hi^ may be secured in two FIG. 7/XX:8.-Check for Balance. 

ways : 
(I) 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 modem 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 
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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. I) with both primary and secondary windings balanced, 
and the input and output impedances should be about zoo 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. I shows 

a circuit of a typical R.F. bridge forimeasuring impedance in 
unbalanced circuits. 

FIG. I/XX:~.-Unbalanced R.F. Bridge. 

R, and R, are equal ratio arms and R, and R, fulfd the same 
function as in Fig. 3/XX:8. TI and T ,  correspond to TI 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 I and ground and increases 
the capacity between 3 and ground. C is calibrated in terms of the 
difference in capacity introduced between I 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 
~oo,ooo 9 may be placed in parallel with R, and a zoo,ooo-i2 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 wilI give balance 
with each setting of R,, e.g. if r, is any particular value of R, it is 

rsR, marked with the value R, = --- 
Ra - 7,- 

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 I-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  I, 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. I 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, 
C1 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 into the 
output winding would cause aiding e.m.f.s to flow round the circuit I, 
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 I  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 2 Mc/s, and 
a short-wave bridge to operate from 2 to 30 Mc/s. Above 30 Mc/s 

- 
From 

Oscilla t 

- - - 
FIG. rr/XX:g.-Balanced R.F. Bridge. 

difficulties begin to appear owing to the physical dimensions of the 
bridge. The accuracy of measurement is about f 5 % 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 3-57 has I turn, 
winding (6-7) of T I  has 10 turns and winding (6-8) has I turn. 

FIG. g/XX:g.--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 TI  or to bus-bar D connected to terminal 7 on TI. 
This makes it possible to change the voltage across the known impe- 
dance by a ratio of 10 times and so to change the current through 
the known impedance and winding (12) 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 
A and C or A 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 
a m .  
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The net result is summarized in the table below, assuming that 
the known impedance covers a range of resistance from I,OOO 9 to 
50,000 9 and a range of capacity from o ppF to 150 ppF. This 

- 

+ Bridge 
Screen 

FIG. r)/XX:g.-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 I s t o n  Zr Terminals 

AC 
AD 
BC 
BD 
AC 
AD 
BC 
BD 

Resistance Range 
Ohms 

100-5,000 
1,000-50,000 

10-500 

100-5,ooo 
1,000-50,000 

10,000-~00,000 

100-5,000 
I ,000-50,000 

Capacity Range 
r rF 

Condenser Cb 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 z Mc/s was found to measure any resistance in the range 
10 9 to ~oo,ooo 9 and any capacity in the range 10 ppF to ~o,ooo ppF 
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with an accuracy of f 5%, whether balanced or unbalanced, i.e. 
whether terminals C or D were earthed or unearthed. 

By inserting a tap g 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 0.1 to 5 megohms, and 
capacity range from o to 1.5 ppF. 

I t  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 IOO Mc/s 
and to measure resistances down to 10 ohms and capacities up to 
250 PPF- 

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 

((L> (5) 
FIG. I /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. I. G in Fig. I (a) is a glass 
envelope containing a t  its narrow end a cat.hode C which may be 
indirectly heated, but is shown directly heated by battery B,. A is 
a cylindrical anode maintained a t  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. I (a) are shown in Fig. I (b), 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.D. 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 
a t  the narrow end of the tube and not through the envelope as 
shown. 

A number of commercial C.R.O. equipments are on the market 
which usually comprise the following : 

(I) 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.O. 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.o., 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.O. are almost infinite. I t  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. I t  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. 
I t  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.O. 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: I~ .  

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 I to z, 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.O. 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 I : n such that f ,  - rtf,, where n is integral, i.e. 
n = I, 2, 3, etc., the relation between the two frequencies given by 

(When n 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 fl makes 
the figure rotate more slowly fl is respectively less than or greater 

I 
than - and the plus and the minus signs must be taken respectively. 

nf, 
If incr&sing or decreasing f ,  makes the figure rotate faster, the minus 
and plus signs respectively must be taken. If increasing or decreas- 
ing fa 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.O. screen and the eye) exists such 
that a number of complete cycles T f l  of frequency f l  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 T taken for each 
cycle of change is the shortest time during which both frequencies 
execute an integral number of cycles. I f f ,  is greater than f, and 
approximately equal to nf,, T is the time during which f ,  does Tf, 
cycles and f, does Tnfl cycles plus or minus one cycle. But f a  does 
Tf, cycles in time T 

:. Tf ,  = Tnf l f  I .  

Alternatively T is the time during which f ,  does Tf, cycles,'mid 
fa  f, does T- cycles plus or minus one cycle, but f, does Tf, cycles in 
n 

time T 
fl  :. Tf, = T - f  I 
n 

.'. Tf, = Tnf l r  I 

I 
or f ,  = nf,F-, which is equation (I). T 

In this case the inversion of the f 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 w e  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. z shows some of the series of progressive configura- 
tions corresponding to a ratio which is very nearly I : I, 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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FIG, z/XX:IO.-Series of Progressive Configurations corresponding to Approximate I : I Frequency Ratio. Arrows indicate direction 
of motion of spot. 

FIG. g/XX:ro.-Circuit for Feeding X and Y Plates 
in Quadrature. 

Frc. 4/XX:ro.-Frequency Comparison by Cathode-Ray Oscillo. 
graph. 

(a)  Frequency Ratio = r : 6.  (b) Frequency Ratio = 2 : I I .  
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The second method of frequency comparison is really a laboratory 
method, since commercial C.R.O. 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. I). In this 
method the lower frequency for comparison is supplied in quadrature 
(i.e. go0 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.O. 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 n 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 (a) 
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 (I) applies, where T is the time taken for the rotating diagram 
to move forward one cycle, and n is the number of cycles on the trace. 
Single traces always occur when the frequency ratios are of the 
form I : n, where n is an integer. 

Multiple Traces. When the frequency ratio in its simplest 
form is 2 : n, 3 : n, 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 n 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 n 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 1 seconds, 
fl  

n fa completes 4 cycles. In the same time a frequency ;;f, applied 
f l  

nf1 in place of fa would complete - cycles and the figure would remain 
mf1 

stationary. When fa is applied the figure therefore advances 
I +($ - k) cycles in - seconds. Hence the figure will advance 

n cycles in time 
f 1  

0 n - 

T is then the period of rotation of one tooth round the whole 
figure. I t  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.O. a straight line is obtained as 
at (iii) in Fig. 2. If V ,  is now made to lead on V ,  by 45' condition 
(iv) results, and increase of lead of Vz to go0 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.O. 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 A and with a mutual phase shift equal to 4, less 
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than goo. In this case the axis a is the major axis and axis b is the 
minor axis. When 4 is greater than go0 axis b is the major axis and 
a is the minor axis, see Fig. 2, (iv) and (vi). 

b 
Fig. 6 shows the relation between a and - and 4, which is 

A A 
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 A 

I 
not greater than - times the maximum swing the tube will take. 

4G 
Remove the voltage from the X plates and apply the other voltage 

FIG. 5/XX:xo.-Ellipse formed by Two Waves: A sin (wl + 9) applied to 
X Plates and A sin wl applied to Y Plates. 

to the Y plates adjusting to the same' amplitude A. Then apply 
both waves together and measure a and b. The mutual phase shift 4 

a b  
can then be determined by entering the value of - or - in Fig. 6 and 

A A  
reading off the value of 4 on the appropriate curve. I t  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 Hamnonics. Fig. 7 shows at AI and BI 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 AI at Az and for BI at Bz. I t  will be noted that 
in each case the composite wave form is asymmetrical. 

At CI and DI are shown a fundamental sine wave and a 30% 
third harmonic with different time relations between fundamental 
and harmonic. The corresponding composite waves are shown 
respectively at C 2  and 02. It  will be noted that in each case the 
composite wave form is symmetrical. 

1'90 O 
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160" 

150 O 

740" 

130" 
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@ so0 

80 " 
70" 

60" 

50" 

40" 

30" 

20" 

70" 

0.2 0.4 0.6 0.8 PO 1.2 7 4  76 I.6 20 2.2 2.4 26 28 3.0 3 o r b  
A 

a b  FIG. 6/xX:1o.-Relation between # and - or -. 
A A  

In general, even-order harmonics produce asymmetry and odd- 
order harmonics give rise to a symmetrical wave form. I t  should 
be noted in particular that A 2  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 
AI  and BI are obtained by applying the output wave of the 

Componenr 
Waves 

As seen 
on C. R.O. 

Component 
Waves 

As seen 
on C.R.O. 

Fundamental + 

FIG. ~/XX:IO.---Component Waves and Corresponding Composite Waves as 
seen on C.R.O. 

amplifier to the Y plates of the C.R.O. and the time base of the 
C.R.O. to the X plates. The curves at  A 2  and Bz are obtained by 
applying the output wave as before to the Y plates, and the input 
wave to the X plates, adjusting the voltages cm -the X $lates to the 
same phase as the output wave and equal am$litzcde. 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 
curves at  AI and Bx, 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 Hates;  
Time Base on X Plates. Input on X Plates. 

Anode Limitation or Bottom Bend Distor t ion 
in Single Sided Amplifier. 

*--- ,' \ / 
(Bz) . ,* 

--C- , (232) 
Anode Limitation in Push-Pu/l Amp/ifiep. 

FIG. 8/xX:1o.-Types of Curves seen on C.R.O. connected to Amplifier 
with Sinusoidal Input. 

10.4. Trapezium Diagrams. Fig. 9 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. g (a). 

Fig. 9 (a) shows a IOO% modulated wave and Fig. g (b) a wave 
modulated less than 100%. 

Fig. 9 (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, 

~ f f e c t  of Phse 
ShiR between 
Input Wave 
and Enve/ope. 

L- 
b 
I - -  

(a) DisCorCion o f  Type due b M e  Limitat& in H.lFAmp/ifier. 

(e) Distortion o f  fype due t o  Bottom Bend of Anode Current 
Grid Vo/htge t%aracterisst/ic o f  V&es in H. f AmjdLfieer. 

FIG. g/XX:ro.-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. g (d) shows a wave such as would be produced a t  the output 
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of a high-frequency amplifier driven with a 
wave and running into anode limitation or 
The last condition is, however, unusual. 

normally modulated 
filament saturation. 

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.O. 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 C.R.O. 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 

F. 

3 of the sidebands, the modulation m = - 
C' 

Also 
and 

a+b a - b  .'. C = - and S = - 
4 4 

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:IQ.) 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 Andy ser . 
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 h e d  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. 

l l e n  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 IOO c/s to 15,ooo c/s. By supplying 
fundamental frequencies in the range IOO to 7,500 c/s, any harmonic 
below the 150th harmonic of IOO 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 R.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. 

under 
Apparatus H, h? Fill 

d ka/&ated 
Attenuator Filter Vmiab/e 

Attenuator 

FIG. I/XX:I~.-Measurement of R.M.S. Harmonics. 

One form of arrangement is shown in Fig. I. The oscillator 0 
supplies the fundamental frequency to A, the apparatus under 
measurement, the output of which is connected through a fixed T or 
n attenuator A ,  (or the balanced equivalent), with not less than 
ro 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 Fa. 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 A, is to mask the impedance presented by A to 
F, and P, and by F, and F, to A, and to present to A, F, and FO 
their required impedances ; if the loss of A, is 10 db., its input 
impedance cannot differ from its characteristic impedance by more 
than 20%. A, may also be an unequal ratio attenuator if the 
nominal output impedance of A differs from the image impedances 
of F, and Fa. 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 A, may be unbalanced, in which case 
a repeating coil should be inserted in the output of A,. Care should 
be taken not to associate a balanced attenuator in the position of 
A, with an unbalanced fdter F,. This may, however, be done if 
repeating coils are placed each side of A, 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 Fa 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 camer 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 camer 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 camer 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 rectscation, 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. I 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, leaving a D.C. current corresponding 
to the camer 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. 4pF, 
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 

Modulated 
Carrier 

+H. .7: 

Input 
( D L  Low 
Resistance 

Path) 

FIG. r/XX:r3.-Circuit showing Principle of Direct Reading llodulation 
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. I 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 camer amplitude, the voltage 
developed between 2 and ground with the negative modulation peak 
reaching IOO%, 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. V, 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 wibh 0% 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 C,, this deflection is inde- 
pendent of the presence of modulation. If the voltmeter is con- 
nected to terminal 2, meter 111 will then read percentage modulation 
direct. 

The full circuit is shown in Fig. 2. TI is an R.F. input transformer 
supplying the valve V ,  which fulfils the same function as valve V ,  
in Fig. I. 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 ,  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 
R, correspond respectively to the negative peak and positive peak 
modulation amplitudes. The remainder of the circuit operates in 
exactly the same way as Fig. I. 

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 La for various wave- 
length ranges being as follows :- 

Wave Range Mefers L1 La 
12-3-53 0.6 pH 1.6 pH 
q-IOO 1-6 pH 6-0 pH 
150-4500 77'0 pH 207 pH 

The variable condenser tuning La has an effective range of 
capacity from 28 to 525 ppF. 

A modulator winding is fitted to transformer T,, giving audio- 
frequency output at  zero level (I milliwatt) on 40% modulation, 
which may be used instead of the usual check receiver associated 
with a transmitter. The output of this winding is approximately 
11 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. I 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 T,. The secondary of T, drives the 
push-pull rectifier circuit constituted by the two diodes V a  and V8, 
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 p 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 V4 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 I 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. I, for instance, connection to terminals I and 2 

provides for measurement of a circuit carrying zero level, while 
connection to Ia and ~b instead of to I 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 deyice 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 40 % modulation on line-up tone, 
and so to be certain that, on programme, 100% modulation will be 
obtained (since the difference between 40 % modulation and IOO % 
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. I t  consists of a cathode- 
ray oscillograph and time base, and a variable frequency oscillator 
whose frequency a t  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 i-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. 

I t  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. I t  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 camer frequency. See 
xIX:1g.6. 

16. Absorption Wavemeter. 
An absorption wavemeter is the simplest possible form of wave- 

meter. I t  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. I t  is, however, rather hard to conceive a wavemeter 
which operated without absorbing power. 



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. I (a) 
and I (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. 

FIG. I/XXI:I.-Illustrating Effect of Series and Shunt Inductances and 
Capacities. 

Similarly, the presence of series capacity or shunt inductance, as 
in Figs. I (c) and I (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 circuit impedalrce 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 szcm 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 : 

(I) Circzlit ModiJication. 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 II/XXI:~. 

(4) Variabb 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) Constad Resistance Equalizers. 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 
either 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 Modihations. 
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. I (a) 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. z(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 (I - kz)L,, where L, is the primary 
inductance. Since k is usually nearly unity this expression is very 
nearly equal to Z(I - k)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. g/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 R2 
in Fig. I (d) the resulting response curve is given by the full line 
curve of Fig. g/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. g/XII:5 which, it will be noted, is marked 
o-o~f,, o-~f ,  and fo, etc. In all cases f, is the frequency a t  which 
the reactance of one element becomes equal to the reactance or 

L-M 2-M 

(d) (a 
FIG. I/XXI:~.-Equivalent Circuits of Transformer and Use of Bumping 

Condenser. 

resistance of another element. In Fig. g/XXI:5, for instance, fo is 
determined by the frequency at which the reactance of L (= M in 
Fig. I) becomes equal to the resistance R. For instance, if L is 
3 henrys and R is 600 ohms, fo = frequency at which the reactance 
of L is equal to R = 32 c/s. The point marked fo on the scale of 
abscissae on Fig. g/XXI:5 should in this case, therefore, be marked 
with 32 C/S, and the point marked  of, corresponds to 320 c/s. 
The final-response curve on Fig. g/XXI:5 therefore has fallen 0.5 db. 
at  32 C/S. 3-5 db. at 16 c/s, and 11.8 db. at 8 c/s. I t  should be 
noted that the improvement in the response obtained due to the 
insertion of the capacity is very small. I t  will be evident from 
inspection of Fig. g/XXI:g 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. I (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 n 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 n may be calculated from the formula given on 

FIG. z/XXI:3.-Use of Shunt- FIG. j/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 I 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/&. By inserting an inductance L = R2C 
in series with the resistance, the impedance observed between I and 
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z'is transformed to that represented by the reactance and resistance 
curves of Fig. 3/XXI:5. I t  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 
f, the inductance no longer presents an inductive reactance, but 
behaves as a capacity. 

Fig. 3 (a) shows a circuit which when L = R2C presents between 
terminals I and 2 a constant resistance equal to R at all frequencies. 
Since, when a voltage is applied across I ,Z 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 (b ) .  This network is seen to consist of the 
network on Fig. r/XXI:5 in series with the network on Fig. z/XXI:5, 
and inspection of the resistance and reactance curves for these two 
networks shows that when the value of o, = znf, 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. z (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 z  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 lattkr 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 bud t 
up, and C,, a structure of the form shown in Fig. z (b). Inductances 
L, and L, are both in series opposing and therefore in parallel aiding. 

FIG. 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 XV1:rz. 
Response in radio receivers is discussed in XIX:8, 11, 1z,14 and 19. 

4. Series and Shunt Equalhers and Constant-RnnifitanFnn 
leers. Equal' 

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. 
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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 

Wean Cikuit Impedance Bridge Impedance Impedance Sum 
&ve/z = ~RX Rs =Rz +R2 

FIG. r/XXI:q.-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. I 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 Zmperlance Level R = m,. 
The Bridge Impedance R - - RIRs ; see Fig. I (b). 

- R1+R, 
The Impedance Sum R, = R,  +R, ; see Fig. I (c). 

voltage Transfer Loss. 

Fig. 2 (a) shows a four-pole with an input e.m.f. applied to 
terminals I,I and a resultant voltage V generated across its open- 
circuited output terminals 2 , ~ .  
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The network of Fig. 2 (b) shows a specific 'example where N is 
constituted by a series resistance R,  and a shunt resistance 2. 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 -V in 
Fig. 2 ( a ) ,  is the ratio between the opencircuit output voltage and 
the input voltage : the V.T.R.  of the networks in Fig. 2 (a) and (b) 
. v 
1s -. 

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 loglo - = 20 log,, V.T.R 
e 

FIG. 3/XXI:4.-Illustrating Insertion Loss. 

Fig. 3 (a)  shows a network N inserted between impedances R1 
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 I,I to 2,2 
with N inserted and the V.T.L.  with N removed as in Fig. 3 (b).  

Fomns of ConstantResistance 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 a t  (d) to ( k )  inclusive shown between 
terminals I,I and 2,2 are constant-resistance structures, those a t  
(d )  and (e)  having constant resistance looking into terminals I,I 
when terminals 2,z 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 
Zb - I 

Rb+Zb I+- Rb' 

Zb 
The V.T.L. of (a) is therefore 

Frc. 

When 

' X X I : + 4 n s t a n t  Resistance Equalizers and Related 
R. .. Z --, (u) Z, has the same value in each structure, (iii) --z* 

Networks. 

R= ~R,R,=R. 

and (iv) RI = = )R, the insertion Losses of Structures (6) to (h) inclusive 
R, + 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 

R1 x I 

Km. RlR, I' X - 
'+RX Zb 

R* Since - is the value of 21 for this network with the shunt 
Rl+R, e 

removed, the insertion loss due to the shunt in (b) is 

Similarly, the insertion loss due to the series impedance Z, in (c) is 

R= 
and, if Z, = - where R = m, = the mean impedance level, 

Zh 
the insertion I& in case (c) is 

R ' 
Finally, for all the structures from (d) to (k) inclusive, if Z, = 

the loss due 
the sending 

&b 
to the insertion of the four terminal networks between 
and receiving impedances R is 

The method of demonstrating the equality of insertion loss of 
networks (d) to (k) is given in Example 3 of XXIV:~.IO.I. 

Hence the insertion losses of the networks (b) to (k) inclusive are 
equal to the voltage transfer loss of the network at (a) when the 
following conditions hold : 

RlR* 1 Rb Network (b) : --- x - = -. I t  is evidently not neces- 
R1+R* Zh Zh 

sary that the values of Zb i n  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) : A = 5 In other words 
R,+R, 2,' 

Networks (d) to (k) inclusive : as defined by the elements in 
' b  

R 
networks (d) to (k) = - as defined by the elements in 

Zb 
network (a) . (7) 

Similarly network (c) has the same insertion loss as (b) when 
" 

as defined by the elements in network (c) 
R-1 

- RIRa --- as defined by the elements in network (b) . (8) - ',(Rl+R,) 
Networks (d) to (k) have the same insertion loss as (b) when 

5 as defined by the elements of networks (d) to (k) 
'A " 

- RlR, 
- '*(Rl +R,) 

as defined by the elements in network (b) . (9) 

Networks (d) to (k) have the same insertion loss as (c) when 

as defined by the elements in networks (d) to (k) z 
=- " as defined by the elements of network (c) . (10) 

R,+R, 
In order, therefore, to design any of the networks (b) to (k) 

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 (s), (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 (o), is easy to determine by calculation or measurement on the 
simple type of network (a). See end of section XXk4.3. 
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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 (a), (9) or (10). 

4.1. Inverse Networks. Impedances 2, and 2, in networks 
(d) to (k) are called inverse impedances and they are said to be 
inverted about the resistance R. The inversion is mutual : 

RS 2, = - 
R= 

,so that 2, = -. 
Zb 2, 

B Networks 

B Network 

A Network 

FIG. -j/XXI:4.-Inverse Networks. 
(Rb has no relation to the Rb in Fig. 4.) 

Any impedance 2, which is constituted by a network B of lumped 
impedances may have an inverse impedance 2, realized by an inverse 
network A. 

The method of inverting a network B is very simple. In the 
inverse network A : 

I. 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 A by a capacity 
7 

3. Every inductance C, in B is replaced in A by an inductance 
La = R2CW 

4. ~ v e j  resistance R, in B is replaced in A by a resistance 
- Re K = -  
a R.' 

It is evident "therefore that, once the form of the network con- 
stituting Zb is known, the form of network constituting Z, may be 
determined a s  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 (a) and its 
loss characteristics be determined from equation (4) as follows : 

The insertion loss of networks (d) to  (k) 

I 
= I. L = zo log,. = - 20 log,. I +- = - 20  log,. r +- 

R 1 2  
and if 2, = a + jb 

I . L  = - zolog,, 

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 (II), and this is 
often done. 

In this case, from equation (11) 
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a 
If a plane is chosen, with values of - plotted along the axis of R 

b 
abscissae and values of - along the axis of ordinates, equation (11) 

R 
is the equation of a series of circles with centre at the point - I,O 

I .L 
and radius r where rB = antilog -. 

10 

The circles corresponding to insertion losses from I db. to 45 db. 
are shown in Figs. 6 (a) and (b). 

The curves on Figs. 6 (a) 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 a and b 
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 = roo and b/R = 148, from 
Fig. 6 (b) the insertion loss = 45 db. Alternatively, if the required 
insertion loss is known at any frequency, an infinitely graduated 
range of corresponding values of a 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. I t  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 (a) and 
the insertion-loss curves of two other types of network corresponding 
respectively to Fig. 4 (b) and (c). Althozcgh not specijcaUy so 
described, all the curves.are, of course, direcUy applicable to all the 
circuits of Fig. 4, flovided the transformations of equations (5), (6) 
and (7) are used. I t  should be noted that these curves are plotted 
as response curves, the loss being plotted a s  a negative quantity. 

Since the general form of equalizers required for different purposes 
is very varied, i t '  is impossible to show here characteristics of 
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and b 

which 
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a sufficient range of types to be of general utility. I t  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:j, 
a very useful form of equalizer is shown in Fig. 7 at A ,  and B, which 
show respectively the forms of network constituting 2, and 2, 
(either or both of which may be used according to the type of 
structure employed). If A ,  is a series element i t  can be made to 

FIG. 7/XXI:q.-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. 1z/XX1:5, which also iyves 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. q/XXI:5 shows an insertion loss curve for the same 
network when Q = 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 A, 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 A ,  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 A ,  with a corresponding 
resistance in shunt with the inductance in B, if used. 

If, on the other hand, the network of a type at A, has been used 
to insert a rise or fa l l  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 A ,  and A,, 
a rise in response may be introduced at each end of the pass range. 
Such a network is shown at A, with its corresponding inverse net- 
work at B,. In this case, of course, A, is a shunt element and B, 
is a series element. If series resonance of L of A ,  with C of A, 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 p n  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 re or YL. This network may be regarded as a case of the network 
on Fig. 1z/XX1:5 with a very low value of Q, e.g. Q = 0.1 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. 0 is an oscillator supplying 
an input resistance Rb in series with the impedance Zb, 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 Zb or the voltage output from the oscillator. 
By this means the V.T.R. can be measured directly and so can be 

S/XXI:q.--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 

zoo 



RESPONSE AD JUSTMENT-EQUALIZER DESIGN XXI : 4.3 

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 coo 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 a = 0.5 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 

I Rb is 300 ohms. The elements of 2, are then C = - 
znf,,~,, a where 

f, = ~ ,ooo  c/s, and r = aRb where a = 0.5. The elements of 2, 
then follow by inverting C and r about 600 ohms. 

When constant-resistance equalizers are always being used it is 
more useful 40 label the masks directly in terms of the elements of 
either the Za or the Zb impedance arm. 

Fig. 9 shows such a mask with the Za 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 Ra 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. 9. 

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 

FIG. xo/XXI:+-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 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 

v 
across a resistance R a current flows of value I = -, and if in any 

R 
24 v particular case V = 24 and R = 12, then I = - = 2 amps. I = - 
I2 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 net work 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 
a t  the terminals which face them). 

Figs. I 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. I. 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 - jRLo(R - jLo) Z=-- 
R + jLo R2+L202 

- - RL2w2+jR2Lo 
R2+LZw2 - (1) 

If o, is the angular frequency at which the reactance of L is 
equal to R, then 

R 
Lo, = R and L = - . 

00 
(2) 

Substituting (2) in (I) 

= R(r+jx) say . (4) 
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w0 = 2 4  and w = zzf, 

o f  On Fig. r is plotted the value of r against - = - from equation (5) 
0 0  fo 

w f  and the value of x against - = -- from equation (6). 
wo fo 

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 

R 
the scale of abscissae by fo, where f - -. 

O - 2nL 
Example I. An inductance of 10 millihenrys is shunted with 

a .resistance of 1,000 ohms. 
1,000 

The value of fo is given by fo = , = 15,900 c/s. 
2n. X 10 X 10-~ 

w 
Hence on the scale of abscissae, against - = I, write 15,900 c/s, 

0 0  

w  w 
against - = 0.1 write 1,590 c/s, against - = 10 write 15g,ooo c/s, 

0 0  w  0 

etc. The values of r and x read off from the curves must then be 
multiplied by r,om to give the values of reactance and resistance. 

Examfib 2. What is the reactance of the above parallel combina- 
tion of inductance and resistance at 12,000 C/S ? 12,000 C/S come- 

f 12 000 
sponds to a value of - = --i--- = 0.755. Entering this on the 

fo 15,900 

scale at  0.755 the values of r and x are r = 0365, x = 0482. fo 
Hence the impedance is given by Z = 365+j482 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 casethe reactance of both induc- 
tance and capacity reaches the value R at the same frequency fo, so 

I 
that Lw - - = R. It is only necessary, therefore, to specify 

O - Coo  
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1 : ~ .  j/XXI:5.-Loss and Phase Characteristics of Networks Shown, under Conditions specified, and of Equivalent 
Constant Resistance Structures. 
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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 n elements consists therefore in the following steps : 

(I) 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 Lo, or 1 of one inductance or 
Cw . 

capacity to the value of one resistance R in the network 
at an arbitrary angular frequency w,. 

(3) Equate the reactance, at o,, 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 n - 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 -. 
0 0  

An example of the case of step 3 is given in Figs. 5 and 6. In 
Fig. 5 the resistance r, in series with the condenser is defined by 
re = 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:z.z3, 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, 

R L  
such that --' = --'. A then represents the leakage inductance as 

R, L, 
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 
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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. g 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. 

Sig. IZ has already been discussed in XXk4.3. 
Fig. 13 shows how the characteristics of the network of Fig. rz 

may be sharpened by changing the values of the parameters n and Q. 
Example 2 in XX1V:z gives the derivation of the generalized 

formula for the impedance of a parallel resonant circuit. 
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CHAPTER XXII 

LEVEL RANGE COMPRESSION AND EXPANSION 
AND LEVEL LIMITATION 

1. Objects. 
I T  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 
roo db. 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. This is 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. I t  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 coni- 
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. I t  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. 

, (a (5) 
FIG. I/XXII:~.-(a) Normal Gain and Loss Lines on Input-Output Diagram. 

(b) Volume Compression Curves (full line) and Volume Expansion Curves 
(dotted line). 

Fig. I (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. 

I t  is seen that these characteristics constitute a series of straight 
lines a t  45'. In Fig. I (b)  the full lines show typical input-output 
characteristics for level-range compressors with a compression ratio 
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of 2 : I. This means that the output-level range is half that of the 
input-level range. I t  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 : I. 

Fig. z shows typical input-output characteristics for limiters. 
I t  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, 
but in practice it is not possible to 
achieve the ideal performance and a 
small rise occurs. The input level at 
the point R may be called the input 
roof and the output level at the point 
R may be called the output roof. 

It may be noted that to change 
from curves A or B to C or D respec- 
tively, attenuation must be added (or 

U" 

gain-removed) before the limiter, while F,r. 2,XXII:2.-Typical Limiter 
to change from curves A and C to B Characteristics. 
and D &spectively, attenuation must 
be added (or gain removed) after the limiter. This makes it 
evident that the level of the input roof can be adjusted indepen- 
dently of the output roof, and vice versa. 

Level-range compressors and expanders have not yet come into 
general use, although it seems probable that they will be introduced 
in the future ; limiters are in common use. 

3. Methods of Using a Limiter. 
There are two ways of using a limiter. The first and most 

obvious method is to adjust it so that the output roof corresponds 
with the level which fully loads the transmitter or transmitters, 
while the input roof is adjusted to the maximum level which the 
control operator is supposed to supply to the limiter. In this case 
the Limiter will never operate unless the control operator allows the 
level to go too high. The function of the limiter in this case is, 
therefore, merely to supplement the control operator. 
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The second method has particular application to short-wave or 
other circuits in which noise seriously affects reception, so that an 
increase of signal-to-noise ratio at the expense of volume contrast 
becomes worth while. In this case the limiter is first adjusted 
exactly as in the previous case. The gain before the limiter is then 
increased (or alternatively the attenuation before the limiter is 
reduced) by an amount which represents the best compromise 
between noise suppression and contrast, and which is usually between 
4 and 8 db. Assume that in a particular case the gain is increased 
by 6 db. The effect of this is that all levels lower than 6 db. below 
the peak-programme level (which is supposed to be maintained by 
the control operator) are increased in level by 6 db. All levels above 
this are transmitted at the same level, i.e. the roof level. If, in such 
a case, the frequency of occurrence of programme peaks above the 
roof level is such that they occupy a comparatively small fraction of 
the whole programme time, the effect of the use of the limiter is 
equivalent to increasing the power of the transmitter by the ratio 
corresponding to 6 db., that is in the ratio of 4 : I. This is a very 
large increase indeed. 

4. Circuit of Practical Limiter. 
Fig. I shows the essentials of a limiter similar to that in general 

use in the B.B.C. (B.B.C. Patent No. 509309). The input is applied 
through the variable constant-resistance attenuator marked H, 
through transformer T ,  to the two valves V ,  and V ,  in push-pull. 
The output of these valves is taken through transformer T ,  and 
winding (3-4) of this transformer. The above constitutes an 
ordinary amplifier except that valves V ,  and V ,  are variable-p valves 
of which the bias, and therefore the gain, is controlled by the output 
level as observed on winding (5-6) of transformer T,. The amplifier 
described above is called the main amplifier or circuit and the circuit 
about to be described which provides the bias for the main amplifier 
valves is called the side circuit. This starts with the potentiometer P 
controlling the level supplied to the valve V,, which is an amplifier 
valve applying rectified input to valve V ,  through transformer T ,  
and the copper oxide rectifiers CHR. V ,  is a straight amplifier valve 
supplying the rectified wave form through condenser C ,  to the diode 
circuit constituted by V,, R,, C ,  and the timing resistances. The 
object of inserting the rectifiers CUR is, firstly, to ensure that any 
sudden incoming high-amplitude pulse operates immediately to 
reduce the gain of the main amplifier, regardless of its sense, and 
secondly, to act as a precaution against feedback and tendency to 
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sing round the path constituted by the side circuit and main amplifier. 
The cathode of V, is maintained at about 20 volts positive by V ,  in 
order that the side circuit, and so the limiting action, shall not start 
to operate until the required input and output roofs are reached. 
When the input and output roofs are reached or exceeded the output 
voltagedeveloped by the diode V ,  is fed to the midpoint of trans- 
former T, and so reduces the gain of the main amplifier. 

On the occurrence of a sudden overload the grid of V, becomes 
positive, and to prevent the condenser C, from being too rapidly 
charged a series resistance R,, is inserted. This has the effect of 
reducing the speed of operation, but even with this reduction the 
pick-up time, or charge time, of condenser C ,  is of the order of one 
or two milliseconds and has been made slightly faster than that of 

FIG. 2/XXII:4.-Characteristics of 
Practical Limiter. 

the peak-programme meter, so that a 
peak-programme meter following the 
limiter will register no overloads. In 
any case, overloads which do not 
exceed 5 milliseconds in duration are 
undetectable by ear. The discharge 
time of condenser C ,  can be varied by 
means of the timing resistances to 
any of the following alternative values : 
0.1, 0-5 second, 2, 10 and 40 seconds. 
I t  is normally employed on the 0.5- 
second position. The provision of 
such a range of time constants was 
to some extent experimental, the 

longer time constants being intended for use when the equipment is 
employed as a straight limiter, i.e. with its input roof equal to the 
peak-programme level as maintained by the control operator. The 
voltages on the screen grid of the valves are stabilized by means 
of the neon lamp N in order to secure constancy of performance. 

Distortion introduced by this limiter owing to the non-linearity 
of the variable-p valves, is very small, being represented by under 
1% harmonic content when the limiter is driven 20 db. into limita- 
tion, i.e. with an input level 20 db. above the roof; for smaller 
degrees of overdrive it is correspondingly less. 

The performance of this limiter is such that with maximum loss 
in the attenuator H the gain at  all levels below thk roof is zero. 
By means of the potentiometer P, the output roof can be adjusted 
to any point between the levels minus 10 and minus 20 db. With 
maximum loss in the attenuator H, since the gain is then zero, the 
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input roof is always equal to the output roof. By removing attenua- 
tion from the attenuator H,  the input roof is lowered by the amount 
of attenuation removed from H without affecting the level of the 
output roof. For an increase of input level of w db. above the roof, 
the output level rises by just under I db. 

The two right-hand characteristics of Fig. z therefore represent 
the limits of performance of this limiter with H at maximum loss. 
The maximum loss of H is 16 db., so that removing all the loss from 
H shifts the performance characteristics to levels 16 db. lower. 
The two left-hand characteristics therefore represent the limits of 
performance of the limiter with H at  minimum loss. 

5. Line-up of Limiter for Programme. 
Fig. I shows the bare essentials of a programme input circuit 

using a limiter. The line normally enters through a repeating coil, 
and possibly an attenuator and equalizer not shown, and then is fed 
into the input of an amplifier shown as amplifier I, which has a peak- 
programme meter connected across its output and is connected 
through the fixed attenuator H, to the input of the limiter. The 

Peak Programme 
Meter 

FIG. rjXXII:5.-Typical Limiter Operating Circuit. 

output of the limiter is connected to the input of amplifier 2, which 
drives the transmitter or transmitters, possibly through trap valves 
not shown. Break-jacks in the input and output of the limiter 
enable it to be by-passed in the event of a fault i n  the limiter. 

This circuit is normally lined up so that the level a t  the output of 
amplifier I is zero level, and the output roof of the limiter is adjusted 
to minus r j db. This level-minus r j db.-is chosen merely because 
i t  is the halfway between the possible limits of output roof, and so 
can easily be reproduced a t  any time. The fixed attenuator H, is 
made to have a loss of 23 db. Hence, with H, at  maximum loss, the 
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zero level output from amplifier I, which produces minus 23 db. a t  
the input to the limiter, will produce a level of minus 23 db. at  the 
output of the limiter. Since the programme peak voltage at any 
point is 8 db. above the line-up tone peak voltage, zero volume 
line-up tone at the output of amplifier I will produce a level 8 db. 
below the roof of the limiter, while zero volume programme at the 
same point will produce a level which will just reach the roof of 
the limiter. 

If, then, with zero volume of programme at the input of H,, the 
loss in H ,  is reduced by n db., the limiter is driven n db. into limita- 
tion. That is to say, all levels of programme which are lower than 
a level n db. below peak-programme level will be amplified normally 
by the limiter ; levels of programme which are n db. below peak- 
programme level, and all higher levels, will be delivered at the output 
of the limiter at  the level of the output roof, that is, at minus 15 db. 
The gain of amplifier z is therefore adjusted so that a level of minus 
15 db. at its input modulates the transmitter to a depth of IOO%, 
or to a depth departing from xoo % by an amount which gives what 
is considered to give the best compromise between loudness and 
distortion at the receiving end. It  will be evident that the gain of 
amplifier 2 is determined by the level of the output roof and the level 
required to modulate the transmitter ; it is independent of any other 
level and also of the value of n. 

As has already been indicated, the value of n may be zero, or 
may have any value between zero and 8 or 10 db. Higher levels of 
n are usually not practicable since too much loss of contrast results. 
It may be remarked that a limiter used in this way behaves like 
a compressor, which reduces the top n db. of programme-level range 
to zero. 

Detailed Procedure for Lineup. The procedure for line-up 
is designed to produce a standard level at  the output of amplifier 2. 

This standard level is normally either zero level or plus 4 db., but 
may be any level between zero and plus 6 db. In order to enable 
a programme meter calibrated to read zero level to indicate the level 
at the output of amplifier z, the variable potentiometer H ,  is adjusted 
to have a loss equal to the amount by which the required output level 
of amplifier 2 exceeds zero level. A peak-programme meter is 
necessary and the instruction below applies to the use of such 
a programme meter. 

The line-up procedure is as follows : 
I. The programme meter is lined up. This means that its sensi- 

tivity is adjusted so that it deflects up to j on zero level tone. 
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2. Potentiometer P in Fig. x/XXII:4 is set to its maximum loss 
position which reduces the feedback bias to  a minimum and adjusts 
the output roof to as high a level as possible. H ,  is adjusted to 
maximum loss and the timing switch is adjusted to  stud 2. 

3. Tone is sent from the studio centre at normal level and H ,  is 
adjusted until zero level is obtained a t  the output of amplifier I as 
indicated by a deflection up to 5 on the programme meter connected 
a t  the output of amplifier I. 

4. The gain of H, is adjusted until the transmitter is modulated 
to a depth equal to 0.4 times the maximum permissible modulation. 

5. The programme meter is connected to the output of H ,  and 
the loss of H ,  is adjusted until the programme meter reads 5. 

6. The input to the transmitter (assumed to be of 600 ohms 
impedance) is disconnected and replaced by a 6oo-ohm resistance. 

7. The loss of H ,  is reduced by 12 db. 
8. The loss of potentiometer P is reduced until the peak- 

programme meter connected to  the output of H ,  reads 7. 
9. The loss of H, is restored to maximum. If it is required to 

drive the limiter n db. into limitation, the loss of H ,  is then reduced 
by n db. 

10. The 600-ohm resistance is removed from the output of 
amplifier 2 and the input to the transmitter is reconnected. 

The circuit is then ready for service on programme. 
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CHAPTER XXIII 

FEEDBACK 
(This chapter is published by courtesy of lihc Wv&s Enginm.) 

T H E  idea of using positive feedback, or reaction as it was first 
called, to increase the magnification of a radio-frequency amplifier, 
appeared comparatively soon after the discovery of the three- 
electrode valve. The advantages to be gained from the sacrificing 
of amplification by the application of negative feedback were not 
appreciated until much later. Most of the credit for pointing out 
these advantages belongs to two members of the Bell Telephone 
Laboratories, H. S. Black and H. Nyquist. 

The practical achievements of negative feedback up to date are 
many and various. At one end of the scale it has contributed stable 
precision instruments for measuring v e j  smdl varying or alternating 
currents and voltages ; at the other end of the scale it has simplified 
the problem of building high-efficiency radio transmitters delivering 
hundreds of kilowatts to the aerial. I t  has made possible the con- 
struction on an economic basis of single-core cable circuits capable of 
carrying hundreds of speech channels, while the development of 
television has been considerably facilitated by its use. 

Conventions. 
A feedback circuit is considered to be passive when the amplifier 

has infinite loss instead of a gain, the input and output impedances 
of the amplifier proper being unaffected. 

Positive Feedback is said to occur when the phase shift round the 
feedback path is zero ; the amplification is then increased by the 
feedback. 

Negative Feedback is said to occur when the phase shift round the 
feedback path is 180" ; the amplification is then reduced by the 
feedback. (180' phase shift may be introduced by a commutation 
or by a network.) 

No rigorous terminology exists for defining the limits of positive 
and negative feedback as the phase shift round the loop path is 
varied. Evidently, if the phase shift is nearly zero or nearly 180•‹, 
the feedback would be referred to as being positive and negative 
respectively ; when the phase shift is exactly zero or exactly 180•‹, 
the feedback is sometimes referred to as being pure positive and pure 
negative feedback respectively. A useful alternative definition is 
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that the feedback is positive when it acts to increase the effective 
gain, and negative when it acts to reduce the gain. 

p = ratio between input voltage of amplifier proper and internal 
e.m.f. in output (except in first part of XX1II:r). 

@ = ratio between e.m.f. in amplifier output circuit and feed- 
back voltage effective on its input (except in first part 
of X1II:r) = the feedback ratio. 

p@ = loop amplification = I ( / 8  where 8 is the loop phase - 
shift. 

R, = input impedance of amplifier. 
R, = output impedance of amplifier. 
R, = input impedance of feedback circuit. 
R, = output impedance of feedback circuit. 
G = internal impedance of generator driving amplifier. 
L = impedance of load into which amplifier works. 

V l  = input voltage to complete circuit = terminal voltage of 
driving generator. 

Vg = voltage effective on input of ampl5er under specified 
conditions. 

V f  = feedback voltage effective on input of amplifier. 
e, = internal e.m.f. in output of amplifier. 

V ,  = output voltage of amplifier. 
i ,  = input current to complete circuit = output current of 

driving generator. 
i ,  = input current to amplifier under specified conditions. 
i ,  = output current from amplifier. 

Z,, = passive (i.e. with no feedback) input impedance at 
terminals I,I. 

Z I f  =active (i.e. with feedback) input impedance at 
terminals 1.1. 

Z,, and Zw = passive and active output impedances a t  ter- 
minals 2,2. 

1. Series-Parallel Feedback. 
In order to introduce the subject as simply as possible the circuit 

of Fig. I (a) will be discussed ; this represents rather an ideal condi- 
tion in that it contains an amplifier with an infinite input impedance, 
or at  least an input impedance so high that it can be regarded as 
infinite in comparison with the rest of the circuit. This is then 
reduced to its practical equivalent. After examining the two other 
practical examples which follow, engineers will have little difficulty 
in evolving the relations for any practical embodiment of this circuit. 
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Consider an amplifier in which the output is not a faithful 
enlargement of the input. The difference between the output, and 
a magnified replica of the input of amplitude equal to the output, 
can be referred to loosely as distortion products. 

Suppose, further, that in the circuit of Fig. I (a) the impedance 
level at all points is finite and resistive, i.e. of zero angle, except the 
input impedance of the amplifier A which is infinite. 

FIG. I/XXIII:I.-Series Parallel Feedback. 

In the circuit of Fig. I (a) A is an amplifier and B is a resistance 
attenuator. G is a generator of internal impedance GI and L is 
a load of impedance L. 

If the effective sinusoidal input voltage to the amplifier is Vol 
the amplification and distortion are defined by saying that the output 
voltage V ,  is pVo+D, where p = I p 1 / e l  a complex quantity, is 
the voltage amplification of the amplifierncluding the effect of the 
load L across terminals z,z, and D is the complex system of voltages 
representing the distortion products. 

Suppose now that there is fed back, through the network B, 
a fraction tf? of the output voltage, in series with the input circuit as 
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shown in Fig. I, giving rise to a feedback voltage Vf = p/lV,+BD. 
(The network B is assumed to contain no commutation and to 
introduce no phase shift.) 

In order to provide the voltage V,, a voltage V, = Vv - Vf is 
required (assuming in accordance with the usual convention, that 
Vf aids V, when 8 = o, i.e. that positive feedback occurs). 

and the output voltage Vo = pV,+D. 

The gain and the distortion products are therefore both multiplied 
by the factor I/(I - pB). 

If the feedback is positive, i.e. when 8 = o, provided pb is less 
than unity the effect of feedback is to increase the gain and to 
increase the distortion products. If p#l is greater than unity at  
a frequency at which pure positive feedback occurs the circuit will 
normally oscillate, although a special case exists where this will not 
happen, see XXIII:6. If the feedback is negative, i.e. when 
8 = 180•‹, the gain and the distortion products will be reduced by 
the ratio I/(I + 1 p 1 B). 

When 8 is not equal to zero but varies with frequency the gain is 
modified by the factor I/(I - I p 1 p/8), where 8 is the phase shift 
through the amplifier at each driving Gquency as represented by V,. 
Each component frequency of the distortion products is reduced in 
the same ratio where p, #I and 8 are the values of these quantities at the 
f7equency concerned. 

I t  is to be noted that pb is the voltage (or current) amplification 
round the feedback path. 

This quantity is spoken of as the loop amplification vector, or 
loosely but conveniently, as the loop gain (gain should strictly be 
expressed in decibels, of course). 

These relations are discussed by H. S. Black in an article, 
" Stabilized Feedback Amplifiers ", in the Bell System Technical 
J o u r d  for January, 1934, page I. He gives there a useful chart 
of the value of I - as a function of I p I @ and 8. When 8 = o 
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this defines the conditions for positive feedback : the condition for 
negative feedback is obtained by making 8 = 180". 

It will now be apparent, from the form of the expressions derived, 
that, although p has been assumed to be a complex quantity and 
B has been assumed to be a numeric, the quantity 8 in the expression 
pp = I p I IS/8 may be used to take account of any phase shift in 
the feedbacE path. In other words, it is permissible to write 
p = Ip  1/8a,B - = I B  I & a n d ~ B  = IPB I / h + B r  A- = I.PB I /8,where 
8 = 81+82. 

v o  I t  is to be noted that the effective amplification is -, and, 
Vl 

I 
neglecting distortion products, this is a fraction - of the 

1 - f i B  . . 
amplification without feedback. 

Each frequency in the distortion product D has also been reduced 
in the same proportion, with p and B given the values effective a t  
each harmonic frequency, while the phase shift through the amplifier 
a t  the driving frequency has been changed from 

where 8 = 8,+8,. With negative feedback this gives a reduction 
of phase shift. 

Note that when is very large compared with unity, Vo tends 
towards 

The important point to note is that the amplification tends to be 
equal to I/B, and therefore independent of variations in p. The 
first effects of negative feedback are therefore to reduce or sub- 
stantially eliminate : 

(i) Distortion products, such as combination tones and har- 
monics, due to valve non-linearity. 

(ii) Distortion products, such as noise, e.g. due to anode noise 
in valves, hum picked up from AX. heating of filaments, 
cross-talk from other amplifiers, etc. 

(iii) Distortion due to variation of the amplification factor with 
frequency. 

(iv) Change of amplification due to change of p with time, e.g. 
due to battery or supply mains variation. 

(v) Phase distortion. 
Practical Values of p and B. The circuit of Fig. I (a) is an 
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entirely practical circuit for the application of feedback, but of 
course in any practical circuit a generator of finite internal impedance 
would be connected to terminals I,I, and the input impedance of 
amplifier A would be finite. The performance of such a circuit can 
be analysed in exactly the same way as above, but it is then 
convenient to define p and B in a slightly different way : 

,a = the ratio : internal e.m.f. e, in the output of A divided by 
the input voltage TI,. 

f i  = the ratio : V, divided by e,, when the circuit of Fig. I (b) 
is set up. This is the circuit of Fig. I (a) with the input 
to amplifier A broken at 5 5 ,  terminals 5,5 terminated in 
in an impedance equal to R, the input impedance of A ,  
and terminals I,I closed through an impedance equal to 
G the impedance of the generator normally connected to 
terminals I,I. V, is then the voltage generated across 
terminals 5 5 ,  when an input voltage Vo isapplied to the 
input of the amplifier, e, being the corresponding internal 
e.m.f. in the output of A,  which of course may be measured 
as the open-circuit output voltage of A. 

In general terms, in all feedback circuits, p is the ratio between 
the input voltage to the amplifier and the internal e.m.f. in its output 
circuit, while B is always the ratio between the e.m.f. in the output 
circuit of the amplifier. and the resultant feedback voltage applied to 
the input of the amplifier with the amplifier supposed to be passive, 
i.e. non-amplifying. In case it is difficult to conceive an amplifier 
which is non-amplifying and which has an e.m.f. in its output circuit, 
the output circuit may be considered to be replaced by a generator 
of the same internal impedance (R,) as the output circuit and with 
the same internal e.m.f. 

The value of ,up is then the loop voltage amplification. I t  is also 
the loop current amplification, since the loop amplification is always 
measured from any point in the loop circuit back to the same point : 
the impedance at the beginning of the loop is the same as the end of 
the loop, because the beginning of the loop is also the end of the loop. 

The relations derived above apply to all practical feedback 
circuits, provided ,up always represents the loop amplification with 
the generator treated as a passive impedance equal to its internal 
impedance. 

In all simple practical feedback circuits the efect of feedback is to 
modify the input and olctet impedances of the amplijer. This is the 
second important effect of feedback. When required, special means 
may be introduced to eliminate this effect. See XX1II:s and 11 
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below. On the other hand, feedback can be used to provide an 
amplifier with a low impedance output ; which can be useful. 

2. Parallel-Parallel Feedback. 
This is sometimes called voltage feedback. 
Fig. I shows the basic circuit of parallel-parallel feedback ; the 

resistance R provides the feedback path. A represents the amplifier. 
This circuit operates by feeding back a current which adds to or 
subtracts from the current supplied by the driving generator. 

The reduction of gain and the reduction of distortion products are 
given by the same expressions as were derived for the case of series- 
parallel feedback ; see equations ( I )  and (2) of the last section. 
p and p have the meanings described a t  the end of the last section 
and given in the list of conventions at  the beginning of the chapter. 

FIG. I/XXIII:Z.-Parallel-Parallel Feedback. 

For instance, the value of /I is given by : 

R G  L+R+' 

R + ~ ~  + r ".:$- RIG 
L+R+- 

R1+G 
This is derived by the method of inspection described in X X V : ~ . I .  

Simplifying : 
LR,G 

- - LR,G 
Rs(L +R) (Rz+G) +RiRaG+L(RiR +RG +RIG) 

Note that this expression involves both G and L. 
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2.1. Modification of Input Impedance with Parallel- 

Parallel Feedback. Refer to Fig. I and define p as 5, where v. 
V ,  is the input voltage. Then, if a voltage V1 applied at I , I  causes 
a current i1 to enter terminals I , I ,  the current ia entering the 
amplifier input is equal to &+it, where it is the current fed back 
through R : 

i a = i l + i t  , . (1)  

Also e, = pVl . (2) 

where i, = the current flowing through the load L. 
V ,  = i,L . (4) 

and vs - Vl 
= -  A-- - (5) 

Ignore i, and substitute into (3) : for i s  from (4), and for it from (5). 

:. RLe, - RLV, = R,LV, - R,LV,+R,RV, 
RLe +R LV . y - . . o  ! - . - l .  

" ' - RJ.+R,R+RL 

also . Vl 2 =- . 
a Rl 

From ( 1 1 ,  (7) and (8), 
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This is equal to the passive input impedance divided by I - pp, 
where #I is the feedback ratio with G infinite. 

Proof. 
By inspection, the value of ,9 with G infinite is 

The passive input impedance is 

From (rz), (13) and (14)) the impedance with feedback is : 

which is identical with equation (11). 

Similarly 

where /3 is the feedback ratio with the output load infinite. 
Fig. I and therefore equations (12) and (16) correspond to positive 

feedback when 8 = o. 

3. Series-Series Feedback. 
This has also been called caremt feedback. The circuit is shown 

in Fig. I. 
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I t  will be seen that the impedance R is in series in both input 
and output circuits, so that any current through the output circuit 
induces a voltage in series with the input circuit. The value of 
/l is still defined as the ratio between the internal e.m.f. in the output 
of the amplifier proper and the resultant voltage induced across 4,4. 
3.1. Modiffcation of Output Impedance with SeriesSeries 

Feedback. Refemng to Fig. I, ,u is the relation between V,, the 
input voltage to A and e, the internal e.m.f. in the output of A.  
G is the input impedance facing terminals I,I. R, and R,  are 
respectively the input and output impedances of A. R is the 
current feedback impedance. 

To determine the impedance looking into terminals z,z, assume 
that a voltage V applied across terminals 2,2 causes a current i to 
flow into the output of the amplifier returning via R in parallel with 
G and R, in series. The voltage appearing across R is evidently 

R(R1+G' z' and the voltage 
R=+G 

- - RR, . 
R+ R;+G" 

so that the internal e.m.f. in the output of A is 

of such sense as to aid V in generating i. 
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The total e.m.f. in the output mesh is therefore 

whence 

where ,up is the loop voltage amplification with terminals 2,z shorted, 
i.e. with the output load zero. 

The sign before pp shows that this case is one of positive feedback 
when 8 = o. By inserting a commutation in A ,  the case of negative 
feedback at 8 = o is obtained. 

Proof that the loop voltage am@lification =p -- RRi 
R(R+G) +R,(R+R~+G)'  

Assume I volt applied at the input of A : i.e. Vn = I and let 
p now represent the ratio of the internal e.m.f. in the output of the 
amplifier to the input voltage of the amplifier. 

Then the internal e.m.f. in the output of A = p. The impedance 
facing the output of A with terminals 2,2 shorted is 

R(Rl+G) = A ,  say. 
R+R1+G 

A 
The voltage across R is ---p and the voltage across R, is 

A +R, 
R1 A 

p and thus is evidently equal to the loop voltage 
= * m a  
amplification. 
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Substituting for A ,  the loop voltage amplification is 

Similarly, it may be shown that 
21, = (1 - ~ W l p  (5)  

where /? is now the value of the feedback ratio with terminals I,I 
shorted, i.e. with the generator impedance equal to zero. 

4. Summary of Factors by which Input and Output Imped- 
ances are Multiplied. 

I t  will be appreciated that pure positive or negative feedback 
can only occur when 8 + o, or 180" respectively. 

General Negative 
Case Feedback 

Parallel-Parallel Feedback 
(Input and Output Impedances) . . - I I 

1 - t4J 
Series-Series Feedback 

1+lrSI 
(Input and Output Impedances) . - I - r b  I + ~ P B I  

Series-Parallel Feedback 
(Input Impedance) . I - P S  I + ~ P S ~  

(Output Impedance) . 

I t  will be realized that while the values of p are the same in each 
of the above formulae, for any given amplifier, the values of @ vary 
according to whether input impedance, output impedance, or gain 
and harmonic reduction are being calculated. As the variation is 
constituted by changes in the values of generator and load impe- 
dances from their actual values G and L, to zero or infinity, the 
simplest way of indicating the value of @ is to indicate the values 
of G and L to be used in calculating /?. This is done in the table 
below. 

Values of Generator and Load Impedance to be Used in 
the Calculation of /?. 

Generator Load 
Quantity being Dekmined Impedance Impedance 
Gain Reduction : all cases G L 
Zd : S-S and S-P Feedback o L 

P - P  Feedback Infinity L 
Z,,: P-P and S-P Feedback G Infinity 

S-S Feedback G o 
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The distortion reduction is of course the same as the gain 
reduction at any given frequency. 

5. Means for Making Input and Output Impedances Ind* 
pendent of Feedback. 

I t  is evident that where an amplifier has two input circuits with 
infinite attenuation between them, feedback into one cannot affect 
the impedance looking into the other. A simple case of this discussed 
below is the cathode follower valve. 

In the case of an ordinary amplifier, simple bridge circuits can 
be devised which have the twofold effect of preventing the modifica- 
tion of the input and output impedances of the amplifier in the way 

FIG. r/XXIII:g.-Feedback Amplifier with Input and Output Bridges. 

described above, and also of eliminating any phase shift round the 
loop path due to reactances introduced into the feedback path due 
to the input or output circuits. 

Fig. I shows a circuit of an amplifier with bridges for this purpose 
in both input and output circuits. The bias arrangements for the 
output valve are omitted for clearness. 

One of the arms of the output bridge is constituted by R,, the 
anode impedance of the valve, the bridge being balanced so that 
RJRO = R,/R*. 

Considering the output bridge first : any voltage applied a t  the 
output terminals produces a voltage across terminals 6 and 8, but 
no voltage across terminals 5 and 7, and so supplies no voltage to 
the feedback circuit. The presence of the feedback circuit therefore 
does not modify the output impedance. 

Considering the input bridge : the energy supplied by the feed- 
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back circuit produces a voltage across terminals I and 3, but no 
voltage across terminals 2 and 4, and so feeds no energy back into 
the input circuit. The presence of the feedback circuit therefore 
does not modify the input impedance. Further, since no energy is 
supplied to the input circuit, any reactance shunted across terminals 
2 and 4, due to the input circuit, does not introduce phase shift into 
the loop path. The bridge in the output circuit does not, however, 
serve to eliminate phase shift due to any shunt reactance introduced 
by the output circuit. 

I t  should be noted that, if the secondary winding of the input 
transformer has appreciable stray capacity to ground, this constitutes 
a reactance across terminals 2 and 3 and so introduces phase shift 
into the loop path, which in certain cases may be very troublesome. 
For this reason the stray capacity of the transformer should be kept 
as low as possible and the value of resistance b should be made as 
small as possible. 

6. Stability of Feedback Circuits. 
It  is convenient here to introduce the term " differential phase 

shift " to describe, in any pass band, the increase of lag or lead with 
deviation of frequency from fo, the frequency at which pure negative 
or positive reaction is obtained according to the sense of commuta- 
tion. Similarly, the term " differential attenuation " will refer to 
the decrease of amplification with deviation of frequency from the 
frequency of maximum loop amplification. 

The differential phase shift will be represented by 8,. 
As before 8 is the loop phase shift. 
The stability of an amplifier with negative feedback is normally 

determined by the loop gain (amplification) at the frequency at 
which the loop phase shift as defined below reaches zero. If this 
loop gain (amplification) is less than zero (unity) the circuit is stable ; 
if it is greater than zero (unity) the circuit will usually oscillate. 

In practice, every amplifier is a band-pass structure. In the case 
of D.C. amplifiers the band extends down to zero frequency, but if we 
consider the case where this is not so, which is the more difficult case, 
the application to the simpler case of D.C. amplifiers will be evident. 

Fig. I shows the amplification and phase shift characteristics of 
a hypothetical resistance capacity or transformer coupled amplifier. 
(The feedback path is assumed to introduce no phase shift and to 
have an attenuation ratio B, constant and independent of frequency.) 

I t  will be seen that in the middle of the band a frequency fo occurs 
at which the phase shift 8, is zero. At this frequency the feedback 
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constitutes either pure negative (0 = 8, f 180") or pure positive 
(0 = 8,) feedback according to the sense of commutation. If this 
sense is such that negative feedback occurs at  frequency f,,, then it 
is usual to say that negative feedback has been applied. At fre- 
quencies f, and fa at which e, reaches respectively + and - 180•‹, 
pure positive reaction occurs, and if at these frequencies the loop 
amplification I ,up 1 is greater than unity, in the case shown, the 
amplifier will sing, the oscillation building up to such an amplitude 

that the loop amplification falls to unity. I t  is hardly necessary to 
explain that the gain of an overloaded amplifier falls below its value 
when not overloaded. 

The value of ,up, effective for determining the degree of stability 
of a feedback circuit, is the same as that which is effective in 
producing gain reduction. 

A simple rule for stability in negative feedback amplifiers can 
now be established : the loop amplification at the frequency or fre- 
quencies at which the loop phase shift reaches zero shall not exceed unity. 
At these frequencies the differential phase shift reaches f n. These 
frequencies will therefore be called the n frequencies, and the 
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differential attenuation at these frequencies, the n attenwation. 
Strictly, this condition is sufficient but not necessary. This point is 
discussed below. 

In the case of Fig. I the amplification I p I at f, is 10, while at  
f, it is ~ o o .  This means that for stability the value of p must be 
.& or less. Assuming the marginal condition of stability to have 
been chosen (i.e. p = &), then at f,, ( pp I = ~,ooo x & = 10. 

In general, the maximum permissible value of loop amplification is 
equal to the fall in amplification from its maximum value (usually 
occurring in the neighbourhood off,) to its value a t  the n frequency. 
When there are two frequencies (respectively at  each end of the pass 
band) at which the phase shift 8, reaches n (8 reaches zero), evidently 
the one which prescribes the lower value of loop gain provides 
the determining limitation. Hence limiting loo* am+lijication = n 
attenuation. 

The singing margin = n attenuation minus maximum loop 
amplification. Evidently the practical condition for stability is 
that the singing margin shall be positive and greater than any 
possible variation in loop gain. 

In the case cited, where p = A, the curve of Fig. I represents 
the value of 1 pp I when the right-hand scale is used, which has 
ordinates equal to & of the value of I p I, portrayed by the left-hand 
scale. The value of ,up is now represented by the two curves of 
Fig. I, since, as no phase shift has been introduced in the feedback 
path, the loop phase shift is equal to 180" plus the phase shift through 
the amplifier. 

The value of p#l can be portrayed in another way. The case for 
a system commutated for negative feedback is shown in Fig. 2 (a), 
where the contour drawn on the complex plane is formed by plotting 
at all frequencies the value of the complex quantity pp, considered 
as a vector, and joining the tips of the resultant vectors. 

In consistence with the condition for stability formulated above, 
it appears clear that if the contour embraces the point I/O as shown 
in Fig. z (b), the system will sing because the loop gain is greater than 
unity at  a frequency a t  which the loop phase shift is zero. 

I t  was formerly believed that if at  any frequency the loop phase 
shift is zero and the loop amplification greater than unity, the system 
must sing. Nyquist * has shown, however, that as long as the 
contour described according to the above convention does not 
embrace the point I/O, the system is stable : he gives rules for - 

* H. Nyquist, " Regeneration Theory ", Bell S. Tech. Jown., January, 1932. 
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determining whether a contour embraces the point I,/O in certain 
cases where this is not immediately obvious. T h e  system of 
Fig. 2 (c)  is stable, although the amplification is greater than unity 
at  a frequency at which the absolute phase shift is zero. This 
system has the rather odd characteristic that if the amplification 
is either increased or reduced sufficiently, singing will result. Such 
a system has been built and was found to be stable, but its practical 
applications have so far been almost nil on account of the difficulty 
of usefully modifying an unstable circuit of the type shown, for 
instance, at  Fig. z (b) to a stable circuit as shown at Fig. z (c) .  

(c) 

FIG. z/XXIII:6.-Nyquist Diagrams of Typical Feedback Amplifiers, 

The chief problem in applying feedback is that of stability, and 
in practice it is usual to think in terms of systems of the type shown 
in Figs. 2 (a) and z (b), which, incidentally, have a single pass 
band only. 

The limitations on loop gain, which are imposed by the require- 
ment of stability, are dependent on a variety of factors, chief among 
which are the phase shift at infinite frequency and at zero frequency 
and the differential attenuation when 8 = o : the n attenuation. 

I t  is a fact, perhaps not obvious, that if the differential 
phase shift at  infinite and zero frequency is not more than 180' the 
system can never sing when negative feedback is applied, however 
high the loop amplification. This is because if 180" differential phase 
shift does occur at  zero and/or infinite frequency, the loop attenua- 
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tion will be also infinite at  those frequencies. If 180' differential 
phase shift is never reached, positive feedback can never occur. 
Equally, if there is zero differential phase shift at  zero frequency, 
no singing can be introduced at the low-frequency end when negative 
feedback is used. 

It is approximately a true representation of fact to say that when 
a system sings it starts to sing at the frequency at which the absolute 
phase shift round the loop is zero. It  does not necessarily continue 
to oscillate at this frequency, since as the amplitude of the oscillation 
builds up the loop phase shift may change owing to non-linearity of 
the elements, while in general the oscillation must be regarded as, 
a relaxation oscillation. In practice, however, it is usually found 
that the oscillation frequency is very close to the frequency of zero 
loop phase shift. 

The magnitude of the n attenuation is determined by the type or 
types of circuit contributing phase shift and attenuation, by their 
number, and by the relative locations of their phase shift and 
attenuation curves in the frequency spectrum. 

The magnitude of the n attenuation can be considerably increased 
by staggering the cut-off frequencies of the different circuits con- 
tributing phase shift, that is by making them occur at frequencies as 
wide apart as possible. A patent in the author's name covers this 
point . 

The following treatment due to C. G .  Mayo shows the point very 
clearly. Consider an amplifier with feedback which contains three 
resistance-capacity coupled circuits of conventional type in the total 
loop path. Valves of internal resistance G,,  G,, G ,  feed through con- 
densers C,, C, and C, into loads R,, R, and R,. The loss ratio 
introduced by these circuits with relation to the loss ratio at  infinite 
frequency is : 
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The phase angle of r will be zero when the reactive term is zero, - - 

i.e. when 

w - is the n frequency since at  w = ac the phase shift is zero, and 
232 

at w = o the phase shift is 270'. Whence at the n frequency, 
substituting in the expression for r the value of w above, the 
n attenuation ratio, 

r = A A A a  . .. 

x [AiAsCiCs+A iAaCiCa+AsAaCsCal 

If the cut-off frequencies are all equal then AICl  = AaCs = A,Ca 
I 

and 7 = . - I - - 
2+2+2+2 8 

If, for instance, A,C, = A&, = IoA,C,, then 

I - I 7 = . - .- approximately. 
I1 11 

2+-+-+20 24 
I 0  I 0  

In other words, by staggering one of the circuits so that it cuts 
off at a frequency ten times as high as the other two, an increase 
in the n attenuation of nearly 10 db. is obtained, with a resultant 
increase in permissible loop gain. 

The maximum loop amplification would, therefore, be just under 
24 (voltage ratio). I t  is hardly necessary to mention that a feedback 
amplifier would not be operated without a margin of safety. If, for 
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instance, this were 6 db., the permissible loop amplification would 
only be 12 in this case. I t  should be pointed out that at  the n fre- 
quencies, positive reaction occurs, so that distortion products in that 

I 
region are increased by the factor F = -- , where pg is the 

I -  l d I  , .  . 1 

loop amplification a t  the n frequency. If the factor of safety is 6 
db., pB at the n frequency = + aria F = 2, if the factor of safety is 
I db., ,up = 0.89 and F = 9.0, and so on. The importance of an 
adequate stability margin is, therefore, twofold. 

Similar advantages apply to circuits introducing increase of 
attenuation and increase of lag with increase of frequency, such as 
are constituted by the effects of shunt capacity across the circuit 
due to valve input and output capacities, which introduce high 
frequency cut-offs. 

In all cases the n attenuation can be increased by staggering the 
circuit cut-offs. 

I t  is quite a simple matter in practice to build one resistance 
capacity coupling with a drop of 6 db. at 20 c/s and another with 
a drop of 6 db. at  I c/s or even lower. I have chosen 6 db. drop as 
the point defining cut-off. Evidently any other value of decibels 
might have been chosen for comparison purposes. In this way it is 
usually found possible to render low-frequency phase shift com- 
paratively innocuous from the point of view of introducing singing, 
while most of the low-frequency phase shift can be relegated to 
frequency regions where no useful frequency components occur. In 
cases where it is necessary to amplify down to zero frequency no 
low-frequency phase shift occurs and the problem does not arise. 

Phase shift at  the high-frequency end of the spectrum is usually 
a much more serious problem, because it is nearly always impossible 
to stagger the cut-off frequencies, of the several circuits concerned, in 
any ratio sufficiently large to be useful. The best thing to do in 
practice, is to make the cut-off of all circuits as high as possible, and 
then to introduce a circuit to increase the n attenuation. Such 
a circuit must be one which introduces attenuation at the n frequency 
while introducing a minimum of lag : at the same time it must not 
introduce appreciable lag inside the range of transmitted frequencies, 
since this would reduce the distortion reduction. 

Fig. 5/XXI:5 shows the attenuation and phase-shift character- 
istics of a suitable circuit ; as shown, it consists of a shunt made 
up of a condenser in series with a resistance. 

These are generalized characteristics (see XXI:5) plotted to 
a universal frequency scale. All frequencies are represented by their 
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ratio to the frequency at which the reactance of the shunt condenser 
equals the impedance of the circuit across which it is bridged. The 
parameter a defines the ratio of the resistance in series with the 
condenser to the circuit impedance (see XXI:5). The effect of this 
circuit is to introduce an attenuation which, as the frequency is 
increased, increases asymptotically to a limiting value, and a phase 
shift which rises to a maximum just about the arbitrary unit fre- 
quency as defined by the scale and then falls away asymptotically 
to zero. 

In order that the circuit may be of appreciable use it is desirable 
to fit the range of frequencies, where the lag rises to a maximum, 
between the highest useful frequency to be transmitted and the 
n frequency. This means that it is desirable that the n frequency 
should be at  least 10 times the top frequency, e.g. to transmit a range 
up to xo,ooo c/s a n frequency range up to IOO kc/s is required. I t  
will be appreciated that if appreciable lag is introduced in the neigh- 
bourhood of the n frequency, the n frequency will shift to a lower 
frequency where the attenuation introduced by the existing circuit 
is lower, and some of the extra attenuation introduced at the 
n frequency will be lost. For this reason it is generally better to 
err on the side'of increasing the lag at the wanted frequencies. 

Until someone has developed a simple technique of doing it, any 
attempt at evading the effect of the phase shift by converting the 
attenuation phase-shift vector diagram to the form shown in 
Fig. 2 (c) is not recommended. If carried out, the circuit would be 
entirely stable, provided the loop gain were kept up. If for any 
reason the loop gain fell appreciably, the circuit would sing. 

7. Discontinuities in Amplitude Characteristics. 
It  is self-evident that if an amplifier has complete limitation of 

amplitude characteristics above a certain amplitude, and is driven 
into limitation so introducing harmonics, no amount of feedback 
can reduce these harmonics since the system cannot transmit the 
correcting frequencies fed back in opposite phase. In general, any 
kind of discontinuity in amplitude characteristic cannot be corrected. 
while limitation effects can be corrected only in inverse proportion 
to their sharpness. 

8. Feedback of Rectified Radio Frequency. 
It  requires no proof to show that the complete system comprised 

by the speech input circuits to a radio transmitter, its modulator and 
high-frequency amplifiers, and a detector delivering the original 
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audio frequency at its output, can be considered as one example of 
an amplifier. 

If the output of such an amplifier is fed back to its input the 
system obeys all the laws given above for predicting its performance 
in terms of its amplitude, gain and phase characteristics. 

The only point of interest which really arises is how radio- 
frequency circuits affect the gain and phase characteristics of the 
overall audio-frequency path. 

Only radio-frequency systems having characteristics symmetrical 
about the camer frequency will be considered. For such systems 
the variation of audio-frequency response is a replica of the variation 
of the response of the R.F. circuits to the sidebands: each audio 
frequency is amplified or attenuated relatively to other frequencies 
by the same amount that the pair of sidebands which " carry " that 
audio frequency is amplified or attenuated with regard to other pairs 
of sidebands. This is so well known that it requires no proof. In 
a system free from phase distortion (i.e. having a phase-shift char- 
acteristic linear with frequency) the audio-frequency phase shift is 
equal to the upper sideband phase shift minus the phase shift at the 
camer frequency. 

The proof of this is very simple, as follows : 
An amplitude-modulated wave may be represented by 

(I +m sin vt) sin ct 
m m 

= sin ct+- cos (c - v)t - - cos (c+v)t 
2 2 

where c and v are respectively the angular frequencies of carrier 
and modulating frequency. 

If the wave passes through a system which shifts the camer by 
+, degrees lag, the lower sideband by 4, - a lag, and the upper side- 
band by +,+a lag, without changing their amplitudes, the emergent 
wave is 

m - - cos (ct +vt ++,+a) 
2 

= sin (ct ++,) +m sin (ct f +,) sin (vt +a) 
= [I +m sin (vt +a)] sin (ct ++,) . (1) 

That is, the carrier is shifted by +, and the audio frequency or 
modulating frequency is shifted by an angle equal to the upper 
sideband phase shift minus the carrier phase shift (i.e. by a). 
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In phase-shift problems it is often the custom to use the conven- 
tion that lag is positive. This has been done above, and is consistent 
with defining network transfer vectors as ratio input voltage divided 
by output voltage, see XXIV:4. Since the delay is equal to the 
differential of the phase shift with regard to angular frequency, the 
delay only appears as a positive quantity if lag is regarded as positive. 

9. Examples of Important Feedback Circuits. 
9.1. The Cathode Follower. Fig. I (a) shows the circuit 

which has been called the Cathode Follower, because the cathode 
follows the grid in its excursions about earth potential. I t  is not to 
be confused with Fig. I (b). 

;7f+o jp ro; 
Input : ff.r Input 

output j n.z 
A -I 

1 2 I 2 
<a) (8) 

FIG. I/XXIII:~.-(a) Cathode Follower. (b)  Simple Cathode Feedback 
Circuit. 

Conventions. 

g,,, = mutual conductance of valve. 
R, = anode impedance of valve. 
p = R,,g,,, = voltage amplification factor of valve. 
fi = forward amplification factor neglecting effect of feedback. 
/I = attenuation ratio of feedback path. 

pe = effective overall amplification factor of circuit. 

PR Evidently ,up = - 
R +Ro 

and p/I = - - pR this value of p/I is 
R+Ro ' 

effective for determining both gain reduction and output impedance 
modification. 

IlR 

Evidently pe can never exceed unity. 
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The output impedance of the circuit is R in parallel with R,, 
divided by (I - ,up) : although it looks like series feedback, this is 
a case of parallel feedback : 

RRo 

When R = infinity 

RO Z ,  = - so that approximately 
1 +p' 

R o - I  - Z , = - - - -  I 
p g, valve mutual conductance 

I t  is evident that, since the anode is at earth potential, normal 
Miller capacity (see section below). is absent : the static grid-anode 
capacity is, however, effective between grid and earth. The grid- 
cathode capacity is reduced by the following action of the cathode 
in the ratio of the voltage of the grid to cathode, to the voltage of 
the grid to earth. 

The factor by which the capacity is multiplied is, therefore, I -pe. 
If a load Z is connected across terminals 2,2, the voltage ampli- 

fication from terminals I,I to terminals 2,2 is given by equation (I) 
RZ 

with R replaced by -. The value of Z,, is, of course, unchanged 
R+Z 

and is still given by equation (2) or (za). 
I t  will be seen from equation (m) that the value of ZZ1 is always 

less than R, and, as a result, a cathode follower valve is very useful 
for providing a low-impedance driving source. One instance of the 
use of a cathode follower valve is for driving the grid circuit of an 
audio-frequency valve in which the grid runs positive so that a large 
grid current flows. By driving from a low impedance source, the 
non-linearity which would otherwise occur is substantially avoided. 

A cathode follower valve therefore has three advantages : 
(I) Low input capacity. 
(2) Low output impedance. 
(3) By virtue of the negative feedback introduced, the effects of 

non-linearity in the cathode follower valve itself are 
reduced. 
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9.11. Simple Cathode Feedback Circnit. This is shown in 
Fig. I (b), and constitutes a case of series feedback. Observing the 
same conventions as before : 

,up (for gain reduction) = - PR 
Ro+R+R, 

PR (for impedance modification) = - - 
Ro+R 

For the purpose of determining the output impedance, the 
resistance R, is regarded as a shunt external to the amplifier, so that 

R Z ,  The impedance looking back into the amplifier is then --- 
R+Z,' 

9.2. Input Impedance of Triode: Miller Capacity. The 
formula established above for the input impedance of an amplifier 
with feedback can be used to determine the input impedance of 

FIG. z/XXIII:g.-Valve with Internal Capacities and Anode Load L. 

a triode taking into account the feedback through the grid anode 
capacity. A triode is shown in Fig. z working into a load L. 
Negative parallel feedback occurs through the anode grid capacity. 

Conventions with Reference to Fig. z. 
a = impedance of grid-cathode capacity. 
b = impedance of anode-grid capacity. 
c = impedance of anode-cathode capacity. 

R, = anode impedance of valve. 
L = anode load impedance. 
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The input impedance Zlf = z l ~  
I -rub 

where ZIP is the input impedance in the 

XXIII : 9.2 

passive condition. 
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To simplify this expression for the case where a and c are neglected 

a = c = infinity. 
Then 

Z - a[R.&+bc(L +Ro)1 '' - a(cL+Rd)+cLpa 

If b is constituted by a small capacity Cb of impedance large 
compared to R,, Z,,  becomes a capacitive impedance corresponding 
to a capacity C ,  such that, approximately, 

I - Z,,  = ---- - Ro+L I 
jC,w R,+L(I +p) 'j-' (7) 

The effective input capacity of the grid circuit is therefore the 
normal gridcathode capacity (represented by a in Fig. 2) plus C,. 
The effective capacity C ,  is called Miller-capacity and is given by 
multiplying the valve anode grid capacity by one plus the effective 
voltage amplification of the valve from anode to grid. 

It is to be noted that if, in equation (7), we put L = jx corre- 
sponding to an inductive load 

21, = 
Ro+jx I 

Ro +p) ' j C p  

This will have a negative resistance component when 

in which case singing will result, unless the grid is loaded with an 
appropriate resistance. 

10. Measurement of Phase Shift. 
It will have become apparent that in investigating amplifying 

circuits to which feedback is applied it is often necessary to know 
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what are the phase-shift characteristics of these circuits, in addition 
to their amplification characteristics, expressed as a function of 
frequency. 

The simplest form of phase-shift measuring circuit is shown 
in Fig. I. 

A is the amplifier being measured, RL is the load impedance into 
which it is intended to work. R, = R, and R, = R, are resistances 
large enough to reduce the loading of the circuit to substantially 
negligible proportions, B, and B, are attenuating networks, R, is 

iv 
FIG. I/XXIII: 10.-Phaseshift Measuring Circuit. 

a resistance of convenient value terminating the two attenuating 
networks. V is a voltmeter. B, and B, must have at all times 
a combined attenuation which is large compared to the amplifier 
gain less the reflection loss introduced by the resistances R,, R,, R, 
and R,. S, and S, are double-pole break switches. Further, the 
attenuation of B, is variable and the individual attenuations of 
B, and B, should preferably never be less than 20 db., so that the 
terminal conditions on their inputs (facing R,, R,, R, and R,) do not 
appreciably affect their output impedances. 

The method of measurement consists in first observing the 
voltage V, across R, with S, closed and S, open. S, is then opened 
and S, closed and attenuator B, adjusted until the voltage V, across 
R, is equal to V,. S, is then closed and V,, the voltage resultant 
from the two paths feeding into R,, is observed. 

If 4 is the phase difference between the two equal voltages V, 
257 



XXIII : 10 RADIO ENGINEERING 

4 and V,, it is obvious that their sum V, = 2V, cos -, so that 
2 

An improved form of circuit is shown in Fig. 2, in which a bridge 
circuit B has been introduced to remove all restrictions on the 
attenuation in B,  and B, other than those imposed by the require- 

FIG. z/XXI11:1o.-Improved PhassShift Measuring Circuit. 

ment of equality of V ,  and V,.  Identical wide-range repeating 
coils T ,  and T ,  have been introduced to eliminate any unbalance 
contributed by the bridge and voltmeter, or to enable unbalanced 
circuits to be used at input and output of the amplifier under 
test. 

Resistances R,  and R, have been added to limit the impedances 
facing the transformers to a constant value. Attenuator B, must 
now be of the constant impedvce type, the circuit constant being 
adjusted so that T ,  and T ,  always work between the same 
impedances as one another. 

More elaborate methods are described in a paper by Peterson, 
Kreer and Ware in the Bell System Technical Journal for October, 
1934 : " Regeneration Theory and Experiment ". 
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11. Use of SeriesSeries and Parallel-Parallel Feedback in 
Combination, 

By using series-series feedback in combination with parallel- 
parallel feedback, with the same loop again in each of the two feed- 
back parts, a feedback circuit is constituted in which the input and 
output impedances are unmodified by the presence of feedback. 

Such a circuit is shown in Fig. I (a). The detailed analysis of 
this circuit is rather complicated, but a good idea of its behaviour 
can be obtained from a comparatively superficial examination. 

In Fig. I (b)  the feedback path is redrawn. If the loop gain in 
each of the component paths of Fig. I (6)  is the same the feedback 

(C) (dl 
FIG. r /XXIII:r 1.4ornbination of Series-Series and Parallel-Parallel Feedback. 

currents driven through the input of the amplifier by each path are 
equal. Each path therefore finds itself terminated in an impedance 
equal to twice R,. The component paths are redrawn in Figs. I (c) 
and I (d). The value of p can therefore be calculated for each path, 
according to the methods established above for each type of feedback, 
entirely independently, by assuming that the value of R, is doubled. 

Assuming that it is required to make the input impedance inde- 
pendent of feedback, the value of /3 for the parallel feedback path is 
calculated assuming S = o, while the value of p for the series feed- 
back path is calculated neglecting the presence of P, the value of 
input impedance of the amplifier being assumed to be 2R1 in each 
case. The value of generator and load impedance are given values 
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as in the Table at foot of page 241. From these calculations the 
values of P and S can be determined to give the same required 
value of ,up. 

Since the feedback voltages due to the two feedback paths add in 
the input of the amplifier, the net feedback voltage is the sum of the 
two feedback voltages, and the gain reduction with such a system 
corresponds to the fraction : 

I 

where #?, and /I, are the values of B, and B, in each path calculated 
with generator and load impedance given their actual values. 

Since neither L nor G is symmetrically disposed with regard to 
the formula for B with parallel feedback and the formula for B with 
series feedback, it follows that a circuit adjusted to give no input 
impedance modification due to feedback, will not be entirely free 
from output impedance modification due to feedback, and vice versa. 

In practice, of course, it is seldom necessary to make accurate 
calculations of feedback, but only to adjust the one or both of the 
two feedback paths, by varying P and/or S until the desired result 
is obtained. Evidently, from the point of view of gain reduction 
there is no need to adjust the values of p/3 (controlling the gain 
reduction) to exact equality, so that the fact that this cannot be 
done is unimportant. 

12. Degradation of Response due to Application of Small 
Amounts of Feedback. 

Although the application of stable negative feedback improves 
the response characteristic in the frequency region where the value 
of loop gain is large, the effect of a low loop gain, in conjunction with 
variation of phase shift, is to degrade the response of the amplifier. 

Consider an amplifier with a flat response characteiistic ( I p I in- 
dependent of frequency) and a varying phase shift (8 varying with 
frequency) to which uniform feedback is applied at all frequencies 
(B independent of frequency). And let I ,I.@ 1 be less than unity. 
I t  is convenient here to define p and #I as at  the beginning of XXIII:I. 

The effective amplification is : 

Suppose that I p/3 I = 0.8. Then when 8 = o 
pc = P/(I fo.8) = p/1.8, and when 8 = 180" 
P, = p/(1 - 0.8) = 5P. 
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The ratio between the two values of pe is nearly 10, corresponding 
to a degradation of response represented by a deviation of 20 db. 

If 8 varies from o to some angle less than 180•‹, a deviation of 
response will still occur. Suppose for instance that I &I I = I and 

8 varies from o to go0 ; /re then varies from &u to p / ( ~  +j) = e\x 
Vii 

corresponding to a rise in response of 3 db. 
The general-response characteristic is evidently defined by 

where the suffixes o denote the values of each quantity at  the fre- 
quency at which 8 = o and the suffixes f denote the values of each 
quantity at  any other frequency f. 

I t  will be found that as ( ,up I increases in magnitude the deviation 
in response is reduced. It wiU be evident that at the ends of the pass 
band of any feedback am$lijier the loop gain is low : there is a small 
amount of feedback. Hence this degradation of response always occurs 
in any feedback ampli)k, and the design must be so arranged that it 
occurs outside the pass band of interest. 

12.1. Use of a Feedback Ampliffer to Provide a Required 
Response Characteristic. It  has already been pointed out that, 
when the loop gain is large, the effective amplification approximates 
to I/B. This means that the response of the amplifier is of the same 
form as the loss characteristic of the feedback path. If, therefore, it 
is required to equalize the response distortion of any line or network ; 
by providing an amplifier with a feedback path having the same loss 
characteristic as the network to be corrected, an equalizer with 
substantially the required response characteristic is constructed. 

13. Overloading of Feedback Amplifiers. 
Feedback operates by reducing the energy fed to the input of the 

amplifier proper. The a m p l i f i  therefore operates at full gain from 
input to output. If, therefore, the amplifier has been economically 
designed as a normal amplifier, the early stages will be operating 
with a considerable margin of safety when the output stage is fully 
loaded. Any overloading will therefore occur in the output stage as 
in a normal amplifier. Further, the frequency at which overloading 
tends to take place is determined as in a normal amplifier by the 
overall response characteristic (e.g. as given by equation z/XXIII:IZ) 
and the spectrum of the input frequencies. 

Apart from any modification of the response characteristic, the 
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presence of feedback does not make an amplifier any more liable to 
overload. In fact, the distortion products for any given input level 
are reduced, and for this reason the feedback amplifier may be said 
to be less affected by mild overloading. Heavy overloads, which 
drive the amplifier into full limitation, produce as much distortion 
as if no feedback were present. 

14. Method of Expressing Amount of Feedback. 
The amount of feedback in a circuit is normally expressed by the 

gain reduction in decibels due to feedback at the frequency a t  which 
the phase shift round the feedback path is zero. This ignores the 
fact that the gain reduction at the ends of the frequency range may 
be less. Where possible, it should therefore be supplemented by 
a statement of the gain reduction at each end of the band of 
frequencies which is required to be transmitted. 

Gain reduction should not be confused with the loop gain round 
the feedback path. 

15. Negative Resistance Constituted by means of Feed- 
back Circuits. 

In X I 6  two forrrs of negative resistance are described, corre- 
sponding respectively to series-parallel and parallel-parallel (positive) 
feedback. These are constituted by the feedback circuits shown in 
Fig. I /xI :~:  The magnitude of the impedance looking into ter- 
minals I,I in this figure may be very easily calculated as follows. 

Refemng to Fig. I (a)/XI:6, ZIP = Rl+R, and with positive 
feedback, Z,, = ZlP(1 - pp), where p and /3 are defined as in the list 
of conventions at the beginning of this chapter. Hence 

Zlf is the impedance looking into terminals I,I. In the case 
where R1 and R, are pure resistances, and p = I p I/o, Zlf is a pure 
resistance RN which is negative when pR1 is than Rl+Ra, 
the exact value of RN being given by equation (I). 

Applying the normal criteria for stability to this circuit, it will 
evidently oscillate when RN. is greater than the positive resistance 
connected across I,I. 

Referring to Fig. I (b)/XI:6, 
R1Ra Z =- 

It, R,+R, 
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and with positive feedback 

Again, when Rl and R, are pure resistances and p is of zero angle 
Zl, is a negative resistance RN when pR, is greater than Rl+R,, 
the value of RN being given by equation (2). 

The stability criteria show that this circuit will oscillate when 
RN is less than the positive resistance connected across I,I. 

15.1. Use of Feedback Circuits to Provide Special Forms 
of Reactance. Examination of equations (I) and (2) shows that 
if the angle of ,u is go0, and if pR, is much greater than=Rl+ R,, 
when Rl and R, are pure resistances, the input impedance with 
feedback approximates to a pure reactance. This fact can be made 
use of for producing reactances of magnitude which can be modulated 
by including a variable-p valve in the amplifier circuit and applying 
a modulating wave to the bias of this valve. 

The reactance is negative in the series feedback case and positive 
in the parallel feedback case. If the angle of p is changed from 
go to - go0, the sign of the reactance is changed. 

Another use of such circuits is to provide reactances, which, over 
small frequency ranges, behave like negative inductances or negative 
capacities. A negative inductance has a positive reactance which is 
of magnitude inversely proportional to frequency, while a negative 
capacity has a negative reactance which is of magnitude proportional 
to frequency. Such reactances can evidently neutralize the 
reactances of real inductances and capacities over the frequency 
range for which the degree of simulation is adequate. 

I t  will be evident .that equivalent circuits can be constructed 
in which the output impedance of a feedback amplifier is used instead 
of its input impedance. 

The practical limitation on the use of all circuits of this type for 
producing quaint reactances is due to the fact that such a circuit is 
only stable with small values of loop gain at the frequencies of 
interest. As a consequence it is not possible to obtain reactances 
which approach pure reactances : the resistance component is 
always appreciable. 
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CHAPTER XXIV 

NETWORK THEORY 

1. Scope. 
N E T w o R K theory deals with the behaviour of various arrange- 

ments of linear impedance elements to which one or more e.m.f.s 
are applied. 

A passive network is one which contains no internal sources of 
e.m.f. : all the e.m.f.s considered below should be regarded as being 
external to the network : in other words, the discussion deals with 
passive networks. A further limitation is that it relates to the 
steady state behaviour of networks under the influence of sinusoidal 
applied e.m.f.s : conditions are considered only after sufficient time 
has elapsed for the transients consequent on the initial application 
of the e.m.f.s to have died away. Although the principles established 
serve as a basis for determining also the behaviour of transients and 
the response of networks to e.m.f.s of form other than sinusoidal, the 
discussion of these rightly constitutes a separate subject and is not 
considered here. 

Very broadly, steady state network theory may be divided into 
two parts : circuit analysis and circuit synthesis. 

Circuit Analysis. This deals in detail with the behaviour of 
circuits, taking account of the contribution of every element in the 
circuit. Circuit analysis is capable of determining the behaviour of 
any circuit, but the conclusions of circuit analysis may sometimes 
be formulated in such a way that it leads to a useful classification 
of common types of circuit arrangement characterized by certain 
parameters which determine the behaviour of each type of cucuit 
arrangement. This leads to circuit synthesis. 

Circuit Synthesis. This consists in the grouping of impedance 
elements into regular configurations (e.g. the T, n, lattice and 
bridged-D networks), the determination of the parameters which 
define the performance of each network configuration, and finally, 
the determination of the performance of networks of known para- 
meters when operating between known impedances. An extension 
of circuit synthesis determines the necessary relations between the 
impedance elements of networks of different form in order that they 
shall have the same performance. Finally, it determines the values 
of the impedance elements of minimal (the simplest possible) net- 
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works which have the same performance as more complicated and/or 
several networks of specific (but not necessarily the same) form. 

Strictly, a parameter is a constant to which any one of an 
unlimited set of numerical values may be assigned ; for instance, an 
impedance in one part of a network may be defined as being equal 
to aZ, where Z is the value of another impedance element in the 
network and a is a parameter defining the value of the first element. 
I t  is, however, convenient to use the word parameter to denote any 
quantity defining the performance of a network, such, for instance, 
as the image impedances and the transfer vector, or the terms in 
the matrix of a network. 

I t  is not always possible to draw a hard-and-fast line between 
circuit analysis and circuit synthesis, since the principles estab- 
lished by each are often helpful in developing the fundamental 
relations of the other. I t  has, however, been thought useful to 
adopt these headings with the reservation that the presentation of 
certain forms of circuit analysis will appear under the heading of 
circuit synthesis. 

Broadly, two methods of circuit synthesis exist, which may be 
called respectively the English method and the German method. 
Since the English method owes a great deal to American engineers, 
the term English should be taken to refer only to the language in 
which the method was originally expounded. 

The English method, in conjunction with circuit analysis, is most 
useful for determining the parameters which define the performance 
of each network configuration, and for determining the performance 
of networks of known parameters when operating between known 
impedances. 

The German method is most useful for determining the relations 
between the elements of networks of different form in order to make 
them equivalent : in other words, so that their performance is 
deflned by the same parameters. It  is also particularly useful for 
resolving combinations of specific networks into single equivalent 
networks. 

The English method has been so adequately set forth in three 
American books that to write a complete new exposition at the 
present time would be an unnecessary labour. These three books 
have been'written respectively by A. E. Kennelly, K. S. Johnson 
and T. E. Shea ; they will be referred to by quoting the names of 
their authors ; their titles are given on the next page. 

I t  has, however, been possible to present some of the conclusions 
of these works in a very much simplified form, which enables any 
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engineer, who can handle complex algebra, to solve quickly any of 
the normal problems encountered. This form of presentation will 
be termed the simplified English method. Incidentally, it will be 
found to have a simplifying effect on the German method. It  will, 
of course, be evident from the chapter on Filters and the chapter on 
Response Correction and Equalizer Design that these two subjects 
are special cases of the application and development of network 
theory. The three books previously mentioned are :- 

Tralzsmission Circ~its for Te&$hone Commrcnication, by K. S. 
Johnson. 

Transmissiolz Networks and Wave Filtms, by T. E. Shea. 
The A++lication of Hy$erbolic Functions to Electrical Engilteering, 

by A. E. Kennelly. 

2. Circuit Analysis, 
Circuit analysis involves the application of all the relations 

between voltage and current developed in IV and V, with special 
reference to ThCvenin's Theorem, the Principle of Superposition, the 
Principle of Reciprocity and Kirchhoff's Laws. Examples of circuit 
analysis have appeared in VI and VII, XVI and XXI. 

Kirchhoff's Laws provide a powerful method of solving compli- 
cated network problems, particularly those where more than one 
e.m.f. is present. A word of advice and warning is, however, apt : 
many problems to which these laws are applicable can be solved very 
much more simply by other means. Further, novices will often find 
themselves in difficulties with regard to the conventions to be 
assigned for directions of current flow. Finally, the solution of the 
equations resulting from the application of Kirchhoff's Laws is often 
extremely laborious. Examples of the application of Kirchhoff's 
Laws have been given in V:18 and these represent cases where Kirch- 
hoff's Laws constitute the only practical method of solution. 
No further examples will be given here, but reference should be 
made to the above examples. 

Where possible, therefore, other methods of solution should be 
used. One alternative method which is often very useful is the 
method of " Open and Shorts " (open-circuit and short-circuit 
impedances) developed in XXIV:+q and used in XXIV:S.I and 5.2 
for the determination of the image impedances of T and n networks 
respectively. 

In this section another method will be described which will be 
called the Method of Inspection. This method is not of such general 
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application as Kirchhoff's Laws, but is very much simpler and 
quicker to apply. In many cases the answer to a problem can be 
written down immediately. See also XXIV:z.4. 

2.1. The Method of Inspection. This is best illustrated by 
examples. 

Suppose that in Fig. I it is required to determine the impedance 
2, looking into terminals o,o. 

Let Z ,  be the impedance looking right from terminals I,I. 
Z ,  be the impedance looking right from terminals 3,3. 

and 2, be the impedance looking right -from terminals 4,4. 

0 I 1 41 13 2 
i i I 

FIG. I/XXIV:Z.-Network Representing n Fourpole between Generator of 
Internal Impedance A and Internal e.m.f. e and a Load of Impedance E. 

Then 

Without labouring the point further it is evident that the 
impedance Z,  is given by substituting the value of Z ,  from (I) into 
(z) ,  the resultant value of Z ,  into (3) and the resultant value of Z ,  
into (4). Hence, in practice the value of 2, may be written down 
directly without forming equations (I) to (4) as : 
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Example 2. 

If in Fig. I an e.m.f. e is applied across terminals o,o, what is 
the resultant voltage V ,  across terminals 2,2 ? 

Let V ,  be the voltage across terminals I,I. Then evidently 
element A and the impedance Z,  presented at  terminals 1.1 con- 
stitute a potentiometer across terminals o,o, i.e. across e. 

" 

where 2 ,  is defined by equations (3), (2)) and (I). In the same way 
element C and the impedance presented at  terminals 3,3 constitute 
a potentiometer across terminals 4,4 and I,I, and so across V,.  - 

Hence V s  = - V l  . c +z, (7) 
where 2, is defined by equation (I). 

Substituting the value of V ,  from (6) into (7) 

v, = - zs x 21 

C+Z,  A +Zl (8) 

Writing in (8) the values of Z, and Z, in full, 

(This expression would normally be written down directly without 
forming equation (8), although this may, of course, be done if 
required.) 

DE cancels, and so, multiplying above and below by 
'+D+E 

BDE 

Multiplying above and below by ( D S E ) ,  

vp = 
BDE 

(AB +BC +CA)(D +E) +DE(A + B ) ~  . (9) 
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For purposes of evaluation this expression is handled as described 
in the next section. (XXIV:z.4 gives alternative method.) 

2.2. Method of Evaluation of Expressions contaking 
Complex Quantities. In general, the quantities A,  B, C,  D, 
and E in expressions (5)  and (9) are complex, since they represent 
impedances of any magnitude and angle 

Let A = Ra+jXa = Ma/+a 3 etc. . 
B = Rb =jXb = Mb7+b 

(I0) 

X 
(Evidently Ma = 1/~z+X1, ,  +a = tan-' Ra = Ma cos +a, 

Ra' 
Xa = Ma sin +a, etc.) 

2.21. The Direct Substitution Method. In this method 
numerical substitution is made before rearrangement of the 
expression. 

The first step is to express all impedances in the form suitable 
for the first operation to be performed on them. 

If A is to be multiplied by B, write 

A B  = Ma& x M b L ,  = M P b / # a + h  (11) 

If A is to be divided by B, write 

In  other words, for multiplication m division, express impeda~zces 
in the form M/+. 

For addition-% subtractzcrn express impedances in the form R+jX. 
e.g. A f B = Ra+jXaf (Rb+jXb) = R a f  Rb+j(Xa*Xb). 

For instance, equation (9) becomes 

Where M I  = M & f d M e ,  4, = I#~+I$~++~J and so on. 
Since MI/+, is going to be divided by the denominator it should 

be left in this-form. 
Ma/+, and the other terms in the same bracket must be reduced 

to theform R +jX by putting R = M cos + and X = M sin +. 
The resistances and reactances must then be added together and the 
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whole reduced to the form M/c$ for the purpose of multiplication 
with Rl+jXl, which must alsoTe reduced to the form M / +  before 
multiplication. After multiplication the resulting vectormust be 
converted to the form R + j X  for addition to the other term in the 
denominator. 

The other term in the denominator must be treated in a similar 
manner. 

The whole denominator is in this way finally reduced to the 
form M/+ and divided into the numerator. 

2.22;~he Explicit Method. In this method, before sub- 
stitution is made, the whole expression is transformed to the form 
A +jB (or M/+ according to which form is required), where A and B 
(or M and +)are functions of Ra, Rb, etc., and Xa, Xb, etc. 

For this purpose, in the present case, all impedances are inserted 
in the formula in the form R+jX. 

Hence equation (9) becomes 

where R, = RbRdRe - XdYdXe - XdX,$, - XJbxd, and so on. 
It may be transformed to the form A +jB by multiplying above 

and below by R, - jX,. 
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The advantage of the explicit method is that the final substitution 
involves no complex arithmetic and leads to greater safety in making 
approximations. In the example given it would, however, be 
simpler to use the direct substitution method on account of the 
laborious algebra and arithmetic involved in the explicit method. 
In many initially complicated practical cases where, owing to some 
of the impedances being equal, a number of terms cancel, the final 
expression is simplified. In this case, although the algebra is still 
(though less) laborious, the avoidance of complex arithmetic makes 
the explicit method worth while. 

The explicit method is essential when it is required to produce 
generalized formulae ; see XXI:5. 

2.23. Examples. 

Example I. 

Evaluate Z4 in Fig. I when C = 50o+j500, D = 2,000+j2,000, 
and E = 1,000 - j1,ooo. 

(a) By Use of Direct Szibstittction Method, 
DE 

From (I) and (z), Z4 = C+D+E. 

Since D and E are multiplied together in the numerator of the 
expression, they must be converted to the form M / +  - for use in the 
numerator only. 

= 50o+j500+1,260\18~ 25'' 
= 500 +j500+rI260 cos 18" 25" - j1,260 sin 18" 25" 
= 500 +j500+ 1,260 x 0.949 - j1,260 x 0.316 
= 500 + j5oo + 1,200 - j398 
= 1,700 +j102 
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(b) By Use of Explicit Method. 

Put C = Rc+jXc, D = Rd +jXd and E = Re+jXe. 

DE 
Then Z4 = C+- 

D+E 

Even in this simple case it is evident that the explicit method 
leads to a result which is far too complex to be of much practical 
use in competition with the direct substitution method. 

Substituting in this formula makes 

This agrees with the previous answer within slide-rule accuracy, 
having regard to the number of operations involved. 

Lest it may appear from the above that the explicit method is of 
little value, it should be pointed out that it is of the utmost value, as 
reference to the generalized formulae and characteristics of XXI:5 
will show. As has been explained, this is because in practice some 
simplification of the resulting expressions often occurs, and also 
because some or all of the impedance elements are either pure 

resistances or pure reactances. 
An example will now be considered in which the 

explicit method. is useful. This example also illus- 
trates the use of circuit parameters and the means 

c of deriving a generalized formula. 
R 

Example 2 .  

2 Derive the formula for the impedance of a 
'IG. 2/xx1v:2, parallel resonant circuit. This is the impedance 
Parallel Reson- 
ant circuit. looking into terminals I,I in Fig. 2. 
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Conventions. 

L = the value of the inductance in henrys. 
C = the value of the capacity in farads. 
R = the internal resistance of the coil constituting the induc- 

tance, in ohms. 
f = frequency. 
w = 2 4 .  

Z = the impedance looking into terminals I , I  = R,+jX,. 
I I - (R +jLo) ,%(R +jLo) 

Then Z = I C ~  

Equation (16) gives the values of effective resistance and 
reactance presented at terminals 1.1 and may be used to work out 
the value of Z over a range of frequencies if required. Such a pro- 
cedure is, however, very tedious and liable to errors. The 
expression may be very much simplified as follows : 

I Loo I 
Since Lao = COOI Q = - = - R CwJC 

I Lo,  :. C = - and R = -- . Q Lo; . (17) 

Substituting the values of C and R from (17) into (16) : 
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2.3. Representation of a Generator in Circuit Analysis 
and Circuit Synthesis. A generator here refers to any source 
of electrical power whether a battery, a dynamo or alternator, an 
oscillator or an amplifier or any passive network to the input of 
which energy is supplied and which, by supplying power a t  its 
output, affects the circuit connected to its output exactly in the same 
way as a generator. 

ThCvenin's theorem states that when a generator is connected 
to a load impedance the current that will flow through the load is 
given by the open circuit voltage of the generator divided by the 
vector sum of the impedance looking back into the generator and 
the load impedance. The impedance looking back into the generator 
is called the internal impedance of the generator and the open circuit 
voltage of the generator is called the internal e.m.f. of the generator. 

It follows that any generator, as far as its influence on any 
external circuit is concerned, can be represented by an e.m.f. equal 
t o  its internal e.m.f. in series with an impedance equal to its internal 
impedance. This is merely restating ThCvenin's theorem. 

2.31. Relation between Response, Total Loss and Insertion 
Loss of a Circuit. When a generator of internal e.m.f. e and 
internal impedance 2, is connected to  a load impedance 2, a current 
flows of magnitude 

Since in general Z, and ZL are impedances which vary with 
frequency, the value of I will vary with frequency. 

The Response of the circuit a t  any frequency f is d e h e d  
equal to 

where e is constant and 

P, = the power supplied to the load at frequency f 
P,; = the power supplied to the load at any chosen reference 

frequency 
I, = the current supplied to the load a t  frequency f 
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I,? = the current supplied to the load a t  the reference 
frequency 

R, = the series resistance component of 2, a t  frequency f 
R,, = the series resistance component of 2, at the reference 

frequency. 
The Response a t  the reference frequency is evidently zero. 
By creating definitions for the Total Loss of a circuit, simple 

and more general definitions of Response can be obtained in 
terms of Reflection Loss and Insertion Loss which are readily 
calculable. 

The Total Loss of the simple circuit described is equal to the 
Reflection Loss (see V1Ixo.1). 

When a network is inserted between the generator and the load 
the Insertion Loss at any frequency is the decibel equivalent of 
the current reduction in the load consequent on the insertion of 
the network (see VII:12 and XX1Vq.q). Fig. I was originally 
designed to represent such a case. In this figure 2, is represented 
by A ,  and 2, by E. 

The Total Loss of such a circuit is equal to the Reflection Loss 
between A and E with the network removed and terminals I,I con- 
nected to 2,2, plus the Insertion Loss. 

The Response of such a circuit is equal to the Total Loss at each 
frequency, minus the Total Loss at the reference frequency, loss 
being plotted as a negative quantity. 

It will now be clear that, while the characteristics of a network 
such as that shown between terminals I,I, and 2,2 in Fig. J (see 
XXVq and 5 and 6)  can be completely specified without reference 
to its terminating impedances, the performance of a network can 
only be specified by taking into account both the generator impedance 
and the load impedance. 

2.4. The Method of Addition. This is a systematic method 
of expressing the currents and/or voltages a t  any point in a ladder 
structure in terms of the currents and/or voltages a t  any other point 
in the structure nearer the output. For this purpose all currents 
and voltages are expressed in terms of the voltage across the output 
load or last shunt element, or the current through this element. 

The method is applicable to ladder-type structures only. 
Fig. 3 shows a ladder structure with the currents through and 

the voltages across each element as indicated. The input is supposed 
to be on the left ; the element A can either be regarded as the load 
or as the final element of the structure. 

Starting from the voltage across and the current through the 
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element A ,  the other voltages and currents are then built up as 
follows by a simple process of addition. 

v I = I = - v - v A • ÷ - a  . (21) 

v* vc - v v I d = I b + I c = - + - - ~ +  I+- . 
A C  A C ( : )  - (23) 

ve = VC+Vd = v, I+- +vl -+- I+- ( 3 :( :)) 
= vY,E+(1 +$(I +;)I . (24) 

I,=I,+I,=V, 

B F F  v, = ve+v, = VY, -+ I+- I+- +-+- I+- ( 9( A )  A  C( :) 
FD F 

+-+-I+-  I+- 
AE E( ) (  :)] 

=vY,[(I+~){(I+~)(I+~)+~}+~+~(~+!$] . (26) 

FIG, g/XXIV:z.-Ladder Structure illustrating Method of Addition. 

Each of the equations (22), ( q ) ,  (z4), etc., constitutes a solution 
applicable to a structure of corresponding form : e.g. equation (22) 

gives the relation between the input and output voltage of the 
structure constituted by elements A  and B ; equations (23) and (24) 
apply to the structure formed by elements A ,  B, C  and D, etc. 

This method is due to C. G. Mayo. 
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3. Introduction to Circuit Synthesis. 
Circuit Synthesis deals with the behaviour of Foqboles. 
A four#oEe is a four-terminal network in which power is supplied 

at one pair of (input) terminals (I,I in Fig. I) and, after transmission 
through the network is supplied, attenuated in magnitude and shifted 
in phase (as regards its current and voltage components) to any 
load impedance connected to the output pair of terminals ( 2 , ~  in 
Fig. I). 

The general representation of a fourpole is shown in Fig. I at (a), 
while particular examples of fourpoles are shown at (b), (c), (d) 
and (e). An ordinary transmission line such as a feeder or a tele- 
phone circuit constitutes one very important example of a fourpole. 

The fourpoles at  (b) and (c) will be recognized as T and n networks 
respectively, while those a t  (c) and (d) are respectively lattice and 
bridged-T structures. 

As has been explained, the English method is most suitable for 
developing the transmission equations which determine the 
behaviour of fourpoles of known characteristics, while the German 
method is most suitable for determining the relations between 
different types of networks to make them equivalent. 

Section 4 which follows will develop the English method in 
simplified form. 

It should be stressed that the modification of the English method 
in no way limits its scope of application or its effectiveness in 
solving particular problems. For anyone with an elementary 
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knowledge of complex algebra, the reverse is the case, on account 
of the fewer thought processes involved. 

Section 5 will then show how to determine the characteristic 
parameters of specific types of fourpole (i.e. the image impedances 
and transfer vector ; see definitions in section 4). 

Section 6 will then develop the German method and show its 
applications. I t  will appear that the German method has a rather 
more extensive use than is indicated by the bare statement above. 

4. Circuit Synthesis : The Simplified English Method. 
The English method normally uses Complex Hyperbolic Func- 

tions which makes the subject appear much more difficult than it 
really is. Since no satisfactory tables of Hyperbolic Functions exist 
and the necessary interpolation in existing tables is very cumber- 
some, the only practical value of the use of such functions is brevity 
in the derived formulae which can quite easily be achieved by other 
devices. 

This ,advantage is in any case outweighed by the obscurity in 
which the subject is thereby wrapped in the eyes of those who are 
not mathematically inclined. For this reason, in the treatment 
below, formulae are derived first without reference to Hyperbolic 
Functions. The formulae so derived are entirely adequate for all 
$ur$oses and no reference need be made to the subsequent correla- 
tions with the hyperbolic forms : these have, however, been inserted 
in order to relate the discussion to current literature. 

Since this is a new exposition of transmission theory or network 
theory, new and simpler terms are used. The conventions and 
definitions which follow specifically define these terms. While it is 
instructive, and indeed essential, to glance through these before 
reading the development of the theory it will probably be found that 
the conventions and terms are better understood with reference 
to the theory. The method of developing transmission formulae 
should, therefore, be read, referring to the definitions and conventions 
to explain each symbol and term as it appears. 

Conventions Relating to Four$oles. 
The matched condition of a fourpole is the condition in which 

terminals I,I (see Fig. 2) are faced with an impedance equal to Z,, 
and terminals 2,2 are faced with an impedance equal to Z,, regardless 
of the direction of transmission through the network. That is, 
regardless of whether terminals I,I or 2,2 constitute the input 
terminals. 
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Zl = image impedance looking into terminals I,I. 
2, = image impedance looking into terminals 2,z. 
,V1 and ,I1 = respectively the voltage applied at, and the 

current entering, terminals I,I in the matched 
condition, with terminals I,I constituting the 
input terminals. 

,V, and ,I, = respectively the voltage appearing at, and the 
current leaving, terminals 2,2 in the matched 
condition, with terminals I,I constituting the 
input terminals. 

,V, and ,I, = respectively the voltage applied at, and the 
current entering, terminals 2,2 in the matched 
condition, with terminals 2,2 constituting the 
input terminals. 

,V1 and ,I1 = respectively the voltage appearing at, and the 
current leaving, terminals I,I in the matched 
condition, with terminals 2,z constituting the 
input terminals. 

V ,  = voltage applied across terminals I,I = input voltage at 
I,I under any condition of impedance termination. 

V ,  = voltage appearing at terminals 2,2 under any condition 
of impedance termination. 

I ,  = current entering terminals I,I under any condition of 
impedance termination. 

I, = current leaving terminals 2,2 under any condition of 
impedance termination. 

v ,  and v ,  = incident voltages at  I,I and 2,2 respectively. 
vi and v; = reflected voltages at I,I and 2,z respectively. 
i ,  and i, = incident currents at I,I and 2,2 respectively. 
i; and i; = reflected currents at I,I and 2,2 respectively. 

C)  

L 
s = the impedance ratio of the fourpole = a vector. 

2s' 
r = the root impedance ratio of the fourpole = l/< a vector. 
u = the (symmetric) transfer vector of the fourpole 

a = the attenuation ratio of the network = 1 zc I , a numeric. 
a = the (symmetric) phase shift of the network = the angle of zc. 

S,  = )(u - I/u), a vector . (1) 

C,=+(u+r/u),  a vector . (2) 
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- 1/24 24' - I T = L " = -  a vector . 
C, 24 + 1/24 24' + I' 

c t=-  I =- u'+l, a vector 
T, ua-I - (4) 

L = the image loss of the fourpole = the insertion loss in 
decibels when terminated in its image impedances 
= 20 log,,, a decibels. 

It may be noticed that the definition of u = a/a, the symmetric 
transfer vector, is so formulated that when the network is such that 
under matched conditions the output voltage lags behind the input 
voltage, assuming lag to be represented by a negative angle, the 
angle a will be positive. (This definition is consistent with the 
common definition of propagation constant.) This is slightly con- 
fusing and is the reason why a fourpole phase lag is often represented 
by a positive angle. 

Tlte Quantities S,, C,, T, and C,. 
These are merely short ways of writing the expressions to which 

they are equated. 
When required, they may be evaluated by putting u = a/a, as - 

follows : 

= I(. 2 - i) cos .+,:(.1+:) sin a . (14 

aa cos za+jas sin 2a - I Tn = 
as cos za+jaa sin 2a+1 

Dissipationless Case. Values of S,, C,, T,, and C, whn a = I, so 
that u = ~ / a  : tlte fou7pole has no attenuation. - 

Putting a = I .in (IU) and (za) : 
S, = j sin a . - (1b) 
C, = cos a . (zb) 
T , = j t a n a  . (34 
C, = - j cot a . - (44 
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Relatimts between S,, C,, T, and C,. 
c; - s:, = *(u+I/u)~ - $(u - = I . (14 

Dividing (IC) by C, : 

Dividing (IC) by 9, : 

Also 

Correlation and Nomenclature. 
The quantities S,, C,, T, and C, are all functions of u which 

when u = ~ / a ,  degrade to jsin a, cosa, j t ana  and - jcot a 
respectively . 

Consistently two other quantities may be defined : 
Sc = I/C, and Cc = I/S, 

Although for most purposes it is convenient to represent these 
quantities by their symbols, since they are functions of u, and in 
order to provide direct correlation with the complex hyperbolic 
functions which they replace, it is useful to give each of these 
functions a name. Names have therefore been chosen, derived from 
the trigonometrical functions. The name of each function is derived 
by adding an s to the corresponding trigonometrical function. The 
resulting functions will be called the Simple Vector Functions in 
contradistinction from the hyperbolic vector functions usually called 
complex hyperbolic functions. 

Let u = g+fa = ep 

where P = p  +ja is the propagation constant of any symmetric 
fourpole, or the image transfer constant (see below) of 
any dissymmetric fourpole. 

Then the following relations evidently hold : 
S, = sins u = sinh P ; C, = coss zc = cosh P 
T, = tansu = tanh P ; C, = cots zc = coth P 
S, = secs u = sech P ; Cc = cosecs .u = cosech P. 

(See also correlation and formulae in C1:15.) 
It  is indeed true that the pure mathematician will argue that 

the form of these functions does not just@ their names, but this 
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argument carries little weight against the obvious mnemonic advan- 
tage of naming them in this way. 

I t  will be noted that S,. C,, etc., are all functions of u. Some- 
times it is necessary to represent functions of other quantities such 
as u/2. These must be written in full, e.g. sins u/z, coss u/z, 
tans u/2, etc. 

The image transfer constant of any passive fourpole has been 
defined (by K. S. Johnson, 0. J. Zobel, and others) as half the natural 
logarithm of the vector ratio of the steady state volt-amperes enter- 
ing the fourpole to the volt-amperes leaving the fourpole when the 
latter is terminated in its image impedances. The ratio is deter- 
mined by dividing the value of the volt-amperes at the point nearest 
the transmitting end (the input) by the value of the volt-amperes 
at the point more remote (the output). See also correlation at end 
of XXIV:~. I I  below. 

The propagation constant of a fourpole is a special case of the 
image transfer constant: the image transfer constant of a sym- 
metric fourpole is called the propagation constant. 

The image impedances of a fourpole are those impedances which 
terminate the fourpole so that the impedance looking each way at 
input and output of the fourpole are the same. 

If 2, and 2, in Fig. I (a) are the image impedances of the fourpole 
shown, then : 

When terminals 2,2 are closed through 2, the impedance looking 
into terminals I,I is 2, : and when terminals I,I are closed through 
2, the impedance looking into 2,2 is 2,. 

A fourpole of constant image impedance or a symmetric fourpole, is 
one in which the output image impedance equals the input image 
impedance. This type of fourpole is sometimes called an equal-ratio 
fourpole. I t  is realized in practice by a symmetrically disposed 
arrangement of impedance elements. 

An asymmetric or ztnequahatio fourpole is one in which the output 
image impedance is unequal to the input image impedance. I t  is 
realized in practice by an unsymmetrical arrangement of impedance 
elements. 

The impedance ratio of a fourpole is the ratio : input impedance 
divided by output impedance, and is a vector quantity. 

The root impedance ratio is the square root of the impedance ratio. 
The power ratio of a fourpole is the ratio : input power divided 

by output power, in the impedance matched condition. 
282 



NETWORK THEORY XXN : 4.1 

The transfer vector of a constant impedance or symmetric fourpole 
is the ratio : input voltage divided by output voltage = the ratio 
input current divided by output current in the matched condition. 

The asypnmetric transfer vector of an asymmetric or unequal ratio 
fourpole is the ratio : input voltage divided by output voltage in the 
matched condition. 

The transfer vector of an asymmetric or unequal ratio fourpole 
= the asymmetric transfer vector divided by the root impedance 
ratio. See definition of u under Conventions. 

The attenuation ratio of any fourpole = the magnitude of the 
transfer vector = the square root of the power ratio of the fourpole. 

The (matched) phase shif2 of any fourpole = the angle of the 
asymmetric transfer vector, which in the case of a symmetric fourpole 
becomes the transfer vector. 

The characteristics of a fourpole are completely determined by 
specifying its image impedances and its transfer vector. In other 
words, if these quantities are known for any fourpole, the perform- 
ance of the network can be determined when working between any 
values of generator and load impedance. 

4.1. Development of Transmission Formulae. These are 
the formulae which relate the input and output voltages of fourpoles 
when terminated in any value of impedance. The sending-end 
impedance is also developed in terms of the fourpole parameters Z,, 
2, and u, and the terminating impedance 2. 

The formulae are developed in terms of an asymmetric fourpole 
and are therefore entirely general. The case of the symmetric four- 
pole is covered by putting 2, = 2,. Further, the equations are 
directly applicable to transmission lines and feeders by putting 
u = e@+ja, where is the (total) line attenuation constant, and a is 
the (total) line phase-shift constant ; see XV1:xg. In other words, 
a homogeneous transmission line is a symmetric fourpole with a 
transfer vector u = e@+ja. In this case the attenuation ratio 
a = 8 and the symmetric phase shift a = the line attenuation 
constant a. A homogeneous transmission line is, of course, an 
example of a symmetric fourpole. 

In XVI:x3 and elsewhere the symbols p and a represent respec- 
tively the line attenuation and phase shift constants per unit length. 
In this case, if 1 is the length of the line, the total line attenuation 
constant = pl and the line phase shift constant = al. In  the present 
section it would therefore have been preferable to use 0 t h  symbols than 
p and a to denote the total line attenwadion constant and total phase shvt 
respectively. Scarcity of symbols has, however, led to the present 
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convention. The point is such an obvious one that no confusion 
should be caused. 

4.11. Analysis of Asymmetric Fourpole. An asymmetric 
fourpole, of image impedances Z, and Z, and transfer constant u, 
may be replaced, for purposes of calculation, by a symmetric four- 
pole of image impedance 2, and transfer constant u, plus a fairy 
fourpole of image impedances Z, and Z, and transfer vector unity. 
The arrangement of the replacing fourpoles is shown in Fig. I. In 
general the fairy fourpole has, and can have no real existence, but 
this in no way invalidates its usefulness as an aid to visualization of 
the processes involved. To those purists who may argue that the 
invocation of a non-physical entity is an example of fallacious 
argument, it may be answered, firstly, that this method gives the 

FIG. I/XXIV:~.-Analysis of Asymmetric Fourpole. 

correct results, and secondly, that the argument remains intact if 
the fairy fourpole is not used : the presentation then rests purely 
on the mathematical argument which is not so obvious when unaided. 

No proof is required to show that the two networks in Fig. I will 
behave in every way the same as the asymmetric fourpole shown in 
Fig. I/XXIV:~. The input image impedances are both Z,, and the 
output impedances are both Z,, while the transfer vector of the 
composite network is zt x I = u, which is the same as that of the 
original asymmetric network. 

Referring to Fig. I, when the fairy fourpole is terminated in its 
image impedance, VJV, = r and I,/I, = r where r = 

If terminals 2,2 are closed through an impedance Z,, the output 
image impedance, the impedance looking into m,m, the input of the 
fairy fourpole is Z,, so that the symmetric fourpole is terminated in 
its image impedance. 

Under these conditions, if a voltage ,V, is applied at terminals I,I, 
V, = ,V,/u, and the voltage appearing at terminals 2,2 is 
lV2 = vm/r = lv , /~u.  
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Under the same conditions, if a current ,I ,  enters terminals I,I, 
I ,  = ,I,/%, and the current flowing out at  terminals z , ~  is 
11, = rIm = ,Il x r /u .  

In the case of transmission through the network in the reverse 
direction, if terminals I,I are closed through an impedance Z,, the 
input image impedance, the impedance at m,m looking into the 
output of the symmetric fourpole is Z,, so that the fairy fourpole is 
terminated in its image impedance at m,m. 

Under these conditions, if a voltage ,V, is applied at terminals 2,2, 
Vm = r x ,Va, and the voltage appearing at terminals 1.1 is 
,Vl = Vm/% = ,VI x r/%. 

Under the same conditions, if a current ,I, enters terminals 2,2, 
I ,  = ,I,/r, and the current flowing out at  terminals I,I is 
,Il = Im/% = ,I,/Y%. 

Hence 

and 

(Correlation. The Image Transfer Constant is defined by K. S. 
Johnson in Chapter VII, section 7.52, as 

= log, (a/a) = log, a +ja - 
See also D e j n i t i m  in XXIV:4 above. 

If the Image Transfer Constant is given in the form P+ja the 
transfer vector u = 8+ja = @/a). 

4.12. Development of F-ulae from Consideration of 
Incident and Transmitted Voltages and Currents. The 
total voltages and currents in a driven fourpole are respectively con- 
stituted by the sum of the incident and rejected voltages and currents. 
A voltage V ,  applied at the input terminals I,I of a fourpole gives 
rise to an incident voltage v,  at r,I, which after transmission through 
the fourpole appears at 2,2 as v, = v,/ru. v ,  and v ,  are called 
incident voltages and correspond to transmission of power through 
the fourpole from 1.1 to 2,2. Some of the power arriving at 2,2 is 
fed to the terminating impedance Z and some is reflected. 

Corresponding to the rejEected power there is a rejected voltage 
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at 2.2 of magnitude - 
, Z - Z ,  Z - z ,  v ,  

va = - v, = - 
Z+Z, 

X - 
Z+Z, 7% 

. (8) 

The rejected power, after transmission through the fourpole in 
the reverse direction, gives rise to a refEect+d voltage at I,I of 
magnitude 

, r ,  2 - 2 ,  v, v = --v = --- X-, . ' u a  z+z; u (9) 

It  will be seen that the incident and rejected voltages are trans- 
mitted through the network as if the network were terminated in 
its image impedances, i.e. in accordance with equations (5) and (6). 
A little thought will show that this must be the case because energy 
advancing through the network doesn't know that the network is 
incorrectly terminated until it reaches the terminal, when it shows 
its dissatisfaction by partially coming back again. 

Now cons-ider conditions in  the network under the influence of a 
sinusoidal applied voltage after initial transients have decayed and the 
steady state is established. 

The total voltage at terminals 2,z is then 
I z - Z ,  v, = v,+v; = v,  -+----- x L) . . (10) (ru z+z, 7u 

The total voltage at terminals I,I is 

Similarly an incident current i, = vl/Zl  entering terminals I,I 
7v 1 gives rise to an incident current i, = ril/u = - at terminals 2,2, 
uz1 

and a reflected current at 2,2 of magnitude 

The resultant reflected current at  I,I is 

The total current emerging at terminals 2,2 is then 

The total current entering at terminals I,I is 
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The relations between V ,  and V , ,  I ,  and I , ,  V ,  and I , ,  and 
V ,  and I ,  may be determined as follows. The relation between 
V ,  and I ,  is particularly important because it determines the 
sendingend or effective input impedance of the fourpole when 
terminated in an impedance Z.  
From (10) and (11) 

Equation (16) or (I&) is the most useful form of this expression 
when dissipation is to be taken into account. 

When there is no dissipation : i.e. when u = ~ / a ,  the expression 
- 

may be simplijied as follows : 
When u = 1/a, S ,  = j sin a and C8 = cos a - 

From (14) and (15) 
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An alternative form of (18) is 

Equation (18) is the 
dissipation is to be taken 
and u = ~ / a  

most useful form of 
into account. When 

the expression when 
there is no dissipation 

,- 

J 3 I l  
I ,  = 2, 

. Z  (19) cos a +I- sin a 
2, 

From (11) and (y) 

An alternative form of (20) is 

JGl 2, 

I s = z C a + z &  . . (20a) 

Equation (20) covers the case of dissipation, while the case of no 
dissipation is covered by : 

J3vl  
I ,  = 2 1  

Z  cos a +jZ,  sin a (21) 

From (11) and (15) the sending-end impedance : 
looking into terminals I,I is : 

the impedance 
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Equation (22) gives the sending-end impedance when there is 
dissipation. Equation (22) may be transformed as follows : 

and when u = ~ / a ,  Tn = j tan a. 
Hence, in the dissipationless case 

. (24) 
%+j tan a 

4.13. Short-Circuit and Open-Circuit Impedances of a 
Network. Use of " Opens and Shorts " for determining the 
Parameters of a Network. 

Consider a fourpole with terminals I,I and 2,2. 
S, = the impedance looking into terminals I,I with terminals 2,z 

short circuited = the short-circuit impedance at I,I. 
0, = the impedance looking into terminals I,I with terminals 2,z 

open circuited = the open-circuit impedance at I,I. 
S ,  = the impedance at 2,2 with I,I shorted. 
0, = the impedance at 2,2 with I,I open circuited. 
When 2,2 are shorted Z = o, and when 2,z are open Z = co. 

Putting the values in equation (23) 

Sl = ZIT, = Z1 

With no dissipation 
S, = jZ1 tan a . 

Similarly, 

With no dissipation 
0, = - jZ, cot a . 

Similarly S, = Z,Tn, 0, = Z,C,, etc. 
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Determination of Z,, Z, and u, from measurements or calculations 
of S, and S,, 0, and 0,. 

Multiplying (25) and (26) together: 
SIOl = qT,C, = - ... Z, = ~ s , o ,  . - (27) 

Similarly 
-- 

Z, = ~ s , o ,  . - (28) 
Dividing (25) by (26) 

.-. (u" I) = ( u ~ + I )  Jz 

The above relations : (27), (28) and (29) are extremely important 
because they give the methods of determining by calculation of S,, 
S,, 0, and O,, or by measurements with an impedance bridge, the 
parameters Z,, Z, and u, in any network, and once these are deter- 
mined the performance of the network under any specified conditions 
can be calculated from equations (16) to (24). 

FIG. 2lXXIV:q.-Asymmetric Fourpole driven by a Generator of Internal 
Impedance Za and working into a Load of Impedance 2,. 

4.14. The Insertion Loss of a Fourpole between Imped- 
ances 2, and 2,. Fig. 2 shows an asymmetric fourpole inserted 
between a generator of internal impedance 2, and internal e.m.f. e, 
and a load of impedance 2,. The fourpole has image impedances 
2, and Z,, and transfer vector w. 

The insertion loss of the fourpole is given by 
' 1 0 ,  L = 20 log,, I - 
iLi 

where I ,  = the current flowing through Zb, when the generator is 
directly connected to Zb 
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and I ,  = the current flowing through Zb with the fourpole 
inserted as shown in Fig. z,  the value of e remaining 
unchanged. 

Evidently 
e I -- 

- za+zb' 
Determination of I,. 

From (23) the impedance looking into terminals I,I (i.e. presented 
towards the generator) in the circuit of Fig. I is 

The voltage across terminals I,I is 

Z&e - e El = -- - 
za+zs I+_ za 

zs 
From (zoa) the current through the load is 

Hence, from (31) 

and from (30) 
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Hence, the insertion loss in decibels is 

If Z, = Zb = R say, the insertion loss in decibels is 

I.L. = 20 log,,, (33) 

I 
If Z, = Zb = R and Z, 

decibels is 

20 log10 

I.L. = 20 loglo 

= Z ,  = 2, say, the insertion loss in 

2 . 4 5  Zl 

Equation (35) is of particular interest for evaluating the insertion 
loss of filters working between equal impedances. 

r 
1 

The insertion phase shift is in each case given by the angle of -2. 
In 

I 
In other words, if 2 is reduced to a vector of the form U/+ 

1% - 

, then + is the insertion phase shift. 

I t  will be clear that to evaluate any of the expressions (33), (34) 
and (39, the values of S, and C, must be written in full as given 
in equations (I) and (2).  

A word of advice should be given here. This is to the effect that 
although equations (33), (34) and (35) constitute comprehensive, 
and in the case of equation (35), easily handled formulae for calculat- 
ing insertion loss, in cases where single n and T-networks are con- 
cerned, some people may find it preferable to calculate the current 
in the load directly by applying the method of inspection described 
in XX1V:z.r. If the resultant formulae are generalized (see XXI:5) 
they may be found simpler for substitution purposes than the equa- 
tions developed immediately above. 

292 



NETWORK THEORY XXIV:5 

5. Characteristics of SpeciAc Fourpoles. 
Warning. The following methods of calculating the character- 

istics of fourpoles are all valuable for the purpose described. In 
solving any particular problem, however, it is not always necessary 
to calculate Z,, Z, and u. The Method of Inspection, or the Method 
of Addition may give the required answer directly and much more 
quickIy, see XXIV:2.1 and 2.4. 

5.1. Dissymmetrical T. (Solved by the Method of Inspec- 
tion.) Fig. I shows a dissyrnmetrical T network working between 
its image impedances 2, and 2,. 

I 2 
FIG. I/XXIV:~.-Dissymmetrical T Network. 

The impedance looking into terminals IJ, with Z, removed 
and 2,2 connected to Z,, is evidently 2 , .  By inspection of the circuit 

Similarly 

Solving these two equations for Z ,  and Z, : 

Transfer Vector. 
By inspection of Fig. I 

1 1  - B+C+Za --  
I ,  B 

From equation (6)/XXIV:4 
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Hence the practical procedure is to calculate 2, and Zl from 
equations (I) and (z), and then to use the values so obtained to 
calculate the value of u. 

5.11. Symmetrical T. This is represented by Fig. I when 
the two series arms are equal. Assume that they are equal to A. 
The values of the image impedance and the transfer vector are then 
obtained by putting C = A in equations (I), (2) and (3). This gives 

Z l = Z , = ~ ~ ~ + 2 ~ ~ = 2 , s a y .  . (4) 
and 

A +B+Z, 
$4 = --------- 

B - (5)  

5.2. Dissyxnmetrical n. (Solved by the Method of Inspec- 
tion.) Fig. 2 shows a dissymmetrical n network working between 
its image impedances Z1 and 2,. 

I i 

FIG. z/XXIV:5.-Dissymmetrid n Network. 

By inspection of the circuit 

and Za = 

Solving these equations for 2, and Z, : 
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From equation (s)/XXIV:4 

Either equations (8) or (9) may be used. (8) is preferable if the 
impedances are given in the form R+jX,  and (9) if they are given 
in the form M/+. 

5.21. ~Jrmrnetrical n. This is represented by Fig. 2 when 
the two shunt arms are equal. Assume that they are equal to D. 
The values of the image impedance and the transfer vector are then 
obtained by putting F = D in equations (6), (7), (8) and (9). 

This gives : 
1 7 -  

and 

A 
FIG. 3/XXIV:g.--Lattice Network. 

5.3. Lattice. (Solved by " Opens and Shorts. ") Fig. 3 
shows a lattice network. Using conventions as in X X I V : ~ . I ~  : 

Hence 
2, = 2, = dW1 = d m  = 1/S1B = Z,, say . (12) 

Also 
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that is 
u a - I - 2 m  --- 
ua+l  A + B  

2dAB 
1 + ------ 

ua = A + B  A+z.\/AB+B 
z m  = A - Z ~ + B  

I-- 
A +B 

Dissi+ationless Case. 
This can only occur when A and B are reactances. In order 

that the image impedance shall be real these reactances must be 
opposite in sign, &e equation (IZ). If they are A = j X ,  and 
B = - jX, ,  then ZI = .\/- jX , jX ,  = m. 

Since there is no dissipation 

Hence 
XI 2- 

tan a = 21 221 = 221x1 - 
z: XI x: z - x :  I - T  
X,- 21 

Since 
2% tan- - = z tan-' x 

I - x a  
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The dissipationless case is important for the design of networks 
to insert phase shift varying with frequency in any required way. 
Before deciding to use a lattice network for this purpose the 
equivalent bridged-T structure should be examined to see that it 
is physically realizable, in which case it is probably a more economical 
structure to use as the number of reactance elements is less. 

5.4. Symmetrical Bridged-T. (Solved by Matrices.) The 
bridged-T network is shown in Fig. 7 (a)/XXIV:6. 

For the average engineer the following constitutes a good example 
of the case where the conclusions of a mathematical discussion 
constitute the only intelligible, and therefore the only useful part of 
the argument. Those who have mastered XXIV:6 will, however, 
find no difficulty in following the whole discussion. 

From Fig. rz/XXIV:6 the A matrix of a symmetrical fourpole, 
in tenix of its image impedance Z, and its transfer vector zc, is : 

From equation (23) XXIV:6.7x1 referring to Fig. 7 (a) XXIV:6, 
the A matrix of a symmetrical bridged-T network is 

where S = Z2+zZ,Za 
Assuming 1 )  A I I s F  and 1 1  A I I B T  to represent the same fourpole, 

1 1  A I I s F  = 1 1  A [ I B T ,  in which case corresponding terms of the two 
matrices are equal, so that : 
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Multiplying (18) by (19) 

For many purposes it is not necessary to take the analysis further, 
since i t  is required to substitute the values of S, and C, directly into 
transmission formulae : the value of u is not generally required. 
The particular value of the matrix method will now be appreciated 
because it gives directly the values of S ,  and C,. 

If, however, u is required it is very easily obtained, since from 
(4c) /XXIV:4 

Check by Method of " Opens and Shorts ". 
Omitting preliminary determination of short-circuit impedances S 

and open-circuit impedances 0, and merely stating their values : 

also 

then 

I +- B + a  (compare with equa- 
B - 2/jj1_A tion (29) /XXIV:4) 

I --  
B  

Equation (zoa) is the same as (zo), while (zza) is the same as (22). 
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6. Circuit Synthesis : the German Method. 
The following treatment is based on an article by F. Strecker and 

R. Feldkeller, which appeared in the Elektrische Nachrichh-Technik 
for March 1929. 

During the development of the English method it has appeared 
that the characteristics of a fourpole can be completely specified 
by stating the values of any one of three sets of parameters, which 
will be referred to as the normal parameters. These are : 

(I) The image impedances and transfer vector : three parameters. 
(2) The short-circuit and open-circuit impedances at both input 

and output terminals : four parameters. 
(3) The impedances of each arm of the network : number of 

parameters equal to the number of arms. .. 
I t  has been very evident that to obtain the greatest use from 

these parameters it is essential to understand exactly what these 
parameters mean in physical 
terms. I t  is now proposed to 
introduce four sets of para- 
meters without initially defining ,, :Aly4f 
what they mean in physical 2 
terms ; means of deriving 

FIG. x/XXIV:6.-General Fourpole illus- 
physical these trating Current and Voltage Conventions 
parameters will, however, be adopted for Evolving Matrices. 

given. The only purpose served 
by a knowledge of the physical meaning of these parameters is that 
the physical meaning of the parameter enables the value of the para- 
meter to be determined in terms of any one of the three sets of 
parameters above. Since in later figures the values of the new 
parameters are tabulated, for a variety of fourpoles, in terms of 
certain of the above sets of parameters, and since the values of the 
parameters can be determined without assigning physical meanings, 
a knowledge of the physical meaning of these parameters is not of 
first importance. It  is, however, rather comforting. 

For the moment these parameters will be defined by the bland 
statement that if the values of the input and output voltages and 
currents V,V,, I J ,  of any fourpole, such as is shown in Fig. I, are 
known, they will satisfy all the four pairs of simultaneous equations 
below provided suitable values are assigned to the parameters. 

This statement will not be proved in general terms, but a very 
easy proof will present itself in all cases where the values of the 
parameters are known, since it is only necessary to determine the 
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values of voltage and current at the input and output of a specific 
fourpole by applying the English method to any set of conditions ; 
it will then be found that these values of voltage and current inserted 
in each equation, with the values of the parameters proper to the 
network and the equation, will satisfy the equation. See also 
XXIV:~.ZI. 

The four sets of equations are : 

The quantities All, A A,,, AS2 ; Zll, Z12, Zal, Z2, ; Yll, Y,,, 
Y,,, Y12 ; Dl,, Dl,, D,,, D,,, constitute four sets of parameters, 
there being four parameters in each set. I t  will appear later that 
any three of the parameters in any set determine the performance 
of a fourpole, the fourth parameter then merely provides confirma- 
tion of some of the information already given by the other three 
parameters. 

I t  is important to note the conventions which have been chosen 
for the sense of the voltages and currents in Fig. I. Any other 
sense might have been chosen for the direction of any current or 
any voltage without affecting the validity of the argument which 
follows. The only effect of changing this convention is to change 
the sign of one or more of the parameters in each or any pair of 
equations. I t  is necessary to keep to this convention in order to 
be able to make use of existing tables of parameters without making 
any change of sign. 

6.1. How to Determine the Physical Meaning of, and the 
Relations between the Parameters. These are determined by 
considering what happens when each pair of terminals is short 
circuited or open circuited in turn. 

I. If terminals 2,2 are short circuited, V2 = 0. 
Putting Va = 0 in each equation in turn 
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2. If terminals 2,2 are open circuited, I ,  = 0. 
Putting I ,  = 0 in each equation in turn 

3. If terminals I,I are short circuited, V 1  = 0. 
Putting V ,  = 0 in each equation in turn 

(For signs of Y, ,  and Y,, see below.) 

4. If terminals I,I are open circuited, I, = 0. 
Putting I ,  = 0 in each equation in turn 
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I t  is therefore evident that the parameters are defined by short- 
circuit or open-circuit relations between input and/or output 
voltages and/or currents. 

Vl For instance, from (IC), A,, = - when terminals 2,2 are shorted. 
Is 

A, ,  may be called the transfer impedance from I,I to 2,2. Also 
I1 from (IC), A,, = - with 2.2 shorted. A,, may be called the 
I8 

2 , ~  short-circuit current ratio. 
Similarly from (rd), A, ,  may be called the I,I open circuit voltage 

ratio, while A ,, may be called the transfer admittame from I ,I to 2.2. 

There is, however, little point in attaching names to the para- 
meters which are better defined in physical terms, by direct reference 
to equations (rc, d, e, f) ,  (zc, d, e, f ) ,  etc., inserting also the proper 
condition appropriate to each case : i.e. I,I short or open, or 2,2 
short or open. I t  will be shown in the next section that definitions 
in this form enable the values of the parameters to be determined in 
terms of any of the parameters used in the English method, which 
are listed at the beginning of section 6. 

To determine the values of A,, and A,,, a voltage V ,  is assumed 
to be applied at I,I, and the values of I ,  and I ,  are calculated with 
2,2 assumed short circuited. 

To determine the values of A,, and A,,  a voltage V 1  is assumed 
to be applied at I,I, and the values of I, and V ,  are calculated 
with 2,2 assumed open circuited. 

By similar methods Y,,, Y , , ,  Dl,, D,,, Z,,  and Z,, can be deter- 
mined. Fig. g summarizes physical characteristics. 

In the case of parameters determined by shorting or opening I,I, 
the initially assumed voltage or current must be respectively applied 
at and enter 2,2. This leads to the appearance of negative signs 
which do not appear from the above analysis except for indications 
such as are given by equation (3e), which shows that Y , ,  is negative 
(because All  and A,,  are both positive). The appearance of the 
minus signs is, of course, due to the converftions chosen for positive 
directions of voltage and current. 

No difficulty need arise provided it is remembered that all 
parameters are positive except those listed below. 

NEGATIVE PARAMETERS : Zit Zaa ; Y l S  Y s a  ; D,,. 

To determine the value of Y , ,  and Y ,, ; a voltage V ,  is assumed 
to be applied at 2,2, and the values of I ,  and I ,  are calculated with 
I,I assumed short circuited. Since the resultant currents which 
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flow are opposite in direction to the currents shown in Fig. I, it is 
evident that 

I  
11 - I ,  y - - 2- and Y,, = - - 

v, v, 
where I ,  and I ,  are the currents consequent on the application of 
V l  at 23. 

Similarly, the other parameters which depend on I,I being short 
circuited or open circuited are determined by assuming a voltage to 
be applied at 2,2. The signs of the parameters are best determined 
by making use of the list of negative parameters above. 

Any set of parameters may be expressed in terms of the 
parameters in any other set. For instance, the A parameters may 
be expressed in terms of the Z parameters as follows. 

Extracting appropriate relations from the above equations : 
From (44 

From (xa) 

Now insert simultaneous values (i.e. under the same terminating 
v 1 va conditions) of - and - from (zf). 
I ,  I ,  - 

This is generally written 
IZI Al l  = - - . 
z a 1  

(14 
so introducing a new convention : 

Convention. 
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This convention is not to be confused with the identical method 
of indicating the magnitude of an impedance : confusion is unlikely 
owing to the clues provided by the context. Nor is it to be confused 
with the symbolism 11 A Ij, ( 1  Z 11, etc., which is explained later. The 

FIG. z/XXIV:6.-Values of Matrix Determinants in Terms of Parameters of 
other Matrices. 

(By courtesy of the Elrctrisck Nuchrichfen-Technik.) 

values of these determinants in terms of the other parameters are 
given in Fig. 2. 

I t  will be evident that similar relations to those in (zg) to (zm) 
can be obtained expressing the members of any set of parameters, 
in terms of the members of any other set. These relations are 
summarized in Fig, 5, which is explained in section 6.5 below. 
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6.2. Determination of the Values of the New Parameters 
in Terms of the Normal Parameters. This will be illustrated 
by an example. The method is to equate each new parameter to 
the physical quantities which define it (e-g. in equations (rc, d, e, f ) ,  
(zc, d, e, f ) ,  etc.), and then to determine the values of these physical 
quantities in terms of the required normal parameters by using the 
appropriate formulae previously established. 

6.21. Determination of the A Parameters of a Dissyrn- 
metrical Fourpole in Terms of its Image Impedances 2, 
and 2, and its Transfer Vector u. 
From (IC) 

v 
A,,  = -' with 2,2 shorted. 

1% 
Hence, putting Z = 0 in equation (zoa)/XXIV:4 

Similarly, from (rc) and equation (18a)/xXIV:4 

From (xd) and equation (16a)/xXIV:4 

From ( ~ d )  and equations (16a) and (23)/XXIV:4 

The 2, Y and D parameters can either be derived in a similar 
way or else by use of the formulae which express these parameters 
in terms of the A parameters. 

It  wil l  be evident that if, instead of being given the values of 
Z,, 2, and u, the impedance values of the arms of a specific network 
are given, the values of the A ,  Z, Y and D parameters can be 
determined by calculating the value of the appropriate physical 
counterpart of each parameter (as given by equations (IC, d, e, f) ,  
(zc, d, e, f) ,  etc.), in terms of the impedance values of the arms of 
the network. 

6.22. Determination of the Parameters of the Fourpole 
Constituted by a Simple Series Impedance. Such a fourpole 
is shown at (a) in Fig. 3. It  will be appreciated that the values of the 
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parameters are unchanged by converting the circuit to a balanced 
circuit by putting #z, in each leg. 

I 
Note y ,  = -. 

z1 

From ( I C )  

A, ,  = z 1 ,  A,, = I 

From ( ~ d )  
A , , = I ,  A,, = o  

From (2d) and (2f) 

Z,,  = -Z,, = Z,, = - Z , ,  =infinity 
From (3c) 

Y11 = Ylr YSI = Y ,  
From (34  

Y11= -Y , ,  Ysr = -Y1 
From (4c) 

Dlt  = 2,. Dl, = I 

From (4f) 
Dl, = I ,  Dl1 = 0 

Particular notice should be taken of the minus signs before 
the values of Y , ,  and Y,,. These 

I 21 2 1  2 signs are introduced because of 
the sense of I, and I,, which 
are opposite in direction from 
that which would normally be - - ;Tj2 
expected from a voltage applied 

I <a> 2 1 2 at 2,2, with sense according to 
the convention for V, shown in 

FIG. g/XXIV:6.-Series and Shunt 
Impedances considered as Fourpoles. Fig. I. It be found that 

this sign agrees also with the 
sign obtained from equations (3e) and (49) as follows : 

6.23. Parameters of the Fourpole Constituted by a Simple 
Shunt Impedance. Such a fourpole is shown at (b) in Fig. 3. 
By the same means as above the parameters of this fourpole can be 
shown to be as follows : 
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A,, = I ; A, ,  = o ; A,, = y, ; A,, = I 

z , , = z , ;  Z , , =  - 2 , ;  Z , , = z , ;  Z , , =  - 2 ,  

Y , ,  = - Y , ,  = Y , ,  = - Y , ,  = infinity 
Dl,  = I ;  Dl,  = 0 ;  Da1 = -Ya; Dl* = I 

I  
I t  will be evident that y, has again been used to indicate -. 

2s 

6.24. Parameters of the Fourpole Constituted by a 
Reversal or Commutation. The circuit of such a fourpole is 
shown at (a) in Fig. 4. 

Applying the same method : The Y and Z parameters of this 
fourpole are infinite. 

FIG. 4/XXIV:6.--Commutation and Ideal Transformer considered as Fourpoles. 

6.25. Parameters of an Ideal Transformer of Turns 
Ratio 1 : n (and Impedance Ratio 1 : n2). This is shown as 
a fourpole at (b) in Fig. 4. 

The Y and Z parameters of this fourpole are infinite. . 

6.3. Symbolic Representation of Equations (la) ; (Ib) to 
(4a) ; (4b). This symbolic representation, which at first sight 
appears a pointless and quite unnecessary complication, is the device 
which gives the German method its peculiar powers by means of 
which simple rules of thumb may be applied easily and quickly to 
give the answers to what would otherwise be difficult problems. 

Equations ( ~ a )  and ( ~ b )  appear below as equation (I), equations 
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(sa) and (26) as equation ( 2 ) ,  and so on. The extra equations (5) 

Each of the arrangements of symbols between each pair of double 
vertical lines is called a matrix. Each equation therefore consists 
of a two-element matrix equated to a four-element matrix multiplied 
by a two-element matrix. An exception occurs in the case of 
equations (5) and (6) where, on the right-hand side, the reciprocal 
of a four-element matrix is multiplied by a two-element matrix. 
Fortunately we are not concerned with more complicated matrices. 

The four-element matrix in equation (I) is called an A matrix 
and is designated shortly as 1 1  A 1 1  ; the other parameter matrices 
are similarly designated so that 

IIAII=A Matrix IlZII = Z M a t r i x  IjY(( = Y M a t r i x  
I 1 1  D 1 1  = D Matrix 1 1  A Il-l= m, 

It will be seen that a four-element matrix consists of two 
(horizontal) rows and/or two (vertical) columns each containing 
two-matrix elements. In  the four-element matrices above each 
element is equal to a parameter ; more complicated elements will be 
met. The two-element matrices each consist of a single column 
with two elements. 

The process of reproducing the original equations (ra) and ( ~ b )  
from (I) will illustrate the laws relating to the multiplication of 
four-element with two-element matrices, and the conditions for the 
equality of matrices. For the moment it may be considered that 
these laws are formulated purely as rules of thumb for restoring the 
original equations. The whole truth is merely an extension of this 
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statement : the same rules of thumb happen to have a more general 
application. 
6.31. Multiplication of Four-Element and Two-Element 

Matrices. The rule of thumb for doing this is best stated in the 
form of an equation. 

The result of multiplying a four-element matrix by a two-element 
matrix is therefore a two-element matrix. 

Note that 

The result of multiplying a two-element matrix by a four-element 
matrix is therefore a four-element matrix. The mathematician 
describes this by saying that matrices do not obey the laws of com- 
mutative algebra. If this statement makes things clearer it may 
be remembered; otherwise the above two equations explain the 
matter fully. 

The multiplication of four-element matrices by four-element 
matrices is discussed in XXIV:6.6. 
6.32. Rule for Equality of Matrices. Two matrices are equal 

when they contain the same number of elements and when the 
elements in corresponding positions are equal 

/ /  ;: 11 = 11 :: /I when XI = x1 and X ,  = x ,  (9) 

Xll Xl* 

6.33. Resolution of Equation (1) into the Original Equa- 
tions (la) and (16). Multiplying together the two matrices on 
the right-hand side : 

Since these two matrices are equal 

These are the two original equations (IU) and (~b). 
6.4. The Inverse or Reciprocal Matrices 1 1  A / I - '  and 1 1  D (I-'. 

It is evident that equation (5) results from dividing across in 
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equation (I) by 1 1  A (1 ,  while equation (6) results from dividing 
across in equation (4) by 11 D 1). 

Although laws for dividing' by matrics exist (see CI: IZ), it is 
simpler to replace the inverse matrices by the equivalent direct 
matrix. This may be done very simply by solving equations (IU) 

and ( ~ b )  for V ,  and I,, and by solving equations (4.4 and (4b) for V ,  
and I,. This gives for the first case 

Hence from (5) and (11) 

All A,* -' - 1 I A - - 1  ( 1 ~ 1  
Similarly 

Dl1 Dl, 1 D l  , 1 = + 1 - - 1 - (13) 

6.5. Relations between A, Y, Z and D Matrices. If the 
set of parameters corresponding to one matrix is known, the set of 
parameters corresponding to any other matrix can be determined 
by the methods described in XXIV:6.1. The result is that any 
matrix can be expressed in terms of the parameters of any other 
matrix. 

Fig. 5 shows the ekpressions for each type of matrix in terms of 
its own parameters and also in terms of the parameters proper to 
the other matrices. The left-hand column defines the matrix to be 
expressed, while the headings of the other columns describe the 
matrix of which the parameters are used for expressing the matrices 
in the left-hand column. 

6.6. Determination of A Matrix of two Fourpoles in 
Tandem from their Individual A Matrices. " Multiplication 
of Matrices." If the A matrices of two fourpoles are known it 
is possible to form two sets of equations similar to (IU) and ( ~ b ) .  
If the two fourpoles are put in tandem ; that is, if the output of 
one fourpole is connected to the input of the other, then V ,  and 
I, for the first fourpole are respectively equal to V ;  and 1; for the 
second fourpole. If this relation is inserted in the two sets of 
equations above it is possible to derive equations defining the input 
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FIG. 5/XXIV:6.-Relations between Matrices. 
(By mwte5y d (he Ekdv i .de  Nackiclden-Tech&) 

voltages and currents to the tandem combination in terms of the 
output voltages and currents of the tandem combination. If the 
parameters of the driving fourpole are A llA,,A,lA,,, and those of 
the driven fourpole are A;,A;d; ,A$,  these equations are : 

vl = (A1d;l+A1aA;l lV;+ ( A l l A L + A J ~ ) I ;  
I = ( A , , A ; , + A J ; , ) V ~ + ( A , , A ; + A , A ~ I ~  

or in matrix form : 

,, ., .. 

It  now appears that the A matrix of the tandem combination 
has been derived. From equation (14)  and consideration of the two 
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original A and A' matrices it is possible to formulate a law or rule 
of thumb for deriving the matrix of the tandem combination of two 
fourpoles. This is as follows : 

Write down side by side the two individual matrices of the 
component fourpoles in the same order as the fourpoles : the matrix 
of the left-hand fourpole on the left and the matrix of the right-hand 
fourpole on the right. Insert a multiplication sign between them 
and " multiply " the matrices together in accordance with the 
formula 

The resultant matrix is the matrix of the tandem combination. 
I t  will be appreciated that the use of the term " multiplication " 

to describe the operation is arbitrary but convenient. 

Example I .  

Determine the A matrix of the L fourpole obtained by combining 
the two elementary fourpoles shown in Fig. 3. Given that the 

A matrix of the left-hand (series element) fourpole is / /  : ( /  (see 
XXIV:6.22) and the A matrix of the right-hand (shunt element) 

fourpole is 11  ' O 11  (see XXIV:6.q). 
Ya 1 

Multiplying the two matrices in proper order the required matrix 
is given by : 

In passing .it may be noted that the determinants of the com- 
ponent fourpoles, and of the resultant fourpole are all equal to unity. 
The determinant of the A matrix of a passive fozcrpole is always eqzcal 
to zcnity. This forms a useful check on the correctness of any matrix 
operation. 

Exam@ 2. 

Find the A matrix of a T network. 
This can be done by adding a series arm z, on the right of the 

network of Example I. The resultant matrix is evidently given by 

It may not be evident from the above, but it is a fact, that for 
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the purpose of finding the equivalent matrix of two fourpoles in 
tandem, A matrices must be used : the A matrices of the individual 
fourpoles are multiplied together to give the A matrix of the com- 
bination. If any other matrix of the combination is required it can 
then be found from the appropriate formulae in Fig. 4. 

6.7. Determination of Y Matrix of Two Fourpoles in 
Parallel from their Individual Y Matrices. Addition of 
Matrices. Y matrices are used for combining fourpoles in 
parallel. 

Fig. 6 shows two fourpoles with their inputs and outputs in 
parallel. It is evident that the total input current is the sum of the 
individual input currents, 
while the output current is 
the sum of the output cur- 11 q1 I 

rents. The input voltages 
of the individual fourpoles 
and of the composite four- 
pole are the same, as are 

IIyllz 

also the output voltages. I t  
follows that equations similar 

of the form of (3a) and (36) 

b 
to (3a) and ( 3 4  for the.com- l l ~ l l  = I IYII ,  + I I ~ l l ~ f  ..-. 
posite fourpole be de- FIG 6/XXIY:6.-Combination of Fourpoles 
rived by adding the equations in parallel-parallel by use of Y Matrices. 

constituted with the individual parameters of each fourpole. 
Reference to equation (3) shows that the matrix derived from 
the resultant equations is equal to the matrix formed by adding 
together corresponding elements of the matrices of the component 
fourpoles. Hence follows the rule for addition of matrices and 
the rule for the combination of fourpoles in parallel. 

Matrices are added together in accordance with the formula 

Fourpoles are combined in parallel+arallel (i.e. with inpzcts in  
ParaUel and outputs in parallel) by adding the Y matrices. 

This device is useful for determining the matrices of complex 
fourpoles which would otherwise be difficult to evaluate. An 
example of this is given immediately below. 

6.71. Determination of Y Matrix of Bridged-T Fourpole. 
A bridged-T fourpole is shown at (a) in Fig. 7 ,  and its resolution into 
a T fourpole and a single-series element fourpole is shown at (b). 
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y =L 

I 24 
(0)  I (b) 2 

FIG. 7/XXIV:6.-Derivation of Matrix of Bridged-T Fourpole by representing 
it as Two More Simple Fourpoles in Parallel-Parallel Connection. 

The Y matrix of the composite fourpole is obtained by adding the 
Y matrices of the two component fourpoles in accordance with (18). 

The Y matrix of the single-series element is obtained by assemb- 
ling its Y parameters which are derived in XXIV:6.zz, and is 

Note that in the above, y4  = 1 / 2 4  ; also, below y1 = l / z l  ; 
Yr = 1/21 ; ya = 1/23. 

The Y matrix of the T fourpole is obtained from its A matrix, 
given in (17)/xXIV:6.6, by using the appropriate transformation 
from Fig. 5. 

Hence 

where S = zA+Wa + W a .  

Hence, from (19) and (zo), the Y matrix of the bridged T is : 

The A matrix of the bridged T is then obtained from the Y matrix 
in (21) by using the appropriate transformation from Fig. 4 : 

z1+z1+y4S S 

z a + y s  21  +y4S 
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As a check, note that from (22) I A JET = I. 
In practice, bridged-T fourpoles are usually symmetrical, in 

which case z, = 2,. Putting z, = 2, in (22) : 

where S = 4 +zz,z,. 
6.8. Use of Y, Z and D Matrices and Inverse D Matrix. 

Z and D and inverse D matrices are added by exactly the same rule 
that is given for Y matrices in equation (18). 

The application of these matrices is illustrated in Fig. 8. 

FIG. S/XXIV:6.-Combination of Fourpoles: In Series-Series. By use of Z 
Matrices : in Series-Parallel by use of D Matrices : in Parallel Series by use 
of Inverse D Matrices. 

Y matrices are used for combining fourpoles with their inputs in 
parallel and their outputs in parallel. 

Z matrices are used for combining fourpoles with their inputs in 
series and their outputs in series, as shown at (a). 
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D matrices are used for combining fourpoles with their inputs 
in series and their outputs in parallel, as shown a t  (b). 

D-I matrices are used for combining fourpoles with their inputs 
in parallel and their outputs in series, as shown at (c ) .  

FIG. g/XXIV:6.-Expression of Matrix Parameters in Fundamental Physical, 
Terms. 

l l ~ l l  = 

The method in each case is to add the matrices of the component 
fourpoles. The resultant matrix is then, of course, of the same kind 
as the component matrices. If any other kind of matrix is required, 
it must be derived in the appropriate manner. 

The method of using D- matrices is to  express them in terms of 
the parameters of the D matrix of the fourpole by using the relation : 

6 v, - ( 1  1 O C .  z(z, Z.S,C.) v, 

- ~ ( l . l , O , C . )  ~ ( z , ~ , s . c . )  v, I2 



FIG. II/XXIV:~.-Matrices of Passive Fourpoles. 
(The " A " Determinant of all these Fourpoles is Unity.) 

By canlay of B.B.C. and Ekdrkk N ~ w b i d h - T H .  ChcJrsd by W. H. Ward.) 
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The matrix so formed is then used exactly as any of the other 
matrices, remembering, of course, that the result of combining 
a number of inverse matrices is an inverse matrix. 

No one appears to have found much use for the inverse A matrix. 
6.9. Matrix Tables. It  will be clear to the simplest mind 

that the use of logarithms would not have achieved a very wide 
popularity if before doing a calculation it was necessary to work out 
the logarithms of the numbers it was required to multiply together. 
Such a procedure would be many times more long and difficult than 
doing the multiplication by the longest and slowest uncontracted 
method known. The same reasoning applies to matrices. The value 
of matrices depends on the existence of proper matrix tables. The 
proper use of these tables avoids most of the working described above. 

Fig. g shows the values of the parameters of each matrix in terms 
of the currents and voltages which result from applying voltages to 
the pair of terminals which are not specified as open circuited, or 
short circuited ; see XXIV:~.I.  

(The IA ' Determinant o f  a// these fourpo/es is Unity) 
FIG. IO/XXIV:B.-Matrices of Passive Fourpoles. 
(By courUsy of th B.B.C. and E k h i r c k  .Vrrchrichfen-TcchniR.) 
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Figs. 10, 11 and 12 gives the matrices of the more common types 
of fourpole, including the important case of the general dissym- 
metrical fourpole, and the even more important case of the trans- 
mission line. I t  will be seen that the symmetrical fourpole matrices 
are derived from those of the dissymmetrical fourpole by putting 
Z, = i, = Z,, while the transmission line is of course a symmetrical 
fourpole. For clarity its matrices have, however, been shown 
separately by putting Z, = Z,, which is the conventional symbol for 
the characteristic impedance of a transmission line. I t  is hardly 
necessary to point out that the image impedances of a homogeneous 
transmission-line are equal to its characteristic impedance. 

FIG. 13/XX1V:6.-Ams of T and n Fourpoles in Terms of Matrix 
Parameters. 

(By cowtesy of the Ebdrirche N11ch&hT&UU) 

The matrices of the dissipationless transmission line are derived 
from the general case of a transmission line by substituting the values 
of S,, C,, T, and C, from equations ( ~ b ) ,  (zb), (3b) and (4b)/XXIV:4. 

The matrices of the half-wave and full-wave dissipationIess trans- 
mission line are derived from the general dissipationless case by 
inserting the values of the corresponding trigonometrical functions 
of 180" and 360". 

Fig. 13 shows the values of the arms of T and n fourpoles in terms 
of the matrix parameters of the fourpoles. Evidently the table can 
be extended for any other fourpole by solving the equations derived 
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FIG. IZ/XXIV:B.-Matrices of Passive Fourpoles. 

(By courtesy of B.B.C. and Elsdrischd Nacirrlcktcn-T&M. Checked by W. H. Ward.) 
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from Figs. 10, 11 and 12, or similar matrix tables for other fourpoles, 
by equating the expressions for the parameters of any matrix (in 
terms of its arms) respectively to the parameters of the matrix and 
solving the resultant equations simultaneously. 

6.10. Application of Matrices. Matrices should never be 
used where simpler methods of obtaining the required answer exist. 
For instance, while in XXIV:5.4 an example is given of the use of 
matrices to find the transfer vector and image impedances of 
a bridged-T fourpole, usually one of the other methods given in 
XXIV:5 will be found more useful. 

There are, however, many cases where matrices save not only 
a lot of calculation but also a lot of thinking, which should certainly 
recommend them in certain quarters. Excellent examples of the 
latter case are given in CIII:3 and 4, to which reference should 
be made. 

The matrix method has the value, however, that it gives directly 
the quantities C, and S, for any fourpole. And as these quantities 
are generally required for substitution in transmission formulae, it 
is not always necessary to derive the value of the transfer vector 
which can, however, be derived very simply by the matrix method. 
When calculating the insertion loss of a fourpole or a filter, for 
instance, the value of the transfer vector is not required, but only 
the values of C, and S,. 

6.10.1. Eqmvalent Fourpoles. As has already been indi- 
cated, one of the most useful applications of matrices is for the 
determination of the relations between the arms of equivalent four- 
poles. Two fourpoles are equivalent when they have the same image 
impedances and the same transfer vector. They are also equivalent 
when they have the same open-circuit impedances and the same 
short-circuit impedances : this is really a corollary of the last state- 
ment. It  will now be evident that two fourpoles are equivalent 
when they have the same A matrices, and therefore the same 
Z matrices, the same Y matrices and the same D matrices. 

Hence, the relations between the arms of any two fourpoles 
which are to be equivalent can be established by equating their 
matrices (of the same kind), each matrix being expressed in terms 
of the arms of the fourpole to which it applies. I t  will be found 
that relations between the arms of any two fourpoles can be found 
regardless of their form, and this might give rise to the hope that 
any fourpole has an equivalent fourpole of every other possible 
form. In practice this is not the case since, while it is possible to 
calculate the arms of any fourpole in terms of the arms of the four- 
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pole to which it is equivalent, these arms are not always physically 
realizable : for their realization they may require the introduction 
of elements of negative-impedance : negative-resistance, inductance 
and capacity. 

For any two equivalent fourpoles F, and F,, it is possible to 
express the relations between their arms in two ways. The arms 
of F ,  can be expressed in terms of the arms of F,, or the arms of 
F ,  can be expressed in terms of the arms of F,.  Evidently where 
the relations are simple it is immaterial which method is used for 
purposes of record, since the other can easily be derived. Where 
the relations are not simple both methods must be used. In any 
particular problem the particular set of relations used evidently 
depends on which fourpole has been solved and for which a solution 
is required : the most frequent use of tables of equivalent fourpoles 
occurs when a solution of some particular requirement has been 
obtained in terms of one type of fourpole, and it is required to use 
another type of fourpole because it is cheaper, or because the 
configuration of elements in it is more easily realized physically. 

The paucity of tables of equivalent fourpoles can be offset, until 
such tables are published, by deriving the relations of equivalence 
by means of matrices. It  is to be hoped that now that matrices 
have become vulgarized an article supplying the missing information 
will shortly appear. 

Exawz+le I .  

Dissyrnmetrical-T Fourpole Equivalent to General Dissymmetrical 
Four9ole. 

The process of determining the conditions of equivalence consists 
merely in determining the values of the arms of the dissymmetrical 
fourpole in terms of the image impedances and transfer vector of the 
general dissyrnmetrical fourpole. This is done by equating any 
matrix of the one fourpole to the (same kind of) matrix of the other 
fourpole. For this purpose the kind of matrix which gives the 
simplest equations should, of course, be chosen. In the present 
case the Z matrix evidently gives the simplest equations. Equating 
the Z matrix of the dissymmetrical-T network in Fig. XI to the 
Z matrix of the general dissymmetrical fourpole in Fig. 12 and 
writing x,, x,, x, instead of z,, z,, z, for the unknown parameters : 
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Hence. 

x, is then given by equation (25b). 
These relations were used in determining the values of the 

unequal-ratio T-attenuator shown in Fig. 2/VII:17. In this figure 
it should be noted that r is the power ratio of the network so that 
it is equal to the square of the transfer vector, which in- that case 
is a numeric, i.e. it is non-complex. 

The values of the arms of n attenuator shown in Fig. 2/VII:17 
were obtained in a similar way. 

Example 2. 

Express the arms of a lattice fourpole, supposed unknown, in terms 
of the arms of its equivalent T fourpole, sup@osed known. 

The arms of the unknown (lattice) fourpole will be called x instead 
of z, while those of the T network will be called z as usual. 

Equating the Z matrices of the two networks (and putting 
z, = 2, in the Z matrix of the T to provide the matrix of a sym- 
metrical T), see Fig. 11 : 

.'. x2+xI = 22, $22,. . (28a) 
xa - x1 = 2z1 . (28b) 

The arms of the lattice fourpole are therefore 
X I  = z1+22, . (29) 
X ,  = 2, . . (30) 

Equations (29) and (30) can easily be transformed to give the 
arms of the T in terms of the lattice: 
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where z1 and x, are the arms of the T and z, and z, the a- of 
the lattice. 

Ex9ress the ar? of a brid&-~ fourpole, suHosed unknown, in 
terms of its equivaknt lattice fourpole, supposed known. Using x for 
the unknown arms as before, and equating the Z matrices : 

ZlZ, impedance of a lattice is G: hence x,  = -. Inserting this 
XI 

condition in the equations derived from (31) by equating corre- 
sponding matrix terms (i.e. parameters) : 

S+(x,+x,)x4 -- S+W4 

2Xl+x4 2x1 +x4 
S + W 4  s +(% + 4 x 4  

L 

2x1 +X' 2x1 +x4 
where S = <+zxlxl and x, has been made equal to x, since a sym- 
metrical structure is evidently required (because the lattice is 
a symmetrical structure). 

I t  is to be noticed that (31) only yields two independent equations 
for the determination of three unknowns: xl, x, and x,. This 
means that one of the arms of the bridged T can be chosen arbitrarily, 
so that there are an infinite number of ideal bridged-T networks 
which are the equivalent of any given lattice structure. (On the 
contrary, there is only one lattice structure which is the equivalent 
of any given symmetrical bridged-T structure.) In order to obtain 
a practical bridged-T equivalent of a lattice stnicture it is therefore 
necessary to introduce some other condition. A condition which is 
commonly introduced is x ,  = z',/x,, where 2, is the image impedance 
of the bridged T, and therefore of the lattice also. But the image 

- - 

Zl+Z, 2, - 2, 

2 2 

z, - 21 z1+z, - -- 
2 2 

. (31) 
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From (grb) 

Subtracting (33) from (32) 

Cancelling z1 across 

Note also from (34) that 

2x14 +z,zp, = z,x1x, (36) 
Substituting (36) in (33) 

:. gx•÷+zlxlxl - +zlz•÷(zl - 21) = 0 . . (37) 
Substituting (35) in (37) 

&XI(~IX~ - ZA) +i~l(zl~l - ~ 1 ~ s )  - ~ z ~ z ~ ( z ~  - z1) = o 
... 2 4  - - 82, - z14+4z1 = o 

Cancelling similar terms of opposite signs 

Substituting 

Hence 

Example 4. 
Establish the equivalence of fourpoles (A lo (k)  in Fig. 4/XXI:4 

and show that the insertion losses of these fourpoles arc the same as 
those of fourpoles (d)  and (e) in the same figure. 

The proofs will not be given in full, but the lines along which 
the proofs may be established will be indicated. The choice of 
these lines of proof is a good example of the kind of opportunism 
which is so useful in avoiding unnecessary labour in all network 
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calculations. Starting with (f), the bridged-T fourpole : from 
equation (38) the image impedance 2, = x ,  = R. Hence, if four- 
poles (g) to  (k) are equivalent to ( j ) ,  their image impedances will be 
R and their transfer vectors will be the same as that of ( j )  ; hence 
their insertion losses will be the same as that of (f). 

The equivalence of the lattice structure at (h) to  the bridged-T 
structure a t  ( j )  may be established by showing that the values of 
the impedances of the lattice structure, when substituted in the 
formulae for the equivalent bridge structure shown against the lattice 
structure No. 15 in Fig. 16/XXIV:6, give rise to the same impedances 
as the corresponding arms of the bridged-T structure at (h). It 
will be seen that the values of the arms in the equivalent bridged-T 
structure are obtained from equations (38), (39) and (40) above. 

The equivalence of the T structure a t  (k) to the lattice structure 
a t  (h), and hence to the bridged-T structure a t  ( j) ,may be established 
by showing that their Z matrices are equal when the values of the 
parameters are expressed in terms of the impedances of the arms 
as shown a t  (h) and (k). 

The equivalence of the n structure a t  ( j )  to the T structure a t  
(k) may be established by showing that their A matrices are equal 
when the values of the parameters are expressed in terms of the 
impedances of the arms of each structure as shown at  (j) and (k). 

The input impedances (i.e. a t  terminals I,I) of the structures at 
( d )  and (e) may be shown to be equal to R by the method of inspec- 
tion. The insertion losses of these structures may then be shown 
to  be equal to  the insertion loss of the T structure at (k) by calculating 
the received currents for the circuit configurations a t  (d ) ,  (e) and (k), 
assuming, of course, the same e.m.f. e in each case. 

I t  will, of course, be appreciated that the method, or the matrix 
chosen in each case is that which gives rise to  the minimum amount 
of analytical manipulation. This will be obvious in the case of the 
matrices, because the matrices chosen are those which have the 
simplest expressions for their parameters when expressed in terms 
of the arms of each of the types of structure in question. 

Figs. 14, 15, 16 and 17 show a number of equivalent fourpoles. 
Each of the one or two networks in the middle and right-hand 
column is equivalent to  the network shown in the left-hand column 
when its arms have the values shown in terms of the arms of the 
left-hand network. 

The fourpoles equivalent to the transmission line or symmetric 
fourpole shown a t  (I) in Fig. 14 will be recognized as the equivalent-T 
and n for a transmission line, except that the series arms of the T and 
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the shunt arms of the n are not expressed in their usual and most 
simple form. The peculiar form adopted has been chosen in order 
to give direct relation to the arms of the equivalent fourpoles of the 
dissymmetrical fourpole shown at (2) in Fig. 14. 

The series arms of the T corresponding to the symmetric fourpole 
may be converted to a form corresponding to the usual form as 
follows : 

2 ua+1 2 U  

I] = ~ a [ =  -XI] 

Similarly, the shunt arms of the n corresponding to the trans- - 
mission line or symmetric fourpole are equal to 2, cotsd&. 

The equivalent fourpoles shown against fourpoles (3) to (8) are 
merely a way of tabulating the image impedances and transfer 
vectors of these fourpoles ; they are none the less useful. 

The equivalents of fourpoles (9) to (14) in Fig. 15 are straight 
equivalents in which the values of the arms are shown in ternls of 
the arms of the fourpole in the left-hand column. 

Fourpole (15) in Fig. 16 is an example of a constant resistance 
fourpole. 

A constant resistance fourpole is a fourpole in which the image 
impedance(s) is (are) equal to a resistance (the same resistance) at 
all frequencies. 

The lattice equivalent of the bridged-T structure (16) is an 
unrestricted and entirely general equivalent of the bridged-T 
structure shown. 

(17), (18) and (19) show the same coupled circuit : two induc- 
tances L,  and L, with a mutual coupling M. Six alternative 
equivalents of this structure are shown, each of which will be found 
useful for different purposes. As an example of the application of 
these equivalents, (20) shows how a double-parallel-tuned mutual 
coupling can be shown to be equivalent to a mid-shunt terminated 
section of a prototype band-pass filter plus an ideal transformer. 
(21) shows how a series-parallel-tuned mutual coupling can be shown 
to be equivalent to a half-section of prototype band-pass filter plus 
an ideal transformer. See XXV:5 and CIX. 

An ideal transformer is a transformer with infinite inductances, 
unity coupling factor k, and the required or indicated impedance 
ratio, i.e. ratio of L, to L,. 
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iquiva/ent Smooth Line or Jymmetric Fourpde 

z', ' a - ~ - ~ z o  orzI 
zo WZ, = JA~+~AB 

Fquiva/ent Smooth Line or Symmetric k p I e  

z & $ T E z o  ~ z .  

FIG. q/XXIV:6.-Equivalent Fourpoles. 
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Fourpoles (continued). 



7hjs so/ution apph'es to 
case when A o d B ,  ond.q 
and sz arp inverse imped- 
ances, and ZI is a pure 
resistance, 

FIG. 16/XXIV:6.-Equivalent Fourpoles (continued). 
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FIG. 17/XXIV:6.-Equivalent Constant Resistance Fourpoles. 
(By eorniesy of the B& Systnn T ~ h n i c d  Jound.) 

Fourpole 

Fig. 17 shows six constant-resistance bridged-T structures which 
are the equivalents of the lattice structure shown, when the condi- 
tions below hold. These equivalents are taken from a paper by 
0. J. Zobel, " Distortion Correction in Electrical Circuits with Con- 
st ant Resistance Recurrent Net works ", Bell System Technical 
Journal, July 1928, p. 438. They have not all been checked, but 
anyone requiring to use them should have little difficulty in establish- 
ing their validity by applying the methods developed above. 

The bridged-T structures can be classified into two types : 
Type I at (23) and (24). and Type I1 at (25), (26), (27) and (28). 
The essential difference between the two types is that the series arms 
of Type I are always resistive so that the fourpoles must have dissipa- 
tion, while Type I1 may consist entirely of reactances in which case 
the magnitude of the transfer vector will be unity. Such fourpoles 
are used for introducing required amounts of phase shift, for instance, 
for reducing phase distortion. 
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It  will be noted that the bridged-T fourpoles contain a factor c ; 
this is an arbitrary parameter which can have any value, greater 
than or equal to unity, without changing the image impedance or 
the transfer vector of the structure. 

Conditions for the equivalence of the bridged-T's and lattice 
structure are given below. The relations for the Type I1 structure 
are taken from the above paper by Zobel and have not been checked. 
The relations given by Zobel for the Type I structure appear to be 
wrong and the correct felations have been substituted. 

Zobel states that the transfer vector of the Type I bridged-T 
structures is 

while the transfer vector for the Type I1 structures is: 

The general conditions for the equivalence of the bridged-T 
structures and the lattice are that all the structures are constant- 
resistance structures of image impedance R, in which case Ra = AB, 
and also that Z J b  = Ra ; in other words, Za and Zb are inverse 
networks inverted about R. 

Conditions for Bridgd-T Fourpoles to be EquivAnt lo Lattice. 

Type I Bridged T. Za = 
I 

I C 
- (44) 

a-2R 

Type I1 Bridged T. Za = ?(B ~ B S  - cRa) . (45) 
C 

R a In each case Zb = - 
za 

Conditions for Lattice to be Equivalent to Bridged-T Fourpoles. 

I To Type I Bridged T. A = - 
2 . C  

* (46) 

I To Type I1 Bridged T. A = - . 
I .  C 

R8 
z a t z z b  

In each case B = -. A 
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(c') 
FIG. I/XXIV:~.-Forbidden Fourpole Combinations. 

z/XXIV:7.-Validity Tests for Matrix Combinations of Fourpoles. 
(a) Series-Series. (b) Parallel-Series. (c) Parallel-Parallel. 
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7. Failure of Matrix Combination of Fourpoles. 

In practice, the permissible combinations of fourpoles by the 
matrix methods described above are severely limited. 

It is evident, for instance, that the matrices of the combinations 
shown in Fig. I are not equal to the matrices obtained by performing 
the preicribed operations on the component matrices. By the 
appropriate use of transformers, approaching sufficiently closely to 
ideal transformers, inserted each side of the component networks 
where necessary, networks could, of course, be constructed from the 
component fourpoles which would have matrices equal to the 
matrices obtained by combination of the component matrices in the 
way described. This is, however, not always a practical proposition 
and it is required to establish some criterion for determining when 
it is permissible to apply the methods described for obtaining the 
composite matrix of an assembly of fourpoles. Unfortunately, 
existing criteria are not infallible. 

Fig. z shows the classical criteria to be applied to determine 
whether the combined matrix is represented by the sum of the 
appropriate matrices of the component fourpoles. These are due 
to 0. Brune, E.N.T., Vol. 9, No. 6, p. 234,1932, and a proof of their 
validity is given by E. A. Guillemin in Communication Nehorks, 
p. 148. 

In each case an e.m.f. is applied at terminals I,I, and if the 
voltage V between terminals, which it is required to connect together 
to complete the combination, is zero, the combination is permissible. 
The outputs of the component fourpoles are shorted or open circuited 
as indicated. Applying the criterion in Fig. 2 (a) to the case of 
Fig. I (a) it will be seen that the criterion fails : it pronounces the 
combination to be permissible when actually it is forbidden. These 
criteria must therefore be supplemented by a certain amount of 
intelligent discrimination. 



CHAPTER XXV 

FILTERS 

WHILE filter theory has many complex ramifications, the 
practical design of ordinary filters suitable for a great many purposes 
is extremely simple. The discussion below describes, in the earlier 
sections, easy methods of design and of predicting the performance 
of basic filter types. Refinements are presented in the later sections, 
which normally need only be referred to when occasion arises. 

1. Descriptions and Definitions. 

A fourpole (American : Transducer) is any network of reactances 
and resistances with two (input) terminals to which power is supplied, 
and two (output) terminals which supply power to an impedance 
load after transmission through the network. 

Filters are combinations of reactances constituting fourpoles 
which have the property of passing certain bands of frequencies and 
rejecting other bands of frequencies. In other words, filters present 
zero attenuation to certain bands of frequencies, the pass bands, and 
finite attenuation, of amount varying with frequency, to other bands 
of frequencies. The cut-off frequencies of a filter are the frequencies 
which define the points of demarcation between the pass bands and 
attenuated or rejected bands. 

A low+assflter is a filter passing all frequencies from zero up to 
its cut-off frequency and attenuating all frequencies above its cut-off 
frequency. 

A high-pass filter is a filter passing all frequencies from infinity 
down to its cut-off frequency and attenuating all frequencies below 
its cut-off frequency. 

A band-pass flter is a filter passing all frequencies between two 
cut-off frequencies f, and fa  and attenuating all frequencies below 
f1 and above f,. In general, a band-pass filter has more than one 
pass band, but most practical band-pass filters have only one pass 
band, and it is simplest to define a band-pass filter in terms of the 
case which is most useful in practice. 

A band-rejection $lhr is a filter rejecting or attenuating all 
frequencies between two cut-off frequencies f1 and f, and passing 
all frequencies below f1 and above fa. In general, a band-rejection 
filter has more than one rejection band, but most practical band- 
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rejection filters have only one rejection band, and the definition has 
therefore been given again in terms of the practical case. 

A number of structures having band-pass characteristics are 
described in VII:14, while a band-rejection filter is described in 
XVIII:~.ZZ.I~. 

Within limits, any structure of loss-free reactances can have such 
values assigned to its elements that, when terminated by appropriate 
impedances, it will pass certain bands of frequencies without 
attenuation and will attenuate other bands. 

Inside the pass bands the image impedances of a filter structure 
are pure resistances, of magnitude varying with frequency. Outside 
the pass bands, that is in the attenuating bands, the image impe- 
dances are pure reactances of magnitude varying with frequency. 
At the cut-off frequencies the image impedances are either zero or 
infinity. It should be noticed that zero frequency is not a cut-off 
frequency. 

Inlow-pass filters the design is determined in terms of the image 
impedances at zero frequency. The design of filters to pass a single 
band of frequencies is determined in terms of the image impedances 
at the geometric mid-band frequency. Iff ,  and f, are the cut-off 
frequencies of a pass band, then the geometric mid-band frequency 
is f, = @TI.. The design of filters to reject a single band of 
frequencies is determined in terms of the image impedances at zero 
and at infinite frequency, which are equal to one another. The 
design of high-pass filters is determined in terms of the image 
impedances at infinite frequency. 

When a filter is terminated in its image impedances at any 
frequency inside its pass band, it has no loss at that frequency ; 
when terminated in any other value of resistance it has loss. When 
terminated at each end in a physical resistance equal to its geometric 
mid-band image impedance a filter has no loss at its geometric 
mid-band frequency ; it has loss at all other frequencies inside the 
pass band which rises to a maximum (usually I or z db.) at the 
cut-off frequencies. 

In the case of filters with one cut-off frequency, or in the case of 
filters with image impedances, both of which rise to infinity, or both 
of which fall to zero at  the cut-off frequencies, the transition loss at 
the ends of the pass band can be reduced at the expense of an increase 
in the middle of the band, by terminating the filters in resistances 
which are greater or less than the mid-band image impedance : 
greater for impedances which rise towards cut-off, and less for im- 
pedances which fall towards cut-off. I t  is at this point that art. and 
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experience have to step in and aid science. For most purposes, 
however, entirely satisfactory results can be obtained by terminating 
such structures in impedances equal to their mid-band image 
impedances. 

In the discussion which follows the image impedances will be 
called Z, and Z, in accordance with the list of conventions below. 
The image impedances at the geometric mid-band frequency will be 
termed R, and R,. The ratio between R, and R, will be termed 
the impedance ratio of the structure. In most cases Z, = Z, and 
R, = R,, so that the impedance ratio of the structure is unity. 

Conventions 
Z, = Input image impedance of filter structure. 
2, = Output image impedance of filter structure. 
2, = 2, = Z, when Z, = Z, = image impedance of symmetric 

filter structure. 
R, = Input'geometric mid-band image impedance. 
R, = Output geometric mid-band image impedance. 
R = R, = R, when R, = R, = mid-band image impedance of 

symmetric filter structure. 
f, = Cut-off frequency of low-pass or high-pass filter. 
f, = Lower cut-off frequency of band pass or band-rejection 

filter. 
fa = Upper cut-off frequency of band-pass or band-rejection 

filter. 
f, = frequency of maximum attenuation in m-derived filters. 

fa a = - in m-derived low-pass filters 
fc  

= L in m-derived high-pass filters. 
fa 

2, = reactance of full series arm in ladder-type filter. 
Z, = reactance of full shunt arm in ladder-type filter. 

Z,, = mid-shunt image impedance. 
Z, = mid-series image impedance. 

2. LaddeType E'ilters. 
The most common filters in general use are constituted by a half- 

section or one or more sections of the infinite structure shown 
in Fig. I (a). 

Mid-series Terminated Section. This is shown in Fig. I ( b ) .  
I t  may be regarded as being obtained by cutting out the section of 
the infinite ladder structure at (a) in the way indicated by the section 
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lines at S, and S,. It  consists of two series arms each equal to 
half a full series arm, and one shunt arm equal to a full shunt arm 
of the general ladder structure. 

Mid-shunt Terminated Section. This is shown in Fig. I (c).  
I t  may be regarded as being obtained by cutting out a section of the 
infinite ladder structure by section lines drawn through the shunt 
arms. I t  consists of two shunt arms each having twice the reactance 
of a normal full shunt arm, and a series arm between them equal to 
a full series arm of the ladder structure. 

(c) (d 1 
FIG. I/XXV:Z.-(a) Ladder Filter. (6) Mid-Series Terminated Section. 

(G) Mid-Shunt Terminated Section. (d) Half Section. 

Half-section. In Fig. I (d) are shown two half-sections each 
consisting of one series arm of reactance equal to half a full series 
arm, and one shunt arm of reactance equal to twice the reactance 
of a full shunt arm. 

The factors which determine whether a mid-shunt or a mid-series 
termination is to be used are : 

I. The comparative ease of construction of the series and shunt 
arms. 

2. The behaviour of the filter impedance outside the pass band. 
Since the mid-series and mid-shunt image impedances of 
prototype filters, are mutually inverse impedances (inverted 
about the mid-band image impedance R = R, = R, ; i.e. 
Z,,Z,, = R2) they vary with frequency in opposite ways. 
For instance, in the case of a prototype band-pass filter the 
mid-shunt image impedances vary from infinity at the cut- 
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off frequencies f ,  and fp to zero at zero frequency and infinity 
respectively, while the mid-series image impedances vary 
from zero at the cut-off frequencies f, and fa to infinity at 
zero frequency and infinity respectively. 

3. The behaviour of the image impedances inside the pass band. 
For instance, in the case of a prototype band-pass filter the 
mid-shunt image impedance varies from R at the geometric 
mid-band frequency to infinity at the cut-off frequencies 
f ,  and fa, while the mid-series image impedance varies from 
R at the geometric mid-band frequency to zero at  the 
cut-off frequencies f ,  and fa. 

Usually for prototype low-pass filters mid-shunt termination is 
used. For prototype high-pass filters the mid-series termination is 
generally used. This choice is guided largely by the cheapness of 
condensers as compared with inductances, but sometimes, in the 
case of low-pass filters, by the requirement that the filter must 
present a low impedance at frequencies above cut-off. If a high-pass 
filter is to present a low impedance at frequencies below cut-off it 
must, of course, be mid-shunt terminated. 

3. Design of Low-Pass Filters. 
There are three types of ladder-type low-pass filters : the proto- 

type or constant k type, the series derived m type and the shunt 
derived m type. 

Prototype Filter. The prototype contains inductances only in 
its series arms and condensers only in its shunt arms. The values 
of the inductances and condensers in the full arms are given in Fig. I ,  
in terms of R, the image impedance at zero frequency and the cut-off 
frequency f,. Normally R is made equal to the impedance terminat- 
ing the filter, while f, is evidently determined by the band of fre- 
quencies it is required to pass. 

A mid-shunt terminated section consists of a n section with an 
inductance equal to the full series inductance (L = R/nf,) in the 
series arm, and condensers equal to half the full shunt arm condenser 
in the shunt arms (i.e. equal to ~ / z n f J ? ) .  Any number of such 
sections may be connected in tandem. In this case the two con- 
densers at the junction points of each section may of course be 
replaced by one condenser equal to a full shunt arm. 

A mid-series terminated section consists of a T section with 
a condenser equal to the full shunt condenser (C = r/nfCR) in the 
shunt arm, and inductances equal to half the full series arm induc- 
tance in the series arms (i.e. equal to R/znfc). Any number of such 
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sections may be connected in tandem. In this case the two induc- 
tances at the junction points of each section should be constituted 
by a single inductance equal to the full series arm. 

FIG. I/XXV:~.-Characteristics and Design Formdae for Low-Pass Filters. 
(By courtesy of Messrs. D. Van Nostrand & Co. kc., New York, USA.) 

Fig. I shows : 
I. The configuration of the full series and shunt arms. 
2. The values of the elements constituting the full series and full 

shunt arms. 
3. The formula for the mid.-series image impedance and the way 

in which this impedance varies with frequency, both inside 
and outside the pass range. Inside the pass range it is seen 
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to be a resistance, as already indicated, and outside the pass 
range it is a positive reactance. 

4. The formula for and the form of the mid-shunt image 
impedance. 

5. The form of the attenuation-frequency characteristic of the 
filter when terminated in its image impedances. This is 
not to scale but is very useful in seeing whether the attenua- 
tion rises continuously with departure from cut-off, or 
whether it rises to a maximum and then falls away, etc. 

6. The form of the phase shift-frequency characteristic of the filter 
when terminated in its image impedances. This again is 
not to scale, but is useful in determining the sign of the 
phase shift and the total variation over the pass range. 

7. The ratio of the series arm impedance to four times the shunt 
arm impedance at any. frequency f :  expressed in terms of 
the cut-off frequency and the frequency f. This is a useful 
ratio for determining the insertion loss of a filter using the 
technique described by Shea ; in the discussion below, use 
is made of a quantity equal to the simple ratio : series arm 
impedance divided by shunt arm impedance. 

8. The cut-off frequency expressed in terms of the values of the 
elements of the full arms. 

9. The frequency of (theoretically) infinite attenuation. 
m-Type Filters. Fig. I shows the same information for the 

two m-type low-pass filters. 
The values of the elements of the m-type filters are specified in 

terms of the values of the elements of the prototype filter. I t  will 
be seen that the value of L, = mL = mR/nf,, while the values of 
the other elements are obtained by multiplying the appropriate 
elements of the prototype filter by the appropriate fraction, which, 
it will be noticed, always contains the quantity m. 

The value of m. In low pass filters the value of m is 
given by 

I I-, 
m =,/I - - where a = - 

a2 f c  

and f, = the frequency of infinite attenuation. 
The normal use of m-type sections is in conjunction with proto- 

type sections, in order to obtain a more rapid rise of attenuation 
than is possible with prototype sections alone. For this purpose 
the frequency of infinite attenuation is chosen with reference to 
Fig. 2, having regard to the required attenuation at all frequencies 
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above cut-off, and the attenuation introduced by other sections 
being used. The cut-off frequency of the m-type sections is made 
the same as that of the prototype low-pass filter with which they are 
associated. A good combination of sections is represented by values 
of a = fm/fe,  equal, respectively, to 1.1, 1-25, and 2.5. Such a com- 
bination of sections with one prototype section will result in an 
attenuation frequency characteristic which rises to infinity at a fre- 
quency 10% higher than cut-off and never falls below about 50 db. 
at higher frequencies. 

FIG. n/XXV:3.-Attenuation of High' and Low Pass Non-Dissipative Filters respec- 
tively Below and Above the Cut-off Frequency, /,, for Various Values of 
a =fd. 

(By courtesy of Messrs. D. Van Nostand Bi Co. Inc., New York, U.S.A.) 

Fig. 2 shows the attenuation frequency characteristics per 
single section of m-type filter : the curve marked a = co being the 
curve for the prototype filter. The vertical scale is attenuation 
in Nepers and can be converted to decibels by the relation I Neper 
= 8-686 decibels. The horizontal scale is frequency, f in terms - - 
of f/fc 

When filter sections are properly connected together in tandem, 
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see below, the total attenuation ratio is the sum of the attenuations 
read from Fig. 2. Evidently if a half-section is used or more than 
one section of the same kind the attenuation on Fig. 2 must be 
multiplied by the appropriate factor. 

3.1. Rules for connecting m-Type and Prototype Sections 
in Tandem. Adjacent image impedances must be equal, and all 
sections must be designed with the same cut-off frequencies. 

The mid-series image impedance of a series derived m-type section 
is the same as the mid-series image impedance of a prototype 
section : these impedances may therefore be adjacent. 

The mid-shunt image impedance of a shunt-derivedm-type section 
is the same as the mid-shunt image impedance of a prototype section : 
these impedances may therefore be adjacent. 

Series-derived m-type sections may be connected together a t  
mid-series termination only, and shunt-derived at mid-shunt, unless 
the value of a is the same for both adjacent sections. 

Except when terminating a filter a series-derived m-type section 
must always be terminated a t  mid-series, while a shunt-derived 
section must always be terminated at mid-shunt. 

3.2. Use of m-Type Sections to Provide a F'ilter Terminal 
Impedance which is more constant (with Frequency) than 
a Prototype Section. Fig. 3 shows the ratio of Z s d R  for series- 
derived m-type sections where 2, is the mid-shunt image impedance. 
T h e  same curves define the ratio R/Z,  for shunt-derived m-type 
sections, where 2, is the mid-series image impedance. The scale 
of frequency is in terms of f / fc ,  and R is the geometric mid-band 
image impedance. 

Each curve corresponds to a different value of a = fm/fc. It 
will be seen that values of a between 1.1 and 1-25 provide image 
impedances which vary less over the pass band than do other values 
of a. The curve corresponding to a = co, which is the curve of the 
image impedance of the prototype filter, falls away very rapidly 
towards cut-off, so that a very large advantage is to be obtained by 
using an m-type section to terminate a filter. 

3.3. Example of Composite Filter. Fig. 4 shows the way 
in which a composite filter would be built up consisting of one section 
for each of the values of a : 1.1, 1-25, 1.5 and infinity. The infinity 
section is of course a prototype section. 

I t  will be noted that the m-type sections are all shunt-derived. 
The reason for this is that it is a sound principle always to choose 
a circuit configuration with condensers across the coils : if this is 
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FIG. 3/XXV:g.-Variation of the Mid-Series and Mid-Shunt Image Impedance 
in the Transmission Band, for Various Values of a. 

(By courtesy of Mesus. D. Van Nostrand & Co. Inc., New York , U.S.A.) 

$section i in-type Prototype i m-lype j 5 section 
m-type i section I section - sectton 1 a.1.25 
a=I .25 . a= 1.2 a = o o  I a=I-5  . 
FIG, q/XXV:3.-Analysis of Low-Pass Filter' consisting of One Section each 

with a = 1.1, .1.25, 1.5 and w. 
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done, any self-capacity across the coils can be compensated for by 
reducing the value of the parallel condenser. 

It should be noted also that the image impedances of the com- 
posite filter are those of mid-series terminated m-type shunt-derived 
sections with a = 1-25. Reference to Fig. 3 shows that the 
impedance does not depart from R by more than 20%, up to 93% 
of the cut-off frequency. This constitutes a large improvement on 
the prototype fdter. Whe~e matching is required up to a higher 
percentage of the cut-off frequency, end sections with a rather less 
than 1.25 may be used. This will improve the match near the 
cut-off frequency at the expense of frequencies farther away. 

It must not be thought, because a comparatively complicated 
filter has been chosen as an example, that simpler types of filter are 
useless. The case is very much the reverse, and it is comparatively 
seldom that such a complicated filter is justified. Many filters 
consist of prototype sections only. 

4. Design of High-Pass Filters. 
As for low-pass filters, there are three types of high-pass filter : 

the prototype or constant k type, the series derived m type and the 
shunt derived m type. 

Fig. I shows for high-pass filters the same information that 
Fig. I /XXV:~  shows for low-pass filters. 

Prototype Filter. The prototype contains condensers only in 
its series arms and inductances only in its shunt arms. The values 
of the condensers and inductances in the full arms are given in 
Fig. I in terms of R,  the image impedance at infinite frequency and 
the cut-off frequency f,. 

Mid-shunt and mid-series sections and half-sections are built up 
in an analogous way to that described with reference to low-pass 
fdters. Any number of sections may be connected in tandem. 

The Value of m. In high-pass filters the value of m is given by : 

where f c  a = -. 
f m  

m-Type sections can be combined with prototype sections accord- 
ing to the laws given for low-pass filters. Fig. z/XXV:3 shows also 
the attenuation characteristics of high-pass filter sections : the scale 
of frequency is now in terms of f J f .  

Fig. 3/XXV:3, using the scale of frequency fc/f, shows the 
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FIG. I/XXV:~.-Characteristics and Design Formulae for High-Pass Filters. 
(By courtesy of Messrs. D. Van Nostrand & Co. Inc., New York, U S A . )  

variation of the image impedance with frequency, as in the case of 
low-pass sections. The curve marked a = co is again the curve for 
the prototype section. 

A composite high-pass filter is built up, using the same rules 
that apply to low-pass filters. 

5. Design of Band-Pass Filters. 
The variety of band-pass filters is greater than that of low-pass 

and high-pass filters. There are first of all the band-pass prototype 
and m-type filters shown in Fig; x/XXV:5, and in addition a number 
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TYPE 

W U U L A E  FOR 
f L E M E N T  
VUUES 

ATTENUATION 
WARACTERIJTK: 
(SYMBOLICALLY) 

CUT OFF 
FREQUENCIES 

"F&* 
PROTOTYPE 

NOT USUALLY I No? USUALLY 
OF INTEREST OF INTEREST 

FIG. x/XXV:5.--Characteristics and Design Formulae for Band-Pass Filters: 
(By courtesy of M e s s s .  D. Van Nostrand & Co. Inc., New York, U.S.A.) 
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of other types which may be called Dissymmetric-Loss Sections 
because the attenuation frequency characteristic, when plotted 
against a logarithmic scale of frequency, is unsymmetrical about the 
geometric mid-band frequency f, ; the loss of those in Fig. I is 
symmetrical. 

Filters are classified by the number of elements contained in one 
series arm plus one shunt arm and by an arbitrary order. Four- 
element filters are labelled IV,, IV,, IV,, etc. ; five-element fdters 
are labelled V,, V,, V,, etc. Prototype filters are given the suffix k. 

In the design of band-pass filters, apart from the extra complica- 
tion introduced by the rather more complex formulae defining the 
values of the elements, no problems are met which have not been 
encountered already. 

Figs. I, 2,3 and 4 show for band-pass filters the same information 
that Fig. I /XXV:~ gives for low-pass filters. (Remember to derive 
the mid-series and mid-shunt terminations correctly. This is done 
exactly as before : a mid-shunt terminated section is a n network 
with a full series arm and two shunt arms each twice the impedance 
of the full shunt arm : a mid-series terminated section is a T network 
with a full shunt arm and two series arms each half the impedance 
of a full series arm.) 

Prototype and m-Type Filters. The three filters on Fig. I 

are respectively : IV,, the prototype band-pass filter ; VI,, the 
series derived m-type band-pass filter ; VI,, the shunt derived 
m-type band-pass filter. These may be combined according to the 
rules laid down in XXV:~.I and 3.2. 

As a very rough guide to the forms of the attenuation and 
impedance characteristics of narrow band filters, Figs. 2 and 
3/XXV:3 may be used with changed frequency scales as follows : 

For frequencies above fm the numbers on the frequency scales 
f - f m  define the ratio - 

f a  - fm '  
For frequencies below fm the numbers on the frequency scales 

f m  -f define 'the ratio - 
f m  - fl' 

Value of m. The value of m for band-pass m-type filters is . - 

given at the bottom of Fig. I. 
I t  will be seen that all the remaining filters, which are shown on 

Figs. 2, 3 and 4, have the property that either the mid-shunt image 
impedance, or else the mid-series image impedance is the same as 
that of the prototype (IVJ filter. This means that a section or 
a half-section of any of these types may be joined to a prototype 
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NOT USUALLY NOT USU/\LLv M AS FOR 
COISTmJT 6 

S * M  AS FOR 

OF WmREST OF NTEREST CONSTPJUT U 

P= =d F E E  r n ~ )  

I 

FIG. z/XXV:5.-Characteristics and Design Formulae for Band-Pass Filters. 
Kote : (I) The values of L and C given for 111, and 111, hold only for Mid-Series 

Terminations and the Values of L and C given for 111, and 111, hold only for Mid- 
Shunt Terminations ; (2) the Image Impedance Characteristics of any of these Filter 
Sections may be obtaine!,from " Mutual Inductance in Wave Filters with an Intro- 
duction on Filter Design , by K. S. Johnson and T. E. Shea, pages 9-12, B.S.T.J., 
January 1925. 

(By courtesy of Messrs. D. Van Nostrand 8; Co. Inc., New York, U S A )  
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FORMULAI 

ELEMENT 
VALUES 

NOT USUULV 
OF 

INTEREST I MID-SERIES 
IMAGE IMPEDUICe 

Q'zse 

SAME AS FOR SAME A5 FOR 
CONSTANT U CONSTANT U 

I MID-SHUN? 
IMAGE IMPEOANCE 

Zxazsh 
OF 

INTEREST INTCREST 

S A M  CS FOR 
CONSTLNT H 

SEE L e m  

'ATTENUATION 
CHARACTERISTIC 
( S Y U ~ ~ X * L L Y )  

I LOWER C W P F  
FREPUEKV 

I UPPI3 CUTCIF 
FREQUENCY 

FIG. 3/XXV:-j.-Characteristics and Design Formulae for Band-Pass Filters. 
(By courtesy o f  M e a r t .  D. Van Nostrand & Co. Inc, New York, USA.) 
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FORMULAE 
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SAME LS FaR 
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(7) SEE FOR Lor ETC. 

Frc. 4/XXV:5.-Characteristics and Design Formulae for Band-Pass Filters. 
(By courtesy of M e s ~  D. Van Nostrand & Co. Inc. New York, USA.) 
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filter at the appropriate termination : i.e. mid-series or mid-shunt. 
Also, of course, any filters which have the same mid-shunt image 
impedance may be joined together at mid-shunt (termination), while 
any filters which have the same mid-series image impedance may 
be joined together at  mid-series. 

, Provided the design instructions given on Figs. 2, 3, and 4 are 
followed, little difficulty should be experienced in designing any of 
these sections, or in combining them to give any required overall 
attenuation characteristic. The following comments may, however, 
be of assistance. 

Type 111 Filter Sections. These are shown in Fig. 2. These 
sections are normally of little use because one attenuation band 
introduces only a small amount of attenuation. Their performance 
is therefore that of high-pass or low-pass filters with some attenuation 
at one end of the pass band. A prototype high-pass or low-pass 
filter is simpler and cheaper and usually gives a performance nearer 
the performance which is required. A use for one of these sections, 
the 111,, is sometimes found in wide-band amplifiers where the input 
capacity of a valve is made to constitute part of the filter. These 
filters have the advantage over low-pass filters used for this purpose 
in that the value of condenser in the shunt arm is larger for a given 
upper cut-off frequency than in the case of a low-pass filter. This 
means that it is possible to pass a higher band of frequencies with 
a given valve input capacity. 

Tgpe TV Filter Sections. . These are shown in Fig. 3. These 
sections also suffer from the disadvantage that the attenuation on 
one side is low, being substantially the same as that on the low 
attenuation side of the type I11 filter sections. They are, however, 
of value for adding to a prototype section or sections to steepen the 
attenuation characteristic on one side of the pass band when this 
is required. 

It  should be noted that two values of m are used in calculating 
the values of the elements of these sections : m, and m, ; the values 
of these are given in Fig. 3 in the sections giving the formulae for 
the element values. 

Type V Filter Sections. These are shown in Fig. 4. These 
sections give an attenuation characteristic similar to the prototype 
section on one side of the pass band and a steeper rise of attenuation 
on the other side where a frequency of infinite attenuation occurs. 

I t  should be noted that six constants are used in determining the 
values of the elements : the values of these constants are given at 
the bottom of Fig. 4. 
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SAME AS FOR 
CONSTANT I( 

TYPE 

SAME AS FOR 
MID-SERIES 

M-TYPE 

S U E  AS FOR 
SERIES-DERIVED 

M-TYPE 

FIG. 1/XXV:6.-Characteristics and Design Formulae for Band-Elimination Filters. 
(By courtesy of Messrs. D. Van Nostrand Bi 6. Inc., New York, U S A . )  
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6. Design of Band-Elimination or Band-Rejection Filters. 
Of these only three types are important : the prototype and the 

series- and shunt-derived m-type. 
In this case the m type should not be considered as accessories 

to improve the performance of the prototype but as an improved 
section which, when used by itself, affords an attenuation character- 
istic which gives more effective rejection over a band of frequencies 
than does the prototype. A glance at the attenuation characteristics 
of the two types of filter shown in Fig. I will make this clear. It is 
important to note that the band over which the m-type sections give 
high rejection is the band contained between the two frequencies of 
infinite attenuation and not the band between the cut-off frequencies. 

The value of m is given at the bottom of Fig. I, which gives all 
the standard information about the prototype and the two mtype 
sections. 

Although the m-type sections give a better performance than 
does the prototype, the prototype itself gives such a large improve- 
ment over the performance of a single resonant rejector or acceptor 
circuit that it is almost true to say that the m-type section is never 
required. I t  does, however, offer a way out when very high 
discrimination is required. 

7. Type of Filter to Use. 
The type of filter to use is the simplest that will do the required 

job. If a low-pass filter is required it should first be established 
that a simple shunt condenser or a series inductance is inadequate. 
Then a single section, or even a half-section, of the prototype filter 
should be considered. If this is inadequate, try more sections. The 
decision as to whether to add more prototype sections or to add 
m-type sections is governed by whether it is necessary to add 
attenuation close above cut-off or remote from cut-off. If attenua- 
tion is needed near cut-off, m-type sections are required ; if remote 
from cut-off, prototype sections are generally required unless it is 
necessary to increase the attenuation in a limited frequency band 
only. 

Similar arguments apply to high-pass filters. 
In the case of band-pass filters the prototype filter is the first 

to consider because it is one of the simplest to design and adjust. 
If slow rising attenuation is required on one side of the pass band, 
and only a small amount of attenuation on the other, a type I11 filter 
may be used. 

If rapidly rising attenuation is required both sides of the pass 
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band, then one or more prototype sections may be combined into 
a composite filter with the required number and type of m-type 
sections. 

If rapidly rising attenuation is required on one side of the pass 
band only, with a high final value of attenuation on the other, 
a prototype section may be used in combination with a type IV 
section. This will give higher values of attenuation than a single 
section of type V which will give the same form of characteristic, 
but will be harder to design, and probably harder to adjust. 

8. Adjustment of Filters. 
Prototype low-pass and high-pass filters normally require no 

adjustment because the effective values of the elements, when in 
circuit, do not normally differ sufficiently from their measured values 
before insertion in circuit, to affect appreciably either the cut-off 
frequency or the filter impedance. 

Prototype band-pass filters and band-rejection filters should be 
adjusted with their elements in situ (i.e. mounted in their final 
position in the apparatus), so that the resonant frequencies of the 
shunt and series arms occur a t  the geometric mid-band frequency f,. 

m-type sections should be adjusted in situ so that the arms 
determining the frequency of infinite attenuation resonate at  the 
frequency of infinite attenuation. 

All other sections should be adjusted so that all arms resonate 
a t  the theoretical frequency determined from the element values. 
For instance, the shunt arm of a 111, section resonates at  the 
resonant frequency of L, and C,, which is 

Adjustments should be made by adjustment of the capacities in 
the circuit. This is, firstly, because the variations are largely due 
to stray capacities, and, secondly, because adjustment of capacity 
is most easily done. For this reason the condensers in  all matical 
circuits should be made slightly smaller t h n  the calculated values and 
jnully adjushd @ the addition of small trimmer condensers. 

9. Calculation of Image Impedances and Transfer Vectors of 
Filter Sections. 

Each mid-shunt terminated section constitutes a symmetrical 
z fourpole so that its image impedance is given by equation 
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(IO)/XXIV: 5.21, while its transfer vector is given by (II)/XXIV: 5.21. 
Each mid-series terminated section constitutes a symmetrical 

T fourpole so that its image impedance is given by equation 
(~)/XXIV:~.II,  while its transfer vector is given by (~)/XXIV:~.II .  

A half-section has one image impedance equal to the mid-series 
image impedance of the filter and one image impedance equal to the 
mid-shunt image impedance of the filter type in question. The 
transfer vector of a half section is equal to the square root of the 
transfer vector of a full section, whether mid-shunt or mid-series 
terminated. 

As a corollary the transfer vector .of a mid-shunt terminated 
section is the same as the transfer vector of a mid-series terminated 
section of the same type of filter. As this is a rather important point 
it is demonstrated below. The working should be followed in detail 
because it illustrates the conventions to be observed in substituting 
in the equations of XXIV:5 referred to immediately above. 

Consider the case of a ladder-type filter as shown in 
Fig. I (a)/XXV:z. The mid-series terminated section then consists 

za of a T fourpole with - in each series arm and Z, in the shunt arm. 
2 

The mid-shunt terminated section consists of a n fourpole with 
22, in each shunt arm and 2, in fhe series arm. 

From equations (4) and (5)/XXIV:5, the transfer vector of the 
mid-series terminated section is : 

From equations (10) and (II)/XXIV:~ the transfer vector of 
the mid-shunt terminated section is : 

(since E = Z, and D = 22,) 
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Similarly, if 2, is the midseries image impedance and Zsh is 
the mid-shunt image impedance, 

For the calculation of transfer vectors and image impedances 
respectively : use equations (I), (2) and (3) above when it is required 
to substitute full series and full shunt elements : when it is required 
to substitute actual elements in a T or n section, use equations (4) 
and (5), (10) and (11) from XXIV:5. When using the full elements 
for the determination of the transfer vector the method of calculation 
given under XXV:g.r below will, however, be found very much 
simpler than full substitution in equation (I). 

9.1. Values of 5 in Pass Bands and Attenuating Bands. 
Zb 

Equation (I) may be transformed as follows : 

Let = w, then z* 

In the pass range a = I. I t  follows that in the pass range w lies 

between o and - 4.. This is because *Y is only equal to unity 
x - Y  * 

when y is in quadrature with a : d$ can only be in quadrature 
with 4 4 T w  when w  is negative and q4$-w is real, that is when 
zel is between o and - 4. 

The above statement is general and unrestricted. It  is, however, 
not advisable to deduce from this that filter cut-off frequencies 
always occur when w = o or - 4, since pass bands defined in this 
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way are sometimes contiguous : the value of w, for instance, may 
travel from - 4 to zero and back to - 4, in which case the zero 
value of w does not correspond to a practical cut-off frequency. 

T h e  statement that cut-of  frequencies occur when the image imped- 
ances are zero or infinity i s  subject to n o  such limitation and i s  the 
criterion to use for $filter design. 

Note that from (4), when w = o, a = o, and when w = - 4, 
u = ~ / a  = - I, SO that a = f 180". When w is finite and positive, 
both numerator and denominator are real and positive, so that 
a = o, independent of the magnitude of w. When w is negative 
and greater than - 4, both numerator and denominator are 
imaginary, the numerator being a positive imaginary and the 
denominator a negative imaginary so that a = f 180". 

9.11. Value of u in Pass Bands and Attenuating Bands. 
The numerical evaluation of equation (I) may be simplified by the 
following process. 

2, Put - = w and solve equation (I) for w in terms of $4. 
2, 

I 
Then u - I - -w = I /$ +w. 

2 

Squaring both sides 

W h e n  w i s  negative and greater than - 4. From (4) 
- 

u = a/180" or a\180•‹ = - a 

Hence, from (5) 

When  w ' lies between o and - 4. From (4) 
u = r/a 

- 

Hence, from (5) 
w = I/~+I\; - 2 



Za -- fu// Ser/'es Arm Reactance - Raf2 : 
zfi full Shunt Arm Reactance 

FIG. r/XXV:g.-Magnitude of Attenuation Ratio a in Attenuation Bands and Pass Band. 
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When w is 9ositive. From (4) 
u = a/o = a - 

Hence, from (5) 

The sign of a is determined from the signs of 2, and 2,. If 
Z,  is positive and 2, is negative, a is positive, indicating lag. With 
the reverse signs a is negative indicating lead. These conventions 
are reversed with regard to normal conventions because u = input 
voltage/output voltage of fourpole and not output voltage/input 
voltage. 

If Z,  and Zb are both positive a is zero ; if Z, and Zb are both 
negative a is zero. 

Equations (5a) and (5c)  are plotted in Fig. I, which shows the 
z a  value of the attenuation ratio a for values of w = - from - 14 
Zb 

to + I O .  

Outside this range the magnitude of a may be obtained with an 
error decreasing as w and a increase, and which is never greater than 
within I%, by subtracting 2 from the magnitude of w when w is 
negative and by adding 2 to the magnitude of w when w is positive. 

Equation (5b) is plotted in Fig. 2 and shows the value of the 
phase-shift a for values of w from o to - 4. 

Figs. I and 2 enable the values of a and a to be obtained at any 
frequency at which the reactances of the full series and full shunt 
arms of the filter are determined. This gives the value of zc for 
a mid-series or mid-shunt terminated section of a ladder-type filter. 
The transfer vector of a half-section of such a filter is equal to the 
square root of the transfer vector for the full section. 

I t  should be realized that a full kction of a ladder filter is 
a symmetrical structure (although its half-section is unsymmetrical) 
and that this method evidently does not apply to sections which 
are unsymmetrical. 

The method of deriving the design formulae for an unsym- 
metrical-T section is given in XXV:II, but the method of determining 
the loss and phase-shift of such a structure is not given. The best 
method is to calculate the insertion loss directly by finding the 
received current in the terminating load with and without the filter 
inserted. For this, the method of inspection or the method of addi- 
tion may be used. This, of course, does not give the value of zc, but 
does give the insertion loss which is generally the quantity of most 
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interest. If zl is required it may be found from the insertion loss of 
the structure when working between its image impedances. 

-Phase Shif t  a. Phase Shift  CL .- 

za fu// S e ~ i e s  Arm Reactance 

% = Ratio: fu / /  Shunt Arm Reactance 
FIG. z/XXV:g.-Magnitude of Phase Shift a inside Pass Band. 

A final point which is normally of small practical importance 
relates to the conventions adopted with regard to phase shift which 
apparently lead to anomalies when a multiband filter is considered. 
These disappear when it is remembered that the addition of 2n to 
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an angle does not change the magnitude of any of its trigonometrical 
functions. The true phase shift in a composite network at any 
frequency is obtained by adding up the phase changes in all frequency 
ranges below that frequency. If, therefore, it appears that the 
phase shift at the high frequency end of an attenuation band is, for 
instance, +n, while the phase shift at the beginning of the contiguous 
pass band on the high-frequency side is - n, the difficulty is resolved 
when it is realized that a pass band, extending from n to zn, when 
examined only in its own frequency range, behaves exactly like a 
band extending from - n to o. When the true phase shift at the 
cut-off frequency in question is determined, it may be found that 
it is in fact greater than n by any integral multiple of an. 

9.2. Lattice Filter Sections. A lattice fourpole, as shown in 
Fig. 3/XXIV:5, may be used as a filter section. The method of 
design of such a section, to have given cut-off frequencies and 
a given mid-band image impedance, is given in XXV:II.Z. 

Once the section has been designed, its image impedance is given 
by equation (n)/XXIV:5 and the value of its transfer vector by 
equation (13) /XXIV:5. 

From examination of equation ( I ~ ) / x x I V : ~  it is evident that 
B 

pass bands occupy the frequency ranges in which w = - is negative, 
A 

regardless of its magnitude. Attenuating bands occupy the fre- 
quency ranges in which w is positive. If, for instance, A is con- 
stituted by a condenser and B by any combination of inductances 
and capacities, a cut-off frequency will occur at every frequency at 
which the reactance of B crosses the axis of frequency and so 
changes sign. 

Since the value of u in equation ( I ~ ) / X X I V : ~  was obtained by 
extracting a square root, there is an ambiguity in the sign of u. 
This may be expressed by saying that this equation defines the 
magnitude of the phase shift but not the sign. Assuming, as before, 
that lag is represented by a positive angle and lead by a negative 
angle, the sign of the phase shift is given by the following rules : 

In the pass bands 
a = +2 tan-' 6, when A is positive and B is negative 

a = - z tan-' 1/;, when A is negative and B is positive. 
This convention refers to the configuration shown in Fig. 3/XXIV:5, 

I n  the attenuating bands 
a = o, when A is less than B 
a = n, when A is greater than B. 
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Apparent phase-shift anomalies at the junction of pass bands 
and attenuating bands may be resolved as in the case of ladder-type 
structures. 

The value of a in the attenuating bands is evidently given by 
I + z / r  a = -- 

I - 6 
where w is, of course, a positive real quantity. 

10. Insertion Loss of a Filter. 
Since a composite filter is made up from an assembly of sections 

which are impedance matched at their common terminals, the total 
transfer vector of a composite filter is equal to the product of the 
transfer vectors of the component sections. The whole filter can 
then be treated as a single fourpole of input image impedance equal 
to the input image impedance of the first section, and of output 
impedance equal to the output image impedance of the last section. 

The insertion loss at any frequency, whether inside or outside 
the pass band, is then given by equation (33)/XXIV:4. Since, 
however. the filter is usually terminated in the same impedance at 
both ends, the most commonly applicable formula is equation 
(34)/XXIV:4, which is repeated below. 

The insertion loss is given by : 

where 2, = the input image impedance of the first section deter- 
mined as above. 

2, = the output image impedance of the last section deter- 
mined as above. 

R = the impedance of driving source and terminating 
impedance. 

U=ZC,U ,ZC,  . . . etc., where zr ,  and u,, etc., are the 
transfer vectors of the component sections, and are 
determined as below. 
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The vertical lines indicate that the magnitude of the complex 
quantity between them is to be taken. 

The insertion loss is usually the loss which is effective in exercising 
discrimination in the circuit : it is the loss which determines the 
relative efficiency of reproduction of each frequency. 

For single sections it is probably preferable to calculate the 
insertion loss by calculating the current in the terminating impedance 
by the method of inspection, see XXIV:Z.I, or the method of addition, 
see XXIV:z.4. The insertion loss is then given by 

L = 20 loglo ) / decibels 

where I ,  = the current in the terminating impedance with the 
driving source directly connected to the terminating 
impedance. 

and I ,  = the current in the terminating impedance with the filter 
in circuit. 

Imertion Loss in Prototype H.P. and L.P. Filters. 0. S. Meixell 
(R.C.A. Rev., Vol. 5 ,  p. 337) has shown that the insertion loss and 
phase shift of prototype low-pass and high-pass filters, working 
between their image impedances respectively a t  zero frequency and 
infinite frequency, can be expressed a t  any frequency f in terms of r, 
where r = f/fc for low-pass filters and fc/f for high-pass filters. The 
formulae below are valid for both mid-shunt and mid-series 
terminations. 

Insertion Loss and Phase Shqt of h e  Section of Prototype L.P. 

or H.P. Filter between Impedances R = &, where L and C are 

the values of the full arms, series or shzsnt as the case may be. 
Insertion Loss L = 10 log,, (I++) db. 

r(2 - la) 
Insertion Phase Shift A = tan-'& 

[ I  - 2r.J 
The plus sign in the phase-shift formula is taken for high-pass filters, 
indicating lead, while the negative sign is taken for low-pass filters, 
indicating lag. 

Insertion Loss and Phase Shift of Two Sections of Prototype L.P. 
1 7  

or H.P. Filter between Impedances R = ,/$ w h e  L a d  C are the 

values of the full arms, series or shunt as the case may be. 
Insertion Loss = 10 log,, [ I  +4r"1 - 27') '1 

Insertion Phase Shift = tan-'& -- 
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The sign in the phase-shift formula is determined as in the single- 
section case. 

10.1. Approximate Determinations of Filter Performance. 
For many purposes an approximate determination of the perform- 
ance of a filter is adequate. Two types of approximation can be 
made, both of which disregard the transition loss at  the terminals 
of the filter. 

The first approximation is that L = 20 log,, u, where u = u,u,u,, 
etc. This is obviously inaccurate, but is useful in assessing the 
probable number of sections which will be required. 

The other approximation is of use particularly when designing 
low-pass filters for smoothing purposes when the terminating 
impedances are often rather indeterminate. I t  can best be illus- 
trated by means of an example. 

Fig. I (a) shows two sections of mid-shunt terminated 'prototype 
low-pass filter designed for a (zero frequency) image impedance of 

FIG. I/XXV:IO.-Illustrating Approximate Method of calculating Filter 
Attenuation. 

600 ohms and a cut-off frequency of 5,000 c/s. I t  can also be 
regarded as a mid-series terminated section with a halfsection at 
each end building the filter out to mid-shunt ; this is an incidental 
point. 

The inductances are each 0.0382 henrys, the terminating con- 
densers are each 0.053 pF, while the full shunt arm in the centre is 
0.106 pF. 

To make a rough estimate of the ratio of the output voltage V,, 
appearing at 2,2, to the input voltage V, effective across I,I at  
10 kc/s, the procedure is as follows. 

At 10 kc/s the reactance of each inductance is 6,280 x 10 x 0.0382 
= 2,400 Q and the reactance of the full shunt condenser is 

159 = 150 Q, while that of the terminating condensers 
0.106 x 10 

is 300 52. 
The filter can therefore be split up into two potentiometers, as 
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in Fig. I@). Assuming that the impedances 2, and R are respectively 
high compared to the impedance of C, and Ca the ratio between 
V ,  and V, is the product of the ratios of the two potentiometers 
I and 11, i.e. 

This ratio may provide all the information that is required. 
Alternatively the ratio may be converted to the decibel equivalent 
in the normal manner, assuming equal impedances a t  I,I, and 2,2, 
which again is of course an unwarrantable assumption. 

The same procedure may be used to determine a rough indication 
of the voltage suppression at  any other frequency. 

11. Derivation of Design Formulae for Filters. 
This refers to the formulae giving the values of the elements of 

each filter section in terms of the mid-band image impedances and 
the cut-off frequencies. The procedure below can be applied to 
any structure of reactances. 

This procedure consists in the following steps : 
I. Find the image impedances of the structure in terms of the 

reactances of the structure. 
2. By equating the resultant expressions for the image impe- 

dances to zero and infinity, derive expressions for the cut-off 
frequencies in terms of the reactances of the circuit elements 
in the structure. 

3. Eliminate all the reactances except one between the several 
equations obtained, and derive an expression for one image 
impedance in terms of the remaining circuit element, the 
cut-off frequencies, and frequency. By making the fre- 
quency equal to the geometric mid-band frequency (the 
geometric mean of the cut-off frequencies) obtain an 
expression for the mid-band image impedance in terms of 
the remaining circuit element and the cut-off frequencies. 

4. Invert the equation last obtained to give an explicit expression 
for the remaining circuit element in terms of the mid-band 
image impedance and the cut-off frequencies. 

5. Repeat for the remaining circuit elements. 
In practice the expressions obtained for the image impedances 

give directly the value of the square of the image impedances and 
are most conveniently left in this form until the end of the analysis. 
Also, the analysis is most conveniently conducted in terms of the 
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angular frequency instead of frequency, but these modifications are 
evidently unimportant. 

The procedure is illustrated below for the case of a dissym- 
metrical-T fourpole, using inductances in the series arms and 
a capacity in the shunt arm. See also Bib. F7:zo. 

11 .I. Dissymmetrical-T Fourpole Designed as a Fil ter  
Section. The particular type of dissymmetrical T chosen for this 
example is one in which the series arms are constituted by induc- 
tances L ,  and L,, and the shunt arm is constituted by a condenser C ,  
as shown in Fig. I. 

FIG. I/XXV:II.-Dissymmetrical-T Fourpole between its Mid-Band Image 
Impedances. 

Conventions 
2, = image impedance a t  terminals I,I, Fig. I. 
2, = image impedance a t  terminals 2,2, Fig. I. 

S C ,  = short-circuit impedance looking into terminals I ,I  (i.e. 
with terminals z ,z ,  shorted). 

SC, = short-circuit impedance looking into terminals 2,2. 

OC, = open-circuit impedance looking into terminals I , I .  

OC, = open-circuit impedance looking into terminals 2,2. 

R, and Ra = values of 2, and 2, at  geometric mid-band frequency. 
a = the impedance of condenser C. 
B = the impedance of inductance L,. 
y = the impedance of inductance L,. 

i a = -am =-- 
C ' 

Y mb = - = jL,, where m is any numeric greater than unity. 
W 

f ,  = lower cut-off frequency. 
f ,  = upper cut-off frequency. 
f, = cut-off frequency in symmetrical case (not of interest). 

o,, w,, w,-= znf,, 2zf3,  27Cf3 respectively. 
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Then 

aB+B~+ar  SC* = -- (3) 
a+B 

Determination of Image ImpeaanceS. 

Also 

Equations (I) to (7) are quite general for all T structures. For 
the structure shown in Fig. I the following substitutions are now 
made : 

= jL lo  = b o  . - (9) 
y = jL,o = mbo . (10) 

Then equations ( 5 ) )  (6) and (7) become 

( b o a  - a)(mbawa - ab. I +m) ,q= 
mbwa - a ( 5 4  

(mboa - a)(mb20a - ab. I +m) z =  
boa - a  ( 6 4  

o 

Determination of Cutoff Frequencies. The cut-off fre- 
quencies of a structure exist at the frequencies at which the image 
impedances 2, and 2, are respectively o,o ; o, oo ; co,o ; or co, a. 

Three of these conditions can be satisfied by equating appropriate 
functions of o from equations (5a) and (6a) to zero. There are, 
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therefore, three cut-off frequencies to be considered, corresponding 
to mi, m, and ma, where : 

a 
hence b = - etc. 

0:' (11) 

Since m is greater than unity, these cut-off frequencies are 
arranged as in Fig. 2. 

4 - 4 4  Frequency 
FIG, z/XXV: I I .-Arrangement of Cut-off Frequencies. 

This structure can therefore be designed as a filter section either 
(I) To pass a band from o to f,. 

or (2) To pass a band from fl to f,. 
or (3) To pass a band from o to f a  and from fl to f a  only in the 

particular case where f, = fl. 
I t  can be shown that cases (I) and (3) lead to the same design 

in which 2, = 2,. In both these cases there is only a single pass 
band giving rise to a mid-series terminated section of the normal 
prototype low-pass filter. 

If the structure is designed to pass a band from f, to f a  (i.e. case 2), 
the pass band from o to fa does not exist. 

Case (2) is evidently the case under discussion, since the dis- 
symmetrical case is being investigated. This case enables the 
structure to be used for impedance matching because the image 
impedances of the structure are unequal. 
Values of L ,  L, and C in terms of R,. 

From equations (11) and (12) 
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Value of C. Eliminate b and m, by substituting their values 
from (11) and (15) in (5a). Also replace w2 by wlw, so that Z1 = R,. 
Whence 

a0102 a2 a2 

R; = 
a a 

X-- a 
0; - 0: 0: 

Multiply above and below by oi - w:. 

w : Multiply above and below by - - i and replace a by - 
01 C 

f 2  where Q = -. 
f l  

Value of L,. Eliminate a and m by substituting their values 
from (11) and (15) in (5a). As before, replace w2 by o,o, so that 

Value of L,. L,  = mL, ; hence from (15) and (17) 
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f 2 Impedance Transformation Ratio in terms of -. f 1 
Insert in (7a) the values of b and m from (11) and (15), and 

replace 02 by w1w2. 

Equations (16)~ (17), (18) and (19) supply all the information 
that is necessary for the design of the filter in terms of fl, f, and R,. 
As a matter of interest, the values of the circuit elements may be 
found in terms of R, by substituting the value of R1 from (19) into 
(16) and (17). 

Hence 
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R, and R, are in ohms, L, and La in henrys, C in farads, and 
f, in cycles per second. 

I t  is to be noted that as 4 is increased from unity the 

R f a  
value of the ratio -' falls, reaching unity when - = 42, For this 

Rl fl 
reason the above equations cannot be used for -values of 4 outside 
the limits I and dz. 

4 is determined by the step-up ratio and vice versa. In other 
words, if the frequency band is determined (in location and width) 
the step-up ratio of the structure is determined. Alternatively, if 
the step-up ratio is determined, the ratio of the cut-off frequencies 
is determined. I t  is therefore possible to design a Hter either from 
the required cut-off frequencies, or from the impedance step-up 
ratio and the location of the pass band in the frequency spectrum. 
An example of the last case will now be considered. 

Exam@. Design a dissymmetrical T of this type to match 
between 20 ohms and roo ohms for a carrier frequency of I Mc/s. 
The carrier frequency should be located at the geometric mid-band 
so that ma = 108. The value of 4 cannot be obtained from (19) 
because this equation cannot readily be converted to give 4 as an 

Rs explicit function of -. I t  is therefore necessary to plot the relation 
R, 

of equation (19).  his is done in Fig. 3 from which it is seen that, 

when R,/Rl = 5, 4 = f. = 1-25. 
fl 

Hence fa = r-z5f1, &d flfa .= 1.25f;d = lola, SO that fl = 895,000. 
Also R1 = 20 and R, = roo. 

4+(1++ - = 0.928 4" I = 0.56 
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Then evaluating in terms of R, : 
0.928 

C = Farads = oaozgg p F  
2n x 895,000 x 100 x 0.56 

0.56 x IOO 
LI = Henrys = 10.75 pH 

2n x 895,000 x 0-928 
I00 

L2 = Henrys = 19-15 p H  
2n x 895,000 x 0.928 

As a check, calculate the impedance a t  I,I, Fig. I, at I Mc/s 
when 2,2 are closed by 1.00 ohms. This should evidently be 20 ohms. 

By inspection 

An& from equation (2) /V:xo 

which, by slide rule, is a good approximation to the correct answer. 
Determination of Voltage across the Condenser C. The 

voltage across the condenser C depends on Z,, the impedance level 
a t  this point. 

This may best be determined by enunciating a series of semi- 
axioms which the reader should have no difficulty in proving. 

(I) The limiting condition of two conjugate impedances, as their 
reactive components are reduced, is represented by two 
resistive impedances. A conjugate impedance match 
therefore embraces the case of a resistive impedance match. 

(2) Any dissipationless linear passive system which is impedance 
matched on a conjugate basis a t  any one point of section 
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is matched on a conjugate basis at all other possible points 
of section. 

(3) The equivalent parallel resistances of two conjugate impe- 
dances are equal. 

(4) The only contribution to impedance matching which can be 
made by a shunt reactance between two impedances is the 
cancellation of the resultant or residual parallel reactance. 

Cmollary. Z, is equivalent to half the equivalent parallel 
resistance of the impedance looking either way from the bridge point 
chosen with the circuit cut either side of condenser C .  Whether 
condenser C is removed or not is evidently immaterial. 

Hence 

Similarly 

. (zoa) 

If the transmitted power is P watts, the R.M.S. voltage across 
condenser C is equal to dpx. 

I t  follows from the above analysis that an alternative way of 
designing this type of network as a band-pass filter is to design two 
L networks as described in XVI:8.4, one to work from R, to .Z, and 
one to work from 2, to R,. The value of Z, is obtained from 
equation (20) or (ma) and the value of 4 is obtained by entering 
the impedance ratio in Fig. 3. If the value of w used in designing 
the L networks is equal to the driving or carrier frequency, this 
method of design will locate the carrier or driving frequency at the 
geometric mid-band frequency of the structure and will provide 
exact impedance matching at that frequency. 

The above methods of design of an inductance capacity T network 
are the correct ones to use to obtain band-pass characteristics and 
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may be used for matching aerial circuits. Their advantages in this 
connection, from a band-pass point of view are, however, only im- 
portant in long-wave circuits and television circuits. Three methods 
of designing a T section of this type have therefore been described. 

(I) The band-pass method above which provides the optimum 
pass band when the section is inserted between unequal 
ratio impedances. 

(2) The compromise method described in XVk8.6, which pro- 
vides the minimum value of the shunt condenser for the 
maximum permissible voltage across the condenser, and 
matches two unequal impedances. This method does not 
produce a band-pass structure, but the fall away in side- 
band frequencies is tolerable at medium and short waves, 
except when television is involved. 

(3) The method described in CIII:4.1, which designs a low-pass 
filter with required phase shift at  a given frequency, 
inserted between equal impedances, impedance matched 
at the given frequency. 

I t  will be evident that the n network shown in Fig. 4/VI1:14 
may also be reduced to two L networks which step down to a common 
low impedance ; the relation between + and R,/R, is given by 
Fig. 3 for this network also. 

11.2. Lattice Pourpole Designed as a Filter Sedion. If 
a symmetrical reactive fourpole is realizable at all, it is realizable 
as a lattice structure. I t  is therefore the most general form of 
symmetrical fourpole, and characteristics can be realized with 
a lattice network which cannot be obtained with a T or n structure. 

On the other hand, if a lattice structure has a real physical T or 
n structure as an equivalent, it is generally but not always, preferable 
to use the ladder (T or n) equivalent. 

In the lattice each component reactance occurs twice, whereas 
in the T or n structures one set of reactances occurs once only. 

In the lattice structure, because it is essentially a bridge, the #er- 
missible tolerances for a given degree of simulation to the ideul #erfona- 
ance are less than in the ladder structure. 

The lattice structure has, however, an importance additional to 
its generality, which is that its transfer vector is a function of the 
ratio of the impedances of its arms while 'its image impedance is 
a function of the product of these impedances. See equations (12) 
and (q)/XXV:3. The result is that the lattice offers the possibility 
of designing a structure which is capable of meeting the requirements 
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on transfer vector and image impedance independently. The 
transfer vector determines the phase shift in the pass band and the 
attenuation in the non-pass band. 

It is usually required to make the image impedance approxi- 
mately constant in the pass band, and to make the phase shift 
approximately proportional to frequency in the pass band. Alterna- 
tively, the network may be designed to 
give approximately constant image 
impedance in the pass band while 
affording a choice of attenuation char- 
acteristics in the non-pass band. The 
means of doing this are indicated in 

4s \ Cc I .  

Communicatim Networks, by E. A. 
Guillemin. As such methods belong B-<,\ 
to the specialized art of filter design 

, 
I 

they are not discussed here. They l-C--------"--- 
-c 

are evidently valuable since they en- FIG. .+/XXV:I I .  Lattice 
Filter Structure. 

able the form of the elements of the 
lattice to be chosen in order to give a required performance. 

What has been given in XXV:II.I is the means of determining 
the values of the elements of a structure of chosen form in order to 
locate the cut-off frequencies at specified values. 

A lattice structure of chosen form may be dealt with in exactly 
the same way. 

Example. Determine the design formulae for the lattice 
structure shown in Fig. 4. 

Z, = image impedance 
R = geometric midband image impedance 
a = jL, :. jL,w = a o  

f,, f, = cut-off frequencies 
WI, 01 = 2nfir 

A and B = the impedance of the arms as indicated. 
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Then 

and 

RADIO ENGINEERING 

There are therefore only three 
unknowns : one may therefore be 

equations to determine four 
chosen arbitrarily. The arbi- 

trarily chosen element is best expressed as some constant times one 
of the other impedances. Let the value of this constant be h. 

The values of the elements of inductance and capacity may then 
be found in terms of R and the cut-off frequencies as before. The 
resultant formulae will contain the constant h. The constant h may 
then be chosen to give a required performance, or may be given 
a value convenient to the circuit used for realizing the impedance A. 

If, for instance, this impedance is realized by means of a crystal, 
the capacity C, may be fixed, or may bear a constant ratio to one 
of the other elements. If this is the case, this condition should be 
used in defining the value of the fourth element before developing 
the equations above to obtain the required design formulae. 
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FORMULAE 

Greek Alphabet. 
Letters. 
A a 
B B  
r Y 
A 6 
E E  

5 
H '1 
0 e 
I s 
K K 

A A 
M P 

Names. 
Alpha 
Beta 
Gamma 
Delta 
Epsilon 
Zeta 
Eta  
Theta 
Iota 
Kappa 
Lambda 
Mu 

Letters. 
N v 
s E 
0 0 

n 
P P  
.z a s  
T z  
r v 

@ + 
x X 

16 
S Z W  

Names. 
Nu 
Xi 
Omicron 
Pi 
Rho 
Sigma 
Tau 
Upsilon 
Phi 
Chi 
Psi 
Omega 

1. Conventions and Defmitions . 
An integral number or an integer is any whole number such as 

I, 2, 5, 57, 1,024 (as distinct from numbers containing fractions or 
decimals such as 1.5, 14+, 1,000.6, etc.). 

Ordinaks are distances on a graph measured parallel to the 
vertical axis : the axis of ordinates. 

Abscissae are distances on a graph measured parallel to the 
horizontal axis : the axis of abscissae. 

.z = 3'14159265 . . . 
- = minus = (I) the sign of a negative quantity. 

(2) an operator which, when written as a prefix to 
a vector magnitude, rotates that vector magni- 
tude 180" in a counter-clockwise direction with 
regard to any vector magnitude written without 
such a prefix. 

/ A  - = I/A - 
j = /yo = ejgO' = an operator which, when written as a prefix - 

to a vector magnitude, rotates that vector magnitude go0 
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in a counter-clockwise direction with regard to any vector 
written without such a prefix. 

= means : equals 
f ,, : is not equal to 
N ,, : is approximately equal to 
> ,, : is greater than 
+ , : is not greater than 
< ,, : is less than 
-K ,, : is not less than 
m ,, : infinity 
cc ,, : is proportional to 
Z ,, : thesumof  
// ,, : in parallel with (electrically) 
- - - ,, : is equivalent to (but not equal to) 
. (full stop) means : multiplied by 
fl means : the square root of 

I a2 )( aV = a 2 + ~  . aZ + aV = aZ-U . a-2 = - 
aZ 

2. TrijpnometFical Formulae. 
r .  

sin (- A) = - sin A cos (- A) = cos A 
tan (- A) = - tan A 

sin (goO+A) = cos A cos (goO+A) = - sin A 
tan (go0 +A) = - cot A 

sin (go0 - A) = cos A cos (go0 - A) = sin A 
tan (go0 - A) = cot A 

sin (180" +A) = - sin A cos (180" +A) = - cos A 
tan (180•‹+A) = tan A 

sin (180" - A) = sin A cos (180" - A) =.- cos A 
tan (180" - A) = - tan A 
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IJin = J I  - cOs cos - = f 
2 A 2 J1+yA 

tan A = 
2 tan f A 

I - tana 3 2  
1 sin zA = 2 sin A cos A cos 2A = coss A - sins A 

2 tan A tan 2A = - -- 
I - tan* A 

I sin 34 = 3 sin A - 4 sin3 A cos 3A = 4 ~ 0 . ~ 3  A - 3 cos A 
3 tan A - tan8 A tan 3A = 

I - 3 tans A 
lcosa A = 4 +( cos Z A  sins A = f - 4 cos ZA 

I 
sin (A +B) = sin A cos B +cos A sin B ; 
sin ( A  - B) = sin A cos B - cos A sin B 
cos (A+B) = cos A cos B -sin A sin B ;  
cos ( A  - B) = cos A cos B+sin A sin B 

tan A +tan B it an(^+') = I  - t a n ~ t a n ~  

tan A - tan B tan ( A  - B) = 
x+tanA t a n B  

sin ( A  +B) sin ( A  - B) = sins A - sin3 B 

sin A +sin B = 2 sin f(A + B) cos f(A - B) 
sin A - sin B = 2 cos 3(A +B) sin 3(A - B) 

A +cos B = 2 cos +(A +B) cos ( ( A  - B) 
cos A - cos B = - 2 sin *(A +B) sin 3(A - B) 

sin A cos B = 4 sin (A+B)+( sin ( A  - B) 
cos A sin B = f sin (A+B) - 3 sin (A - B) 

A cos B = f cos (A + B) + f cos (A - B) 
sin A sin B = 4 cos (A - B) - 3 cos (A+B) 
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(A sin o t + B  cos o t  = -sin A 

I (7) A sin ot  + B sin (ot  ++) 

= d A 2 + B 2 + z ~ B  cos 4 sin 
A+Bcos+  

2.1. Formulae Relating Inverse Trigonometrical 
Functions. 

I 
= cot-' - = 8 cos-' ( I  - 2x2) 

X 

= cos-1 [d(1 - xZ)( l  - y2)+xy] 
cos-l X + C O S - ~  y = C O S - ' [ ~ y  - 4(1 - x2)(1 - ys ) ]  

= sin-' ryl / l  - x 2 + x d r  - y2]  
cos-' x - cos- l y = cos- l [xy + d(1 - x2)(1 - y?] 
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3. Algebraid Formulae. 

Binomial Theorem. 
( a + a ) ~  = an+mn-9+n(n - ')an-rb2 

2! 

where r is the number of the term. 

Factorial Number. 
m! = m ( m  - ~ ) ( m  - 2 )  . . . 5.4.3.2.1 . 

e.g. I !  = I 
2! = 2.1 = 2 

3! = 3.2.1 = 6 
4! = 4.3.2.1 = 24 

Soldion of quadratic eqz~ntion ax2 +bx +c = o is : 

I n  the Arithmetic Series of n terms : a, a +d, a +zd, a +3d . . . I .  
n Last term I = a+(n - ~ ) d  ; Sum of n terms = -(a+l) 
2 

I n  the Geometric Series of n terms : a ,  ar, ar2, ar3 . . . I .  Last 
term l = urn - I ; 

rl - a - a(rn - I )  Sum of n terms = -- - -- . 
r - I  r - I  (5) 

Permutations : the number of possible arrangements of lz things 
taken p at a time is : 

Combinations : the number of combinations of n things taken 
p at a time is : 
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Determinants. 
A Determiad is a grouping of letters to define the value of a 

given expression : very seldom useful, but sometimes very useful. 

a1 a ,  a3 
are called the cofactors b1 b, b3 respectively. 

c1 C t  c3 

b c b c Evidently A ,  = 1 a a 1,  A = 1 ' 1 .  Aa = 1 f: 1, etc. 
b3 c3 b3 c3 

Notice that 
bl. bl c1 

blAl+b,A,+b A - b, b, c, = o. Two columns the same. 
3 - I b 3  c 3 1  

Also 
a1 bl c1 

alA,+blB,+clC, = I ;: bl cl 1 = 0. Two rows the same. 
b3 C S  

Any determinant with two rows or two columns the same = o. 

The sign V is sometimes used to mean " determinant ". Inter- 
changing columns changes sign of V. 

Columns may be changed into rows without altering value of V 
if done according to rule : 
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Solution of Simdtaneous Eqecaticms. 
To solve equations 

To find x,  multiply as indicated, by cofactors 

:. x x V +y x o+z  x o = d,A,+d,A 

a1 bl c1 

a, b, c, 
Similarly, multiplying by B,, B,  and B, : 

dl c1 bl c1 

Finally, multiplying by c,, c, and c, : 

4. Logarithms. 
The common logarithm of a number is  the power to which 10 mzcst 

be raised to cqual that number ; the base of common logarithms is 10. 
Other bases can be used, but the only other base in common use is 
c = 2.71828 . . . Logarithms with this base are called Napierian 
logarithms. 

The logarithm L of any number N to base a is written 
L = log, N . (1) 
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in which case, by the definition above 
a L = N  . (2) 

Just as L is the logarithm of N ,  so N is called the antilogarithm 
(antilog) of L. 

If m and n are respectively the logarithms of M and N to base 10, 

lom = M and 10% = N, so that the product MN = lomron = I O ~ + %  

= the antilogarithm of m+n to base 10 

= antilog,, (m +n) . . 
Similarly M - antilog,, (m - n) . 37- 

Also 
N p  = (loL)P = I O ~  = antilog,, pL 

Similarly 
1 1 L L 

NZ = (loL)G = 105 = antiloglo 5. 
log,, x = log,, e log, x = 0.4343 log, x 

log10 x - log10 x lo&x=- -- 
log,, e 0-4343 

5. Series. 

x2 x4 xu cos x = I - -+-- -- . . . 
2! 4! 6! 

x - a  ( X  - 
f ( 4  = f ( 4  + ,f(4 +- (X - a) > J # ( ~ )  + f '(a)+ . . .  . 

2! 
(4) 

6. Complex Algebra. 
If an impedance Z = P/(b = A+jb, P is called the argument or 

magnitude and 4 the angleTwhile A is called the real or resistive 
component and B is called the imaginary or reactive component. 

P/+ = P cos (b +jP sin (b = A +jB, say . - (1) 
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B 
A +jB = 4~ 2 + ~ 2  / t an - '  = P/B, say . (2) 

log, (A +jB) = 4 log, (A2+B2) +j t a r 1  - [ 3 
log, ( -  A+jB) = 4 log, (A2+B2)+j tan-' - - [ 3 4  
log, (A + jB) = $ log, (A 2+ B2) +j 

log,(- A +jB) =+loge(A2 +B2) + j  

The above are particular examples of the general 
solutions which are : 

In (10) and (11) n is any integer, and one solution is always 
obtained by putting n = o. 
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Transformations from Scalar Representatiop to Mixed 
Representation in t e r n  of sin ot.  

Scalar Representation 
sin (wt +go0) = cos cut 
sin (ot - 90') = - cos o t  
cos (wt +go0) 
cos (ot - go0) 
sin (wt +8) 

sin (wt - 8) 
cos (wt+8) = sin (ot+8 +go0) 

Equivdcnt 
Mixed RepresMJafrMJafron 
j sin wt 
- j sin o t  
- sin o t  
sin wt 
/8 sin wt - I (13) 

\8 sin o t  
/go0 +8 sin o t  

cos (ot - 8) /go0 - 8 sin ot  ] 

7. Electrical Formulae. 

Ohms Law : 

I (amps.) = E (volts) = IR (a.mps.ohms) . (I) R (ohms) ' 

Power due to a voltage E volts driving a current I amps. through 
a resistance R ohms is 

E S  P = EI = - = IaR watts . 
R (2) 

Resistances in series R = r,+r,+r,+r,, etc. . . (3) 

I 
Resistances in parallel R = 

I 1 1  
. (4) 

-+-+-+ . . . 
11 r, 

r1ra For two resistances only R = - . 
11 +I•÷ 

(5)  

Condensers in parallel C = c, +c,+c,+, etc. (6) 
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I Condensers in series C = 
I . I .  1 

(7) 

C i C a  Two condensers in series C = - . 
c1 +cs (8) 

Charge in a Condenser, etc. 

C = capacity of condenser in Farads. 
Q = quantity of electricity stored in condenser in coulombs. 
W ,  = energy stored in a condenser in watt seconds = joules. 
E = voltage across condenser. 

Current (amps.) flowing into a condenser = C x rate of change 
of volts across condenser in volts per second. 

Cuwent through an inductance and energy stored ,in magnetic field of 
inductance. 

L = inductance in Henrys. 
I = current through inductance in amperes. 
E = voltage across inductance. 
W, = energy stored in magnetic field of inductance in joules. 

Rate of change of current through inductance in amperes 
E 

per second = - 
L ' 1. ,, . , 

E = L x rate of change of current through inductance 
W ,  = 4LI" 

In  a circuit contuining Inductance L, Capacity C and Resistance R : 
I 

The resonant frequency f - - 
O - z n m  

The natural frequency f, = 

The Decay Factor per second = e-R'2L 
zfL The Decrement = - ; see VI:5 
R 

For Time Constants, see IV:7. 
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Im*edance of Two-terminal Networks. 
Circuit Element Impedance 

L (Henrys) Z=jLo 

C (Farads) I . I Z=- = -3- 
3Co Co 

R//C (ohms, Farads) Z = 
R - R . R2Co 

I+j~co-I + R F ~ ~ ~ - ' I + R ~ c % J ~  
jRLw RL2d  R//L (ohms, Henrys)Z = - - R2Lo 
R + ~ L ~ - R ~ + L ~ ~ ~ + ' R ~ + L ~ ~  

R,LandCinseries Z=R+j  

Inductance L (of 
resistance R) //C Z=R+jo[L - C(R2+L202)] 
(Parallel resonant (I - L C W ~ ) ~ + R ~ C ~ W ~  
circuit) See VI:z and XXIV:z.z3. 

I R.M.S. czsrrent and voltage = - x peak current or voltage (when 
v2 

of sinusoidal wave form). 

I,.,,. = dc+q+~:+ etc. ER,,, = d q + ~ ; + ~ :  . . . . (13) 
where I,, I,, I,, etc., El, E,, E,, etc., are the R.M.S. values of the 
component currents or voltages. 
Power fator of an impedance R+jX = P/+ - is 

R cos = - . 
~ R ~ + x ~  - (14) 

Power = E,,,,. x I,.,,. cos = )&i cos 4 . - (15) 

Number of decibels difference between two powers P, and P, is 

Pl N = 10 log,, - . 
p a  (16) 

N is positive if P, > P, and is negative if P, < P,. 
Tl E Transformer : Turns Ratio = - Voltage Ratio = -I, 
T* Ea 

I, R L Current Ratio = -, Impedance Ratio = -I, Inductance Ratio=> 
I a  Ra La 
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Coupled Coils of inductance L, and L, and coa@ling factor k .  

Mutual inductance M = kl/x 
Impedance looking into L,  with 
(a) L,  shod circuited (b)  La closed through impedance Z 

E.M.F. induced in L, by current I ,  through L, = jI ,Mo 
Inductance of L ,  and L,  in series = L,+L, f  ZM 

Inductance of L, and La in parallel = 
LIL,  - M a  

Li+La*zM 
= i ( L f  M)  if L,  = L, = L 

Measurement of coupling factor k. 
If La = Ll+L,+2M and Lb = L,+L,  - 2M 

La +Lb k=- 
4 c G  

8. Class C Amplifier. 

Conventions. 
E = H.T. volts. 
E,  = working grid bias. 
E, = grid-bias volts necessary to take valve to cut-off with 

H.T. volts E. 
i, = grid peak volts. 
i, = anode peak volts. 
i, = R.M.S. value of make-up current. 
i, = peak anode current. 
i f  = peak fundamental frequency component of current. 
i,, i,, i,, etc. = peak values of harmonic frequency components 

of current. 
Z = mean anode current (anode feed). 

z Z i 
f = 1' g = - 2' = = f (See Fig. 1/X:z2)  

57 $P g 

Po = R.F. power output. 
Pi, = D.C. power input to anode circuit. 
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2, = impedance facing anode. 
2, = load line impedance. 
q = anode efficiency. 
8 = angle of current flow. 
p = amplification factor of valve. 

AIso is = fsip, â, = f,ip, a^, = f,ip, etc. . - (7) 

i,,,=ipd*(f"fi+fl+f:t- . . .) . (8) 

Class B Amplifier. In a class B amplifier 8 = 180•‹, f = 0.5, 
I X g = - = 0.318, and w = - = 1-57. All the class C relations hold 
ld 2 

in the case of a class B Amplifier, but certain of them can be simplified 
as follows : 

Efficiency of Linear Class B Ampmer for 100% Modulated 
Wave. When no modulation is applied 

yo = 0.785 X && = 0.3925h . (14) 

where h is the maximum value of 5, i.e. the value at 100% peak 
E 

modulation. 
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9. Modulation. 
9.1. Power in Modulated Carrier Wave. 

where Po = power in unmodulated wave 
m = modulation depth. 

9.2. Heising Formulae for Determination of Percentage 
Modulation from Aerial Currents. 

I ,  = observed R.M.S. aerial current without modulation. 
I ,  = observed R.M.S. aerial current with percentage modula- 

tion m due to a sinusoidal modulating wave. 

10. Transmission Line and Network Formulae. 
Conventions. 

E,  = sending end voltage. 
E,  = voltage at any point distant x from the sending end. 
E, = receiving-end voltage. 
I ,  = sendingend current. 
I ,  = current at any point distant x from the sending end. 
I ,  = receivingend current. 
I = length of transmission line. 
a' = phase-shift constant of transmission line per unit length. 
a = a'l = phase-shift constant of transmission line = phase 

shift constant of fourpole, = the angle of u, see 
below. 

/3' = attenuation constant of transmission line per unit length. 
/3 = 8'1 = attenuation constant of transmission line = attenua- 

tion constant of fourpole. 
p = the propagation constant per unit length = /3'+ja1. 
P  = the propagation constant = $1 = the image transfer con- 

stant in the case of fourpoles. 
u = transfer vector of transmission line or fourpole, see XXIV:4. 
a = the attenuation ratio of the network = I u I. 
2, = characteristic impedance of transmission line. 
2, = input image impedance of fourpole = 2, in the case of 

a transmission line. 
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2, = output image impedance of fourpole = 2, in the case of 
a transmission line. 

y = J". z 
2, = image impedance of a symmetric fourpole = 2, = 2,. 
Sn = Q(u - I /@) .  
c, = * ( @ + 1 / 4  

ua - I 
Tn = - 

uz+ I 
ua+l 

C, = - 
ua  - I 

2, = receiving-end impedance = impedance terminating output 
of line or fourpole. 

Z,  = sending-end impedance = impedance looking into input 
of line or fourpole. 

Formulae. 
N = S , + C , = ~ P = @ + * ~ = &  x e j a = @ / a = a / z  - - . ( I )  

a = @  ela = /a . 
A - (2)  

Lossless (a = I ,  B = o) Transmissim Line Open Circuited at Receiving 
End. 

cos (01'1 - a'x) E, = E, E8 - - j z d 3  . (3) , Er = ---- - ---- 
cos a'l cos all sin a'l 

Zs = - jZ E ,, cot all = -2 . 
Is 

Lossless Dissymmetrical Fourpole Open Circuited at Receiving End. 

Lossless Transmission Line Short Circuited at Receiving End. 
sin (a'l - a'x) E, = E, ; E , = o  . 

sin a'l - (8) 

cos (a'l - a'%) . 
Iz = I ,  , I A =  

cos z'l 
- jE. . (9) 

cos all Zo sin a'l 
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Lossless Dissymmetrical Fourpole, Short Circuited at Receiving End 

71s - - jrE8 E, = 0 ; I ,  = - - 
cos a Z1  sin a (11) 

z8 = j z ,  tan a = 5 . 
I8 

Lossless Transmissim Line Terminuted i n  an Impedance Z,  at 
Receiving End. 

E, = E, (.Zo+~,)\dLIz+ (2, - Zo)\2af1 - a'x - 
2 0  +z,+ (2, - Zo)\2afl 

. (13) 

1% = Is (z0+~,)\QIx - (2, - Z0)\2a'1 - a'x 
zO+z, - (2, - Zo)\za'l (14) 

Z8 = 2, Z,+jZo tan a'l - E, -- 
Zo+jZ, tan a'l I ,  ' 

(19) 

Dissipationless Quarter-Wave Network. 

Receiving E d  Open. 



CI : 10 RADIO ENGINEERING 

Receiving End S h d .  

E , - 0  . - (23) 
- I ,  = I, x infinity = - . 
2 0  

(24) 

2, = infinity . . - (25) 

Receivi~zg End Termi~ated in 2,. 

General Dissymmetrical Fourpole with Dissipation. 

This embraces all the above cases in section 10. 

Remember that r = 42. 

The lossless (dissipationless) case of a dissymmetrical fourpole can 
be derived by making substitutions from (34) below. 

394 



FORMULAE 

When B = o :  
S, = j sin a 
C ,  = cos a I -  . 
T , = j t a n a  (34) 
C ,  = - j co t  a 

Relations between the Simple Vector Functions S,, C,, T,, C, 
and Hyperbolic Functions. See CI : 15. 

Remember that u = eP, and 4; = ePIa , (35) 

S, = sins u = sinh P C, = coss zc = cosh P 
T, = tans u = tanh P C ,  = cots zc = coth P (36) 
S ,  = secs u = sech P C, = cosecs u = cosech P 

It follows that any relations between hyperbolic functions of 
P are satisfied by the corresponding simple vector functions of u. 
Hence : 

sinh P/2 = sins I&, cosh P/2 = coss &, etc. . (38) 

11. Reflection E€Eects. 

Refiction Loss is difference in decibels between power in actual 
load I L 1/13 and power in ideal load matched to generator impedance - 
I G 1/8; it is given by: 

R.L. = 10 loglo I L I ~ + I G I ~ + ~ I  LGI  COS(~-8)  
41LGI 

x db. . (I) 
cos I3 

When 4 = 8 = o so that G and L represent pure resistances : 

R.L. = 20 loglo - L G 
+' db. where r = - or -. 

2 4; G L  
( 4  

Transition Loss is difference in decibels between power in 
load I L //8 and power in load having impedance equal to conjugate 
of generator impedance. I t  is given by : 

T.L. = I0 loglo - 
I L 1 2 + 1  G lS+2( LG I cos (4 - [ 4 ~ L G ~ c 0 s 4 c 0 s 8  

"1 db. . (2) 

Insertion Loss = the power loss in decibels consequent on the 
insertion of a fourpole, of image impedances 2, and 2, and transfer 
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vector zc, between a generator of impedance G and a load of impe- 
dance L. It is given by : 

Standilzg Waves in  Transmission Line without Loss. 
Eo and I ,  = voltage and current in a line terminated in its 

characteristic impedance Z,, for any power P 
supplied to the sending-end. 

En and I ,  = voltage and current for the 'same power, at nodes 
of voltage and current respectively, when the 
line is terminated in an impedance other than 
its characteristic impedance 2,. 

E ,  and I ,  = voltage and current at antinodes of voltage and 
current respectively under the last condition. 

Z,  = impedance at voltage antinode. 
Z,, = impedance at voltage node. 

r = standing wave ratio. 
Voltage antinodes and current nodes occur at the same place ; 

and voltage nodes and current antinodes occur at the same place. 

12. Matrices. 

Multiplication of Matrices : 

Division of Matrices : 
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13. Wire Resistance. 
p = specific resistance of material of conductor in ohms/cm.a. 
1 = length of wire in centimetres. 

A = area of cross-section in square centimetres. 
I Resistance R = p- 
A 

14. Johnson Noise : The e.m.f. of Thermal Agitation. 

In  any resistance R at temperature To C .  the open circuit noise 
voltage appearing at the terminals of the resistance in any frequency 
range from f, to f, c/s is: 

N = 7-4 x I O - ~ ~ ( Z ~ Q + T ) ( ~ ,  - f,)R microvolts. 

15. Correlation of Simple Vectors with Hyperbolic Functions, 
and Related Formulae. 

It will probably have been appreciated by now that anyone who 
has mastered the use of simple vectors has also mastered the use of 
hyperbolic functions in all applications relating to transmission 
problems. This is because, on the one hand, any transmission 
formulae which have been derived in terms of simple vectors, can 
be converted into hyperbolic functions by means of equations (5) 
below, and on the other, any formulae which are expressed in terms 
of hyperbolic functions can be expressed in terms of simple vectors 
by means of equations (5) below. Since the majority of adept users 
of hyperbolic functions have to go through analogous, or even more 
complicated, processes in developing or interpreting expressions in 
terms of hyperbolic functions, the user of simple vectors is now as 
well equipped as the user of hyperbolic functions. 

I t  may, however, be claimed that the habitual user of hyperbolic 
functions is a t  an advantage compared with the user of simple 
vectors in that there exists a tabulated system of relations between 
hyperbolic functions, and between hyperbolic functions and other 
functions, to which he can refer when he wants to  transform an 
expression into a form which he hopes will be simpler. The user 
of simple vectors will not normally need such an aid to thinking. 
In order to bolster up his morale, however, there are given below 
the more common relations in terms of hyperbolic functions and the 
equivalent relations in terms of simple vectors. Often the two sets 
of relations are equated. A few special relations between simple 
vectors and hyperbolic functions are also given. 
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Conventions. 
u = transfer vector = a/a - P = propagation constant = p +ja 
a = attenuation ratio p = attenuation constant 

a = phase shift constant 
e = base of Napierean logarithms - 2.718 . . . 

S,=  sins u = &(U - :) = 4 ( 8  - e-9 = sinh P 

c,, = coss u = 4 (u+:) = f(eP+e-9 = cosh P 

sins a/a = sinh (p + ja) coss a b  = cosh (p +ja) 

coss u = 41 +sinsz u = J I 

sins u = dcossz u - I = I 

coss #+sins u = u 
sinh p ja = sinh p cos a & j cosh #I sin a = f j sin (aF jp) 

sins a/a = sins a cos a + j coss a sin a = j sin (a - jp) - 

=+(a - :) cosa+jf a+- sin a 3 
sins a b  = sins a cos a - j coss a sin a = - j sin (a+j#?) 

=&(a -:)cosa - j+ a+- sina ( :> 
cosh /3 f ja = cash p cos a j-j sinh ,9 sin a = cos (a=FjS) 

coss a/a = COSS a cos a + j sins a sin a = cos (a - jp) 
- 

= +(a+:) cos a +j4(a - :) sin a 

coss a G  = coss a cos a - j sins a sin a = cos (a+jp) 
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tans a/a = tans a + j  tan a - tanh p + j  tan a 
- - 

~ + j t a n s a t a n a  ~ + j t a n h p t a n &  

tans a\a = 
tans a - j tan a - sinh 28 - j sin 2a - 
I - j tans a tan a cosh zp+cos 2a 

sins /#? = sinh jp = j sin p - 
coss /B = cosh jp = cos p - 
tans /#? = tanh jp = j tan - 

= - j tanh jp = - j tan/P - 
sin (#?A ja) = sin /? cosh a &  j cos #? sinh a 

= sin p coss edf j cos p sins ex 
= & j sinh (ar j/?) = j sins ( e a + )  8) - j sins (ea+jq 

coS (Bf ja) = cos /? cosh aTj sin /? sinh a 
= cos coss edTj sin p sins ea 
= cosh (aTjp) = coss (8-57 or coss (ea+jT 

tan (B f ja) = sin zp&- j sinh 2a sin 2pT j sins e" - 
cash zp+cosh za cos a@ +coss P 

If n = any integer. 
sins/nn = sinh jnn = o - 
C O S S / ~  = cosh jnn = cos nx = (- I)% 
tans/tzn - = tanh jnx = o 

sins a = sinh (/I +j:) = j cosh p = j coss a 
- 

= j cosh p = j coss a 
a 

s i n s a B  =sinh(@ = - jcoshp = - jcossa 
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sins a/nn = sinh (#? +jnn) = ( - I)" sinh #? = ( - ~ ) n  sins a - 
sins a/zn - = sinh (#? + jzn) = sinh #? = sins a 

toss a E  = cosh (/?+j:) = j sinh /? = j sins a 
- 

/ 5 coss= = cosh = -jsinh#? = - j s insa  
a 

coss a/nn - = cosh (/? +jnn) = ( - I ) ~  cmh = ( - I ) ~  coss a 
toss a/sn = cosh (#? +jzn) = cosh /? = coss a 

tans a/nn - = tanh (@ +jnn) = tanh /? = tans a 
n n n sins /(zn+l)- = sinh j ( z n + ~ ) -  = j  sin (z%+I)- = &j* 
2 2 2 

n 32 
C O S S / ( ~ + I ) -  2 = cosh j ( z n + ~ ) -  = o 

2 

log, sins-' x = sinh-1 x = log, (x + z/xz +I) 
log, coss- x = cosh-1 x = log, (x + z/xz - I) 
Iog, tans-l x = tanh-' x = #Fog, (I +x) - log, (I - x)] 

coss-'x = x+z/x2 - I toss-l jx = j x+ jz / r+x~  

* +j when n = o, 2, 4, 6, etc. 
- j  when n = I ,  3, 5. 7. etc. 
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CHAPTER CII 

TUNING BY CLASSICAL METHODS DESCRIBED 
IN VII:14.4 ; AND UNTUNABLE CIRCUITS 

1. Values to which Condensers in Double Parallel Tuned 
Mutual Coupling are adjusted by Classical Methods of 
Tuning. 

T H E s E are determined in C I I : I  .2 after the preliminary discussion 
in C I I : I . I .  

1.1. Resonance Condition in a Circuit containing an 
Inductanc8 in series with a Parallel Combination of a Resis- 
tance and a Condenser. The circuit to be considered is shown 
in Fig. I .  The resonance condition is defined for any frequency, 

T?-;F+ P 
I 2 

FIG. r/CII:r.--Circuit tuned to Minimum Impedance 
at I ,  r .  by Variation of Capacity C. 

any values having been assigned to two out of the three elements, 
by the value of the third element which gives maximum current at 
terminals I , I  when an e.m.f. is applied across I , I  as shown. Reson- 
ance corresponds therefore to maximum current through L, and 
therefore through R, since when the current through L is a maximum 
the voltage across R is a maximum. 

1.11. Case 1. Values assigned to R and C ; and L adjusted 
to maPimum current through L and R. In this case the 
impedance at I , I  is 

Z = ~ L W - j  RY: + R 
~ + R * C a o a  I + R ~ C % I *  - (1) 

If L is varied the impedance is evidently a minimum when the 
total reactance is zero, i.e. when 
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1.12. Case 2. Values assigned to L andR ; and C adjusted 
to d u r n  current through L and R, i.e. to  minimum 
impedance a t  I,I. 

To determine the value of C. This can most simply be 
determined as follows. 

Let a+jb be the impedance presented a t  terminals 2.2 by R and 
C in parallel. 

Then a = 
R 

1+R2Cawa ' 
(2) 

and 

Eliminating o between ( 2 )  and ( za)  : 
From ( I )  

a+aR2C2o2 = R 

Substituting these values of w 2  and o in (2) 

If b is plotted as a function of a on a plane of resistance and 
reactance, the resultant curve is a semi-circle of radius 4R with its 

FIG. ~/CII:I.-Plot of Resistance a against Resistance b. 
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R 
centre at the point a = -, b = o ; see Fig. 2. This semicircle is 

2 
evidently a plot of the reactance appearing at 2 , ~  against the 
resistance appearing at 2,2, when R and o are fixed and C is varied 
from o to infinity (or when C is fixed and w is varied from o to 
infinity, but this case is not here of interest). 

The reactance b observed at 2,2 may conveniently be called b,,, 
i.e. b = b,,. 

Taking the case where o is fixed, the value of L o  does not change 
as C is varied and b,,, the total reactance in circuit appearing at I,I, 
is given by the. value b,,+Lo, that is, 

b,, = b,,+Lo = - d a R  - a 2 + L o  . (5) 

If b,, is plotted as a function of a, the resultant curve is simply 
the curve defined by equation (4) displaced in the positive direction 
by an amount L o .  In other words, it is a semicircle of radius R/2 

R 
with centre at  the point a = -, b = L o .  

2 

The two semicircles drawn on the ab plane constituting the loci 
of b,, and b,, are shown in Fig. 2, b,, being drawn with centre 0, 
and b,, with centre 0,. 

If a ,  and b, are particular corresponding values of a and b,,, 
when plotted on the ab plane, the point P ,  so defined must lie 
somewhere on the locus of b,,. Further, since O P ,  = da:+b;,  
OP ,  is the magnitude of the corresponding impedance. Hence the 
length of any line drawn from 0 to the curve b,, gives the magnitude 
of the impedance at terminals I,I corresponding to some value of C. 
The shortest line drawn from 0 to the circle b,, is evidently the line 
which, when projected, passes through 0 , .  This is the line OP,, 
and OP,  is the minimum value of impedance which can be obtained 
with a given resistance R and inductance L. 

The corresponding value of C is now obtained as follows : first 
determine the value of a at the point P, .  

The line O P ,  is defined by the equation 

But from equation (5) 

b = d a R  - a B + L o  
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Putting Lo = X and squaring 

(The solution of equations (5) and (6) as simultaneous equations 
corresponds to the classical method for finding the co-ordinates of 
the point of intersection of two cuwes.) 

The minus sign is chosen in front of the root since the smallest 
value of a is required ; this is the value corresponding to the point 
of intersection of the line 00, with the circle bll, at P,, i.e. to OP,. 

But a, which is the resistance component of the impedance, and 
is the same a t  I,I as at 29, is given by : 

Hence 

Substituting in (8) the value of a from (7) 

I t  may be noted also that from (6) and (7) 

since bll is the value of b when a is defined by equation (7). 
The above method of solution was suggested by Grp. Capt. 

Wilson. 
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1.2. Example of a Practical Circuit ta which the above 
Analysis applies : The Double Parallel Tuned Mutual 
Coupling. Fig. 3 shows a case where a condenser assumes the 
value determined by equation (9). In practice the secondary circuit 
is tuned by adjusting the coupling to a minimum and then varying 
C ,  until maximum voltage is observed across R or maximum current 
through L,. 

I M 
FIG. 3/CII:r.-Double-Parallel Tuned Coupling Circuit. 

I t  will be clear that the value of C ,  is then defined by equation (9) 
where L is replaced by L ,  and the value of R is the resistance 
terminating the secondary circuit in Fig. 3. 

In practice the circuit of Fig, 3 may be connected in the anode 
circuit of a valve: terminals I,I would then constitute the anode 
load while the terminals 2,2 might be connected to the grid of the 
following valve. 

The value to which C ,  is adjusted by classical methods of tuning 
may then be determined as follows. 

I t  is assumed that the condenser C ,  has been adjusted by tuning 
the secondary to resonance, that is, to maximum current through La 
(an e.m.f. being applied at I,I), with the mutual inductance M neg- 
ligibly small compared to L,. In this case, as stated, the value of 
C ,  is given by equation (g), while the total series impedance effective 
in the secondary circuit, viewed from the midpoint of L,, assumed 
broken for the impedance observation, is then 2, = a,,+jb,, where 
a,, and b,, have the values given in (7) and (10). 

The impedance transferred to L ,  is therefore 
M2w2 - M2w2 
2, al l+ jb l l  

and the impedance looking into L, is 

Condenser C ,  is normally tuned to maximum impedance looking 
into terminals I,I (minimum anode feed) or to maximum circulating 

405 



CII : 2 RADIO ENGINEERING 

current through L,. These two conditions prescribe exactly the 
same value for C,,  since the condition of maximum anode impedance 
gives maximum volts across L,. This condition also corresponds 
to  that of zero angle impedance presented a t  1.1, as is proved 
incidentally in the remainder of the discussion : 

The value of C, to give maximum impedance must evidently 
have a reactance equal to  X,, since this makes the total parallel 
reactance infinity, without changing the value of R,, and so makes 
the impedance a t  I,I a maximum. 

where the values of A and B are defined by equation (11). 

2. " Untunable " Circuits. 
Consider the circuit of Fig. I in which X ,  and X, are reactances 

of opposite sign and X, is variable. (If X, is variable the circuit is 
easily tunable under the practical case when terminals I,I are con- 

nected to  the anode of a valve, since 
the value of XI, which gives maximum 

'23: impedance a t  terminals I,I also gives 
a pure resistance looking into terminals 
I,I.) If terminals I,I are connected to 
the anode of a valve and an attempt is 

I made to tune the circuit by tuning to 
FIG. r/CII:~;_Basic " untun- minimum anode current (ma~imum 

able Circuit. impedance looking into terminals I,I), 
the circuit is not adjusted to  a proper 

condition of impedance match because the impedance looking into 
terminals I,I has a reactive component; The energy transfer from 
the valve to the load R is therefore not a maximum. 

Proof. The admittance looking into terminals I,I is 

where 
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This equation is of the same form as equation (I)/CII:I, as can 
be seen by replacing L o  by X,, R by g, and C o  by X,. 

The impedance looking into terminals I,I is a maximum when 
the admittance is a minimum. By reference to equation (9)/CII:1 
it can be seen that this occurs when 

In this condition, by analogy with equations (8) and (9)/CII:1, 
the admittance looking into terminals I,I is 

And the impedance looking into terminals I,I is 

Since g,, and y,, are both finite the impedance Z , ,  is complex : 
it has a reactive component. 

If, on the other hand, with terminals I,I connected to the anode 
of a valve of internal impedance R,, X, is varied to give maximum 
current through R, X, will evidently assume a value equal to 

.P 

which is the value required to neutralize the series reactance 
Ya ' 

by R, and X, in parallel. But in order to provide optimum 
impedance matching it should assume the value satisfying the 

relation X, = X, that is, such that X, neutralizes the 

parallel reactance presented by X, and R in series. In other words, 

the required value for X, is - 4R: the plus sign being 
2 

taken before the root to accord with practical relative magnitudes 
of resistance and reactance. 

Hence in circuits similar to Fig. I, X, should not be made a variable 
for $ur$oses of tuning by normal indications. I t  is of course permis- 
sible to adjust X, and then tune in the normal way by adjusting XI, 
but this is not the case in point. Examples of " untunable " circuits 
are shown in Fig. 2. 

These circuits cannot be tuned in the conventional way by 
varying the element shown as variable. The circuit at (b) is the 
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so-called capacity tap circuit. If it is required to tune this circuit 
it should be tuned by a variable capacity in the position shown 
dotted and not by varying the upper of the two series condensers. 

Arz " urzturzable " circuit may be tuned by special methods. An 
R.F. bridge may be used either to adjust the variable element to 

(C ) ('t) (e) 
FIG. z/CII:z.-'' Untunable " Circuits. 

a known required value, or by connecting the bridge to terminals I,I 
the variable element may be adjusted until a pure resistance is 
observed at  terminals 1.1. Alternatively, if no bridge is available 
the variable element may be adjusted until the ratio between the 
current through the load R divided by the voltage applied across 
terminals I,I is a maximum. 
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CHAPTER CIII 

SOLUTION OF NETWORK PROBLEMS RELATED 
TO IMPEDANCE MATCHING IN LONGWAVE 

AERIAL CIRCUITS 

1. Design of Double Parallel Tuned Mutual Coupling as 
a Quarter-Wave Network. 

T H I  s network is shown in Fig. I (a) and is equivalent to an ideal 
transformer plus a mid-shunt terminated section of a Type 111, filter. 
See Bibliography F4:zo and XXV. 

The circuit of the latter only is shown in Fig. I (b). 

(a) (8) 
FIG. I/CIII:I.-(a) Double Parallel Tuned Mutual Coupling. (b)  Equivalent 

Circuit Less Ideal Transformer. 

The values of the elements are given in terms of the cut-off 
frequencies f 1  and f, and the mid-band image impedance R as follows : 

R ( f a  - fdR I L1 = L, = , C , = -  
n(f1 +fa) ' ~ f :  4 f a  - fJR 

This network has go0 phase shift (when terminated in its image 
impedance at the frequency concerned) when the effective reactance 
of each shunt arm is equal in magnitude and opposite in sign to the 
reactance of the series arm, that is when : 
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.-. fgoo = 5 J I 
2 -+- 

Lac, LlC, 

The mid-shunt image impedance at f,,. is 

R,,. = 
R 

where f, = qfIfI and f = f,,.. 
R is the mid-band image impedance, and for band widths Iess 

than 20 % the deviation of R,,. from R can be neglected, when the 
circuit is lined up on a bridge as described below. For greater band 
widths the deviation should be allowed for, when the circuit is 
designed to work between impedances R, and R,, by inserting in the 
formulae- on Fig. 1/VII:14, instead of R, and R,, the quantities 
R R -R1 and - R,. 

R90•‹ R90e 
In practice, after the circuit has been designed and the values 

of La and L, and the coupling adjusted to their correct values, the 
circuit is finally adjusted as follows : 

(I) A short is applied at terminals I,I and a bridge is con- 
nected to 2,2. The condenser C, is then adjusted until the circuit 
goes to infinite impedance at 2,2 at the camer frequency. 

(2) C, is adjusted to give infinite impedance a t  I,I with 
z,z shorted. 

(3) A resistance equal to R, is connected to z,z and the imp-  
dance looking into I,I is measured. If this is greater than R, the 
coupling is increased ; if it is less than R, it is reduced. 

(4) (I), (2) and (3) are repeated until the required impedance 
a t  the carrier frequency is observed at I,I. 

2. Design of x Network as a -Wave Network. 

The circuit of this is shown in Fig. I, in which a, /? and y are 
respectively the impedances of L, C, and C,. 
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Two cases arise : the unity impedance ratio case and the unequal 
ratio case. 

In the unity impedance ratio case, where R,  = R, = R say, the 
phase shift constant is go0 and the characteristic impedance is equal 

1 I 
to R when Lw = - = - = R. The circuit then corresponds to C,w Caw 
a mid-shunt terminated section of prototype low-pass filter operating 

I 
at a frequency equal to - times its cut-off frequency and ter- 

d2 
minated in 6 times its characteristic impedance. 

FIG. r/CIII:2.-71 Network. 

In the unequal ratio case the circuit must be designed in accord- 
ance with the formulae given in Fig. 4/VII:r4. I t  then becomes 
a band-pass filter and the phase-shift constant is equal to go0 at the 
low cut-off frequency, i.e. 

fso* = f 1  

This means that in practice the unequal ratio network cannot be 
used to give exactly go0 phase shift ; since if the carrier frequency is 
located at f, the lower sideband will be attenuated. The most satis- 
factory method of treatment therefore appears to be to design all 
such networks in accordance with Fig. 4/VI1:14, but to locate the 
carrier frequency at f,,, = df'. 

This means that the phase shift contributed by each network will 
be greater than goo, since the phase shift of the unequal ratio struc- 
ture varies from goo to 180" throughout its pass band. At some 
other point in the circuit phase shift must then be added to build 
up the phase shift of the circuit to the required multiple of go0. 
Exceptional cases may of course arise where the departure of the 
overall phase shift from an integral multiple of go0 is not serious ; 
in some cases it may be beneficial ; for instance, in restoring the 
symmetry of an asymmetric impedance curve. Droitwich was an 
example of such a case and it was not necessary to phase compensate 
the n networks there. 

The value of f,,. in the unequal ratio structure may be derived 
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as follows. If a, ,8 and y are respectively the impedances of L, 
C, and C,, it may be shown that the network has a phase shift of 
go0 when a = - ,8, or y = - a. See Bibliography F4:zo. 

Referring to Fig. 4/V11:14, where R, > R,, the design formulae 
for L and C, are 

R I ~ + ( I + $  - 42) p- I L = C= = 
2 ~ f * ( + ~  - 1) ~nfiRld+(I +4 - P) 

Hence go0 phase shift will occur when a = jLw is equal to 
. I - ,8 = I - .  
Cw 

3. Method of Building Up Quarter-Wave Networks from 
Component Networks. 

While any number of component networks may be used the 
present discussion considers the use of two only. 

FIG. I/CIII:~.-Matrices of Networks Shown. 
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The component networks may consist of two networks of lumped 
capacity and inductance or a length of feeder and,a lumped network 
(the term " lumped " is merely used to distinguish the ordinary 
inductances and capacities constituting circuit elements from the 
distributed constants of a transmission line or feeder). 

The present problem is to determine the values of the elements 
of networks to be added in tandem with a line of a given angle 
(phase shift constant) in order to provide a composite network with 
a go0 phase shift constant and required image impedances. 

Fig. I gives the A matrices of four structures : 
(a) An inequality impedance ratio lossless fourpole with image 

impedances Z1 and 2, and phase shift constant a. This matrix is 
called ( 1  A, I/. 

(b) As (a) in which a = go0. Matrix = li A900 11. 
(c) An equality impedance ratio fourpole which may represent 

a lossless transmission line or feeder of characteristic impedance Zo 
and phase-shift constant a. Matrix = 1 1  A, !I. 

(d) A n network. Matrix = 1 1  A, (1 : 
Zo = characteristic impedance of feeder or line. 
a = total phase shift constant of feeder or line. 

A, B and C = Impedances of arms of n network. 
Z, and Z, = Image impedances of composite network : Z1 look- 

ing into line ; Z, looking into n network. 

JI:3.--Combination of Transmission L i e  and rr Netwo~ 

Fig. 2 shows the combination of a length of feeder represented 
by an equal ratio fourpole and a n network which in general is 
required to constitute an unequal ratio fourpole with a phase-shift 
constant equal to go0. Its matrix must therefore be equal to 
11 A,, 11 as defined by Fig. I (a), hence, having regard to the order 
in which the two networks in which Fig. 2 appear, 
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Writing this operation in full 

Divide each side by I (  A,  11 : 
(The formula for the division of matrices is given in CI:n ; the 

fact that the next step is correct can however be proved by multiply- 
ing across by ( 1  A, 1 )  in the line below when the line above appears.) 

cos a jZ, sin a 

sin a - cos a 
20 

The condition of equality between matrices demands that all 
corresponding terms shall be equal. Hence : 

X 

. . 

I B I  i -+--+- = -- cos a . 
A  CA C  .\/Z,z, (3) 

o j d Z Z ,  

i 
d X  

0 

B 
1  +- C  

B 

I B I  B -+-+- I + -  A  C A  C  A  

Equations (I), (z), (3) and (4) provide three independent equations 
and one dependent equation. In other words, any three of these 
equations may be solved simultaneously, the fourth equation will 
then provide confirmation of one or more of the results. 

- - 

B 
1 +- B C  

I B X  B -+-+- I f -  A  C A  C  A  

3.1. Given Zl = Z, = Z, and a to find A, B and C. 
From (z), B = j Z ,  cos a . (5) 

From (I), C  = 
B - - jZo cos a 

sin a - I sin a - I 
(6) 

- - 

B  - - jZo cos a, From (4), A  = 
sin a - I sin a - I . (7) 

sin a j a cos a 
dzlz, 

j dz,Z, sin a - cos a - 
d&zs zo 

Note that B is positive and therefore inductive, while A  and C are 
negative and therefore capacitative, since sin a < I. 
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3.2. Given 2 ,  = Zo, C = infinity, and the value of Z,, to 

find A B and a. The solution is given in equations (8), (11) and 
(12), which are derived as follows : 

From (I) sin a = (8) 

Substituting (8) and (9) in (4) and (2) respectively, 

- 

and B = jJzC,(r - 2) = j i / i O ~ i  - z2 . . 11) 

From (11) it is evident that Z ,  must be less than ZO, and that 
B is positive and therefore inductive. From (IZ), since Z, < Z0 it 
is evident that A is negative and therefore capacitative. 

3.3. Given 2, = 2, A = infinity, and the value of Z,, to 
find B, C and a. The solution is given in equations (13), (16) and 
(17). which are derived as follows : 

From (4) sin a = (13) 

- (14) 

Substituting (14) and (15) in (I) and (2) respectively, 
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From (16) it is evident that Z, must be greater than Z, and 
that B is positive and therefore inductive. From (17), since 
Z, > Z,, it is evident that C  is negative and therefore capacitative. 

4. Design of Lossless Symmetrical n ~&ork  to have 
Required Characteristic Impedance and Phase4Wft 
Constant. 

To obtain the design constants of this network it is only necessary 
to  equate 1 1  A ,  11 to 1 1  A, 11 ; see Fig. 1/CIII:3. 

Whence 
B 

I + - = C O S ~  . 
C  . (1) 

B = jZo sin a (2) 
I B I j s i n a  -+- +- = - . 
A  C A  C Z, (3) 

B - jZo sin a From (I) and (4) A = C = -- - -  - ----- . 
cos a - I cos a - I (5) 

The value of B is given by (2). 

Equation (5) may be transformed as follows : 

A = C =  - jz0d1 - C O S ~  a - - - jz,,J I + cos a 
I - cos a I - cos a 

J a J a 1+2cosB- - I 2 c0sa - 
2 2 

= - jZo = - jz, a a 
I - 2 cos' ;+I 2 - 2 cos' - 

2 

a 
= - jZ, cot - . 

2 
(6) 

4.1. Lassless Symmetrical T Network. In the same way 
the arms of a lossless symmetrical-T network to have a phase shift a 
and a characteristic impedance Z, are given by : 

a 
Series arms = jZ, tan - ; 

2 

zo Shunt arm = -j- 
sin a 

In the case of both T and n networks the phase shift with the 
above values of the arms constitutes a lag. If the signs of the 
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reactances are reversed, a leading phase shift of the same amount 
is obtained. 

The above formulae can also be derived from the equivalent 
T and n networks shown at the top of Fig. q/XXIV:6, making use 
of the relation : 

I C, - - = tans 4; = tans 2/I/a= j tan 
sn - 2 



CHAPTER CIV 

MEASUREMENT OF PHASE SHIFT ON 
CATHODE-RAY OSCILLOGRAPH 

Two sinusoidal waves of equal amplitude : 
y = A sin wt . (1) 

and x = A sin (wt+r$) . (2) 

are applied to the plates of a cathode-ray oscillograph so that 
y causes vertical deflections and x causes horizontal deflections. 

By eliminating wt between (I) and (2) the form of the figure on 
the cathode-ray oscillograph is obtained : 

Y From (I) sin J = A and cos rul = d1 - ya/A 

From (2) x = A sin ot  cos 4+A cos wt sin 4 
= y cos ++A sin $41 - y 2 1 / ~ 2  

= y  cos 4 + d ~ ~ =  Y2 sin +. 
.- -- - - . - :. x - y cos + = d A  - y 2  sin +I and squaring both sides 

x2 - zxy cos ++y2 cosa4 = A2sin2tj - y2s in2+  
: . x a - z x y c o s ~ + y ~ = A a s i n 3 +  . - (3) 

This is the equation of an ellipse, the major and minm axes of 
which always lie respectively and alternatively on the lines y = x and 
y = - x ; the centre of the ellipse must then be the origin. 

I t  is to be noted that since cos 4 = cos - 4, the same form of 
ellipse is obtained, regardless of which pair of plates carries the 
leading voltage. 

Determination of the Axes of the Ellipse. This is based on 
the axiomatic fact that any straight line which cuts the ellipse a t  
right angles must be an axis. 

d~ Put - = p. 
dx 

Differentiating (3) with regard to x : 
zx - 2x$ cos 4 - 2y COS ++zyp = 0 

:. (2y - 2% cos 4)p = zy cos 4 - 2% 
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cos 4 - I When y = x, 9 = - I (-.. = I - cos 4 
That is, the slope of the ellipse is normal to the straight line y = x. 
Similarly when y = - x, 9 = +I : the slope of the ellipse is also 
normal to y = - x. 

Hence y = x and y = - x are the two axes of the ellipse, they 
will be referred to as the positive and negative axes. 

Referring to equation (3), 
.If 4 = o, cos 4 = I, sin 4 = o, and equation becomes: 

that is y = x ; the ellipse degenerates into a straight line at 45" to 
each of the axes of co-ordinates, and length = 2 &A. 

If 4 = go0, cos = o, sin 4 = o, and the equation becomes 

which is a circle of radius A. 
In between these two conditions the ellipse under consideration 

always has its longer or major axis along the line y = x. When 
4 is greater than go" the ellipse has its longer or major axis along 
the line y = - x. 

Determination of Phase Shift of EUipse in Terms of a and 
6, the Lengths of the Positive and Negative Axes of the 
Ellipse, and A, the Amplitude of each Input Wave. Referring 
to Fig. s/XX:IO, a the positive axis of the ellipse lies along the 
line y = x, 

a = Z - \ / X ~ + ~ Z  = 2& x x = 2 4 2  x 

Substituting these values in (3) 

. as as --- a2  cos ++- = A2 sin2 4 
" 8  4 8 

:. a 2 ( ~  - cos 4) = 4A 2 sin2 4 
z A s i n 4  a 2 sin 4 :. a =  or - = 

41 - cos 4 A 41 - cost# 
Similarly 

b = 
2A sin 4 b z sin 4 or - = 

~ I + C O S  4 A dTTGc+ 
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On Fig. 6/XX:ro the value of 4 is plotted as a function of 
a b  2 and 2 .  Hence the phase shift between two waves can be obtained 

by measuring the lengths of the major axis a or the minor axis b 
and the amplitude A of either wave acting alone. 

Alternative Determination of 4. The set-up and conven- 
tions are as above. 

Draw the major and minor axes of the ellipse. Join the inter- 
section of the axis with the ellipse occurring in the positive quadrant 
to the two intersections of the other axis with the ellipse. The angle 
between the two lines so drawn is equal to +. 

The method previously described is, however, preferred on the 
grounds of accuracy. 



CHAPTER CV 

CONDITIONS IN A MODULATED AMPLIFIER 
FACED WITH A LOAD IMPEDANCE 

VARnNG WITH FREQUENCY 

THE symmetrical case only is considered, that is the case in 
which the load impedance at each sideband frequency is the same ; 
see XVI:I~.  All load impedances considered are those which face 
one valve in the modulated amplifier. All currents are the currents 
flowing through one valve in the modulated amplifier and the anode 
peak volts are the volts developed by that valve. All impedances, 
load lines, etc., refer to the same valve. 
Conventions. 

R, = Load impedance at the carrier frequency. 
Z,/8 = Load impedance at each sideband frequency. 8 is - 

positive for one sideband and negative for the other. 
m = Percentage current modulation in anode circuit. 
m, = Percentage voltage modulation in anode circuit. 
it = Instantaneous current in anode circuit. 
i, = Peak amplitude of carrier current in anode circuit (vary- 

ing with envelope amplitude). 
i, = Peak amplitude of carrier current when unmodulated. 
i, = Peak amplitude of one sideband current (i.e. of each 

sideband current). 
d, = Peak anode current in valve (varying with envelope 

amplitude). 
i = Anode current as measured on a quick-acting ammeter 

responsive at  audio frequency (varying with envelope 
amplitude). 

i 
f = d assumed constant but really determined by angle of 

'9 
current flow. (Recent investigations have shown that 
f is substantially constant over the modulation cycle so 
this assumption is justified.) 

u = 2 assumed constant but really determined by angle of 
S 

current flow. (Recent investigations have shown that 
u is very nearly constant over the modulation cycle.) 

e, = Anode volts. 
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8, = Peak anode volts (peak amplitude of camer frequency 
volts varying with modulation). 

Zc = $ = Discontinuous instantaneous circuit impedance fac- 
* t 

ing anode of valve defined only at instants at 
which 8, and it occur. 

Z, = fZc = Impedance corresponding to slope of load line of 
valve. (Discontinuous and varying with time.) 

R, = Impedance corresponding to slope of asymptote of 
anode-current/anode-voltage characteristics of valve 
= effective internal impedance of hard-driven valve. 

Eo = Value of H.T. volts effective on modulated amplifier. 
Em = Modulating voltage effective on anodes of modulated 

amplifier. 
E = E,+E,. 
I ,  = Anode feed of modulated amplifier due to Eo and grid 

drive in carrier condition. 
I ,  = Varying current supplied by modulator to modulated 

amplifier. 
a 

I ,  = Peak value of I,. 
I = Io+Im = Value of envelope of anode feed at any time=?. 

f, = Modulating frequency. 
v = anf,. 

fo = Carrier frequency. 
c = anfo. 

Suppose that, as the result of an applied modulating frequency 
v 

f = - a modulated current flows in the anode load defined by 
an' 

it = iC[1 +m sin vt] sin ct . - (1) 

where m is the percentage current modulation and c = 2nfo where 
fo is the carrier frequency. 

m 
cos (c - v)t - - cos (c+v)t 

2 I 
m 

where is= -4 = the sideband current amplitude. 
2 

The anode volts are obtained as the sum of the voltage due to 
.i, flowing through Rc and each sideband current .i, flowing through 
z,/e : - 
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ea = sin ct +Z,$, cos [(c - v)t - O ]  - Z,  .i, cos [(c +v)t +0] 

sin (vt+8) sin ct I 
Putting A m* 

= zzc 
sin (vt +8) sin ct I (3) 

The peak anode volts occur when sin ct = I .  

Hence 

Similarly, from ( I ) ,  the peak fundamental frequency load current 
is given by 

i, = G(I +m sin vt) . . (5 )  
Hence the (discontinuous) instantaneous circuit impedance as 

seen by the valve, defined only at the times of occurrence of 8, and 4, 
is given by 

z A= Rc + Z,m sin (vt + 8) 
" if r+m sin vt 

Therefore 
R + Z p  sin (vt +8) z, = fz = f" 

I +m sin vt 

Now, 

where E is the instantaneous value of the total H.I 
anode (i.e. E = E,+E,). Hence from (4), (7) and (8) 

(6) 

(7) 

(8) 

effective on the 

Ra(r +m sin vt) E =  I+ [ ARC+ z p z  sin (vt +8)] ]C[R,+~J.  sin (vt+8)] 
Ra mRa + Zpz sin (vt + 8) +- + ---- sin vt . 
f f I -  (9) 

E therefore consists of a constant component : 

Eo = ++?) . . . (10) 

which corresponds to the steady H.T., and a varying component 

(vt+~)+- nrRa sinvt ] . . (11) f 
which corresponds to the modulating voltage. 
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Similarly the instantaneous value of the envelope of the anode 
feed is 

ẑ  i I = f  = z ( ~ + m s i n v t )  . 
ZC ZC 

(12) 

This consists of a constant component 

I , = %  
ZC 

(13) 

and a varying component 

The D.C. resistance of the modulated amplifier is therefore 

The A.C. impedance of the modulated amplifier as seen by the 
modulator is : 

m sin vt 

A.F. to Sideband Conversion Efficiency. The audio- 
frequency power input to the modulator = the real part of 

The sideband power = cos 8++iiZ, cos 8 

. . m, 
where 2, = za =z, = zz, 

ma* Hence sideband power = -zJ, cos 8 . 
4 . (18) 

The efficiency of conversion from A.F. to sideband is therefore : 

ZC -2, cos e 
2 

'LC. = I (19) z, cos e + -R, 
f 
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D.C. to Carrier Conversion IWiciency. The D.C. power 
input to the transmitter 

The carrier power = *$PC . (21) 
(jf = ẑ , when m = o) 

The D.C. to Carrier Conversion Efficiency is therefore : 

C RC (Note that, since in the carrier 
VD.E = fii X condition Zf = &, 

( ~ c + p a ) u  
u = Z t = . s  

2' 2' 

= *@ . (22) 

where E, is the H.T. volts and u is the current utilization. Equa- 
tion (22) serves as a check on the accuracy of the whole calculation 
since this is the classical expression for efficiency. For comparison 
with (19) note that : 

Equation (19) is therefore of the same form as equation (23) which 
is known to be correct. 

Relation between Current Modulation and Voltage Modu- 
lation. From (I) and (3), when the current modulation is rn, the 
voltage modulation is 

Conversely, when the voltage modulation is m, the current modula- 
Rc tion is -m. Hence for 100% voltage modulation the current .za 

Rc modulation is -. In the case of a circuit presenting a higher 
z a  

impedance at the sideband frequencies than at the carrier frequency, 
since the voltage modulation can never exceed 100% the current 
modulation can never exceed Rc/Za. In the case of a circuit 
presenting a lower impedance at the sideband frequencies than at 
the carrier frequency, the current modulation can never exceed 
100% (since otherwise the valves would have to pass reverse current) 
and the voltage modulatiov can never exceed Z,lRc. 
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Power Modulation or Mean Modulation. In a normal 
circuit having the same (resistive) impedance at carrier and sideband 
frequencies, the power delivered at the carrier frequency is PC = eoio, 
where e, and i, are the R.M.S. values of voltage and current in the 
unmodulated condition. If the current modulation is m the voltage 
modulation is m. The power in the sideband frequencies is then : 

P, = Q meomio 

Therefore 

In a circuit in which the voltage modulation m, is different from the - 
Z m  

current modulation m and determined by the relation m, = 8-, R 
it is convenient to define the mean modulation or the power modula- 
tion by a relation similar to equation (24). In this case the mean 
(or power) modulation is : 

%z then defines both the current modulation and the voltage modula- 
tion at any later point in the circuit (if such a point exists) where the 
circuit is restored to constant resistance. Inserting in (25) the 

z, Rc relations m, = - and m = -mu 
Rc 4 

Modulation Conditions for Rising and Falling Anode 
Impedance Characteristics. 

With a Falling Impedance Characteristic the value of m, the 
percentage current modulation, cannot exceed 100%. Putting 
m = I in (26) the maximum value of power modzclation obtainable 
with a falling characteristic (2, less than RJ is 

The maximtm permissible value of voltage modulation, i.e. to give 
100% current modulation and the power modulation defined by 

9 

L, (27), is -. 
Rc 

With a Rising Impedmce Characteristic the value of m,, the 
percentage voltage modulation, cannot exceed 100%. Putting 
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m, = I in (26) the maximzcm value of 9ower modzc2ation~obtainable 
with a rising characteristic (2, greater than R,) is 

With 100% voltage modulation, which gives the power modulation - 
Kc defined by (d), the current modulation is -. 
2, 

Modulation of the Radiated Field. Neglecting the effect of 
variation of the aerial polar diagram with frequency, the per- 
centage modulation of the radiated field is equal to %. 

Modulations at Pointrs of Impedance Inversion. At points 
situated an odd integral number of quarter wavelengths from the 
anodes, the magnitudes of voltage and current modulations are inter- 
changed, i.e. as compared with their magnitudes a t  the anodes. This 
means, for instance, that with a symmetrical falling characteristic a t  
the anodes, the maximum permissible value of voltage modulation 
observed a quarter wavelength from the anodes, is unity. 

In interpreting results of measurements of modulation, it is 
therefore essential that proper account is taken of the impedance 
characteristics at  the point of measurement, and also of the t.ype of 
modulation being measured : current or voltage. 
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CHAPTER CVI 

CALIBRATION OF AERIAL POWER DISTRIBUTION 
DIAGRAMS IN ED PER ROOT KILOWATT 

1. A E R I  A L power distribution diagrams, plotted on constant solid- 
angle-to-area ratio charts, such as Figs. 2 to 1o/XV1:7, to show the 
directivity of aerials, are provided with a calibration enabling the 
value of field strength (at one kiIometre distance measured along the 
radius vector) to be directly determined in millivolts per metre per 
kilowatt radiated, from the arbitrary contour markings of the chart, 
for any direction of transmission. This quantity is usually referred 
to as ED per root kilowatt. Attenuation due to dissipation is 
assumed to be zero. 

The charts are also marked with a factor K by which the contour 
markings on the chart must be multiplied to convert to power 
density in watts per solid radian. 

Referring, for instance, to Fig. 4/XVI:7, E D / ~ W  = 458 453 
where PC is the chart contour line. So that at  the IOO point 

~ D / d k w  = 458, on the 50-contour line E D / ~ ~ W  = 325, and on 

the 25-contour line  dm = 229 millivolts per metre x kilo- 
metres per kilowatt radiated. At one kilometre the field strengths 
for one kilowatt radiated are then respectively 458, 325 and 
229 millivolts per metre. 

The above follows from the formula (derived below) : 

millivolts per metre x kilometres per root kilowatt 
26.5 

radiated. 
I ooon The value of K is given by K = ' p& 

where n, A and a are quantities having the meanings assigned under 
the conventions given immediately below. 

The graphical method of determining the value of Pcda and I," 
the proof of the formula for ED per root kilowatt follow. 
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2. Conventions. 

PC = arbitrary marking of power density contours on constant 
solid-angle-to-area ratio : power density diagrams. 

P, = KP, = power density at each contour in watts per solid 
radian per kilowatt radiated. 

K = a constant peculiar to each antenna for converting 
contour markings into watts per solid radian. 

n = number of square inches of chart per solid radian. 
(n = 20.4 for the charts of Figs. 2 to 1o/XV1:7 when 
enlarged so that the base line is 14-13 inches, and is 
of course proportional to the square of this base line.) 

K P" = !P, = --PC = power density at  each contour line in 
n n 

watts per square inch of chart per kilowatt radiated. 
o = solid angle. 
a = area of chart in square inches, equivalent to solid 

angle o, = rw. 
A = area of chart in square inches, corresponding to 

qn radians = qnn. 
a,, a,, a,, etc. = area, in square inches, contained between 

adjacent contour lines. 
PCI, PC#, B,, etc. = mean arbitrary energy density marked on 

chart respectively in regions a,, a,, a,, etc., e.g. 
PC, = 4(1oo+go), PC. = 4(go+80), etc. 

W = total power radiated by antenna in watts. 
A,# = area in square inches of chart representing power density 

in one half-hemisphere extending from horizon level 
to zenith. 

A ,  = corresponding area in other half-hemisphere extending 
from horizon to zenith. 

Aal = area of chart representing power density in one half- 
hemisphere extending from horizon level to antipodes. 

A, = corresponding area in other half-hemisphere extending 
from horizon to antipodes. 

W ,  = power in watts traversing each square centimetre of 
space normal to direction of propagation. 

D = distance in kilometres measured from the transmitting 
aerial along the radius vector to any point. 

E = field strength in millivolts per metre. 
ED,,, = value of ED along radius vector directed towards point 

IOO on contour chart. 
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E, and E, = field strength respectively in c.g.s. electrostatic 
units per centimetre and in volts per centirnetre. 

H,,, = electromagnetic component of field in c.g.s. electro- 
magnetic units. 

E = specific inductive capacity of space = I in Gaussian 
units. 

,u = permeability of space = I in Gaussian units. 
c = velocity of light in centimetres per second. 
6 = directivity, see CVk4.6. 

3. Introduction. 
Power density diagrams are each a plot to an arbitrary scale 

(such that .the maximum power density is represented by the 
figure 100) of the contour lines of power density, on a surface hi 
which the lines of longitude and latitude have been so drawn that 
equal solid angles are represented by equal areas. 

An integration of power density over the area of the chart in 
square inches therefore gives to some arbitrary scale the power 
radiated into the hemisphere represented by the chart. 

If this integration is performed for each of the four half-hemi- 
spheres constituting the sphere surrounding the aerial, and the total 
arbitrary power figure so found is multiplied by an arbitrary con- 
stant K' and the product equated to the known power in watts 
radiated from the antenna, it is evident that the value of Kt  is 
determined. If the integration has been carried out as a summation 
of an infinite series of products, of dimensions equal to square inches 
multiplied by chart contour markings P,, then K'P, is the energy 
density in watts per square inch. To convert to watts per solid 
radian it is necessary to multiply K'P, by n (the number of square 
inches of chart per solid radian). In the analysis below it has been 
found convenient to derive directly the quantity nK' = K. 

Once this last has been obtained the various values of ED follow 
immediately. 

4. Proofs. 
4.1. Total Radiated Power. 
PC = arbitrary marking of power density contours on charts of 

Figs. 2 to ro/XVI:7. 
P, = KP, = power density at  each contour in watts per solid 

radian per kilowatt radiated. 
K = a constant peculiar to each antenna for converting 

contour markings into watts per solid radian. 
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n = number of square inches of chart per solid radian. 
(n = 20-4 when base line of power density diagram is 
14'13 inches.) 

I K 
p" = - P, = -PC = power density at each contour line in watt 

n n 
per square inch of chart per kilowatt radiated. 

a, = solid angle. 
a = area of chart in square inches, equivalent to solid 

angle o, = no. 

A = area of chart in square inches, corresponding to qn 
radians = @n. 

W = total power radiated by antenna in watts. 

Then evidently W = P& = 1: Pffda = - P&a . 3: 
A 

4.2. Graphical Determination of 5 PCda 
0 

aI,  a,, as, etc. = area, in square inches, contained between 
adjacent contour lines. 

PC,, FG, P,, etc. = mean arbitrary energy density marked 
on chart respectively in regions a,, a,, a,, etc., e.g. 
PC, = 4(1oo+go), P,  = 4(90+80), etc. 

A, = area in square inches of chart representing power density 
in one half-hemisphere extending from horizon level to 
zenith. 

A, = corresponding area in other half-hemisphere extending 
from horizon to zenith. 

A, = area of chart representing power density in one half- 
hemisphere extending from horizon level to antipodes. 

A, = corresponding area on other half-hemisphere extending 
from horizon to antipodes. 

If each of the areas al,  a,, a,, . . . etc., contained between 
adjacent contour lines is measured in square inches and multiplied 
respectively by the mean arbitrary contour markings on the charts 
of Figs. 2 to IoJXVI:~, a series of quantities are obtained of the 
form a,Fe1, asp,, aspa, etc. 

Evidently the sum of all these quantities for a single chart 
represents the integrated arbitrary power density per square inch 
over one half-hemisphere. 
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Call this quantity for the chart representing, for instance, one 
hemisphere above the horizon : 

0 

Then 

4, 
For an aerial at  ground level it is clear that z a ~ ,  and z a p c  

0 0 
are zero, and in practice they would always be zero except for trans- 
missions from high altitudes to low ground in the immediate vicinity, 
or from aeroplanes. 

Evidently 
d 

z a p ,  approximates to p&a 
0 0 

4.3. Determination of the Value of K and hence of P, the 
Power Density in watts per radian, per kilowatt Radiated. 

W = total power radiated by antenna in watts. 
If one kilowatt is radiated 

:. from equation (I) 

I ooon :. K  = L. (4) 
J A w a  0 

The method of determining P,da has been given in the last I," 
section, while n is obtained by dividing by n the area of the power 
density diagram (see Figs. 2 to ro/XVI:7) measured in square inches. 

To guard against unequal paper shrinkages it is desirable that 
n should be recalculated for each chart, but as the area of the chart 
is measured each time a graphical integration is made, this is a small 
matter. 

Having determined K from equation (4) 
P r = K P c  . ( 5 )  
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4.4. Determination of ED per root kilowatt Radiated. 
E = field strength in millivolts per metre. 
D = distance in kilometres measured from the transmitting 

aerial along the radius vector to any point. 
Wm = power traversing each square centimetre of space normal 

to direction of propagation. 

The power radiated per radian is distributed at any distance D 
over a spherical area which is numerically equal to Da. 

W,, the power density in watts per square centimetre of space 
D 

normal to the direction of transmission, is therefore equal to 5 D a' 
P 10-'0 

where D is distance in centimetres, and to L, where D is 
D 

distance in kilometres. 
But, as is shown in the following section, equation (8) 

W ,  = 2.65 x 10-1sEz 
where E is the field strength in millivolts per metre. 

Millivolts per metre x kilometres per root kilowatt . (6) 

K Evidently ED,., = IOO = I,ooo Jz . (7) 

4.5. Derivation of Power Density in watts per square 
centimetre, Normal to Direction of Propagation, in a Plane 
Electromagnetic Wave. 

E, and E, = field strength respectively in c.g.s. electrostatic 
units per centirnetre and in volts per centimetre. 

H, = electromagnetic component of field in c.g.s. electro- 
magnetic units. 

E = specific inductive capacity of space = I in Gaussian units. 
p = permeability of space = I in Gaussian units. 

From Pierce, Electric Oscillations and Ebctric Waves, equation 16, 
p. 375, and equation 33, p. 387, respectively, 

- 
cE, W, = - x Hm and Hm =$-E~ 
P P 
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Eliminating H ,  between these equations 

ergs per second 

- 3 x 10"q ergs per second 
qn x g x 10' 

where E, is in volts per centimetre (300 volts = I c.g.s. electrostatic 
unit). 

.'. w,, -= EJ = 2-65 x xoeaE; watts per square centimetre 
4R x 30 

= 2.65 x I O - ' ~ E ~  watts per square centimetre . (8) 

where E is field strength in millivolts per metre. 

(I millivolt per metre evidently = volts per centimetre.) 

4.6. Determination of K and ED from Directivity. This 
does not involve any integration since the result of integration is 
implicit in the value of directivity. This method is evidently to be 
employed when the value of directivity is known. 

The directivity of an aerial s y s h  is defined as the ralio of the power 
density radiated, in the direction of the maximum radiation, to the meaN 
power density radiated over the surface of a sphere with the aerial at the 
centre. In other words, it is the maximum power gain compared with 
that of a source radiating equally in all directions. It i s  the~cfwc 
equal to the maxitrsum g a i ~  of the array. 

El = directivity. 
PC = maximum value of PC = roo 

Then the directivity El = 
I JApPa 
A 0 

Also, for an antenna radiating I kilowatt, it is possible to write 

ED per root kilowatt then follows from formula (6) 
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Exam$les. On Fig. 4/XVI:7 the directivity 6 = 6.95 

K = - = 5d 5-54 
272 

KP 
- - 

ED = Ioo J--C = 1,000 JmJs . . 26.5 26.5 100 

= 458 Jg mV/metre x kilometres/dkW 

On Fig. g/XVI:7 attached the directivity 6 = 90.4 
500 K = - = 7 2  
zn - - 

ED = I , o o o J ~ J ~  26.5 IOO 

= 1,650 Jz mV/metre x U o m e t r s / ~ i S V  
I00 
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CHAPTER CVII 

FOURIER ANALYSIS 

1. F o u R I E R A N A L Y s I s provides graphical and mathematical 
methods of analysing a periodic wave into its component frequencies. 
Its general scope is wider than this, but the discussion below is 
confined to a presentation of the relevant aids to  harmonic analysis 
provided by this calculus. 

The normal presentation of Fourier Analysis starts with a general 
proof that it is possible to represent any periodic wave by the sum 
of a series of sine waves, of appropriate amplitude and phase, 
plus a direct-current component of magnitude equal to the mean 
amplitude of the wave over one period. Such a proof, for instance, 
will be found in The Theory of Alternatiltg Curreltts, by A. Russell. 

In  the whole of the following discussion it will be assumed that 
the periodic wave under consideration represents a quantity varying 
with time. 

There are two methods of analytical representation of the series 
corresponding to  a periodic wave. 

The first is : 

S = A , + A ,  sin (o t+$ , )+A,  sin ( m t + 4 , )  
+ A,sin (3ot++,)+ . . . . (1 )  

where o = mf 

T = the period of the wave measured from any point of 
amplitude A ,  and positive slope t o  the next similar 
point. 

The second is : 
S = A,+a,  cos w t f b ,  sin o t + a ,  sin zwt+b, cos zo t  

+a,  sin 3ot + b, sin 3wt + . . . , (2)  

The coefficients and phase angles in ( I )  are evidently related 
to  those in (2) by the equations : 

A , = d a : + b : ,  A , = -  A , = d a : + b t , e t c .  . (3)  
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A,, the amplitude of the steady component (corresponding to 
the direct current or voltage component in a current or voltage 
wave), is the same in each series. The amplitude of each component 
frequency is given by A,, A,, A,, etc. 

Where the periodic wave is determined by a simple analytical 
expression it is usual to employ a mathematical method to determine 
the magnitudes of the coefficients A,, A,, A,, etc., because the 
graphical methods are all very laborious. When this is not the case 
graphical methods have to be used. 

2. Graphical Methods. 
2.1. Simple Ordinate Method. This method involves finding 

the coefficients of all the frequencies of appreciable amplitude. I ts  
accuracy depends on the amplitude of the remaining coefficients 
which are not found. 

No rigid method of testing for the presence of higher harmonics 
exists which is simpler than the somewhat laborious process of 
applying the simple ordinate method at any frequency which is 
suspected to be present. Examination of the wave form may give 
some clues. If the wave form is periodic at  a high harmonic 
frequency. that frequency is evidently present. If the wave form 
is not periodic at a high frequency, then the harmonic series can 
normally be assumed to be convergent (i.e. the amplitudes falling 
off with increase of harmonic frequency) at a rate at  least as great 
as that of a square wave. The number of harmonics for which the 
amplitude is found should therefore be equal to the number of 
harmonics extending up to the highest harmonic of interest, or 
extending up to the highest harmonic which would have to be taken 
into account in a square wave to give the required accuracy, which- 
ever is the greater. Any harmonic frequency which is obviously 
present is evidently a frequency of interest. 

The value of A ,  in equations ( I )  and (2) is then given by the 
mean height of the curve above the axis of time, see Fig. I, which 
shows the case of a square wave plus a D.C. component. The value 
of A ,  is equal to the D.C. component and may be found by dividing 
the total area between the curve and the axis of time by T. Areas 
below the axis of time are subtracted from areas above the axis of 
time. Evidently A,  may be positive or negative. 

A line parallel to the time axis should be drawn at a distance A ,  
from the time axis. This represents the mean height of the curve 
above the axis of time and will be called the base line. It  is shown 
as BB in Fig. I. 
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The origin of time is located at any point, of zero amplitude with 
regard to the base line, and positive slope. 

The highest harmonic required should be found first. For this 
purpose divide the base line into 4% equal parts, where n is the 
number of the harmonic sought : if the second harmonic is required 
n = 2, and so on. The beginning of the first part should be the 
point corresponding to the origin of time as defined above. The 
values of the ordinates measured from the base line to the curve 
a t  the begnning of each of these parts will be called yo, y,, y,, etc. 

Then evaluate 

and 

Then the corresponding coefficients in equation (2) are given by 
a, = a; and bn = b;. And the corresponding coefficients in equa- 
tion ( I ) ,  if the series is required in this form, are given by 

The above procedure applies gewaUy to the determinution of the 
highest harmonic d y .  For a lower hamtonic, of frequency m times 

the frequency of the function, i.e. of frequency j, = z, where T is  the T 
period of the function, the procedure i s  i d m t i d ,  except that the a a d  b 
coe&ients of such higher harmonics must be added or subtracted from 
the values of a; and bl, to obtain the values of a, and b,, in accordana 
with the follomMng equalions. 

am = a? - as, - as, - ad,  - an, ( 6 4  
b, = bm+bam - b,,+b,, - b m  . (6b) 

If required, A, and 4, are then given by 

Exampb. As an example the function in Fig. I will be analysed 
graphically in the above way. 

The series for this wave is known and is 

4 4  . 4A 4A S = - - s i n  ot+- sin 30t+- sin 50t+ . . . 
3t 3n 5n 

0 I 
where f = - = - 

wc T' 
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The amplitude of the nth harmonic is evidently I/U times the 
amplitude of the fundamental frequency component : the amplitude 
of the4wenty-first harmonic is therefore 4-75 % of the fundamental. 
and the error involved by neglecting a l l  frequencies above the 
twenty-first harmonic might be expected to be appreciable. 

Since the curve is of a simple regular shape it is evidently not 
necessary to draw in the subdivisions and ordinates to obtain the 
values of the y's, although the subdivisions must be put in by eye. 
The ordinates for the second and third harmonics have, however, 
been drawn for purpose of illustration. It  should be noticed that 
the amplitude of the ordinates at the amplitude transition points, 
where the amplitude is theoretically indeterminate, is made equal to 
the mean of the extreme amplitudes. With the particular curve 
shown the values of these ordinates are not used, but in a curve 
with several transition points of this type in its period it might not 
be possible to locate them all at points where the ordinates are 
neglected. 

Since ordinates drawn below the base line BB are negative it is 
evident that the values of all even-order coefficients, as given by 
equations (5a), (5b) and (6a), (6b), are zero. 

The values of the a coefficients are also zero. 
The values of the b' components for the odd harmonics are equal 

to A / n  (or A/m) ,  where A is the amplitude of swing of the function 
about the base line BB. This follows because the number of positive 
ordinates required to be taken (as indicated by equation (5b) ) is 
always greater by one than the number of negative ordinates. 

If all the harmonics above the twenty-first are neglected, 
evidently the values of the coefficients are given as below. The 
correct value and the percentage error are also shown. 

TABLE I 

Coefficient 

h 1  

b1, 
b17 
b15 
b13 
h l  
b, 
b7 
b5 

b3 

b1 

True Value 

0.0605 
0-0667 
0.0746 
0.0846 
0-098 
0 .116 
0.142 
0.182 
0.255 
0.425 
1.275 

Value by graphical method 

oeo475A 
o-o526A 
o-o588A 
o-o667A 
0-0770A 
o . o g ~ A  
o - I I I A  

o.143A +b,, = o.1go5A 
O . Z A  +b,, = o.2667A 

0.333~4 +b,  - b15 +b,, = Om4251A 
A + b , - b s + b 7 , e t c . = 1 . 2 6 1 5 A  

Error 

- 21.5% 
- 21.5% 
- 21.5% 
- 2 1.5% 
- 21.5% 
- 21.5% 
- 21.5% 

+4.7% 
+4'7% - 

- 0 4 6 %  
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For the particular curve chosen the accuracy of this method is 
therefore not very good at the higher harmonics, and in general 
for any curve. the accuracy obtained in the evaluation of the ampli- 

tude of any harmonic depends on how many coefficients of higher 
harmonics are taken into account. It appears that if each com- 
ponent is evaluated as the sum of two components the error is about 
5 %. For instance, b,, = o-o588A +bo = 0.0784, which is within 
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5% of the true value. The error in the case of curves which are 
normally met in practice is hard to estimate, but will probably be 
smaller. 

Validity of the Method. The validity of the method may be 
established by ant examination of Fig. 2, which shows two sets of 
component frequencies : a set of cosine waves consisting of a funda- 
mental frequency and all harmonics up to the fifth, and a set of sine 
waves consisting of a fundamental and all harmonics up to the fifth. 
The two sets of curves may be imagined to represent the component 
frequencies of a periodic wave which is not shown, but may be built 
up by adding the ordinates of the curves. If the procedure for 
obtaining the amplitudes of each component described above is 
applied to the two sets of curves, replacing the ordinates of the 
unknown periodic wave by the sum of the ordinates of the two sets 
of curves, the peak values of each component frequency will be 
obtained as the sum of one of the cosine waves in the figure plus 
one of the sine waves in the figure. This proof is inductive, but 
reasonably convincing. I t  should certainly be followed by anyone 
who is going to apply the method. 

Rigorous Proof. To avoid confusion it should be made clear that 
~rt has been used to indicate a particular value of n. In the discussion 
below n is used in cases where m was used previously. 

I. I t  will be noticed that the ordinates chosen by equations (5a) 
and (5b), when determining the coeficients at any frequency fn, are 
located at all the points at which the cosine or sine component of the 
frequency in question is at  its peak value, and the number of 
ordinates is always equal to n. 

I t  follows that the sum of the ordinates in equation (5a) equals 
nan, and in equation (5b) equals nb,. 

2. It  will be shown that the contribution from all frequencies 
lower than fn is zero and that the contributions of all frequencies 
higher than f, is zero for all frequencies which are non-integral 
multiples of fn. 

3. In equation (5a) the sum of the ordinates contains the sum 
of the coefficients (i.e. peak amplitudes) of all component frequencies 
which are integral multiples off,. 

4. In equation (5b) the sum of the coefficients of all component 
frequencies which are even integral multiples of fn is zero, while the 
coefficients of odd integral multiples of fn alternately subtract and 
add to provide their contribution. 

It  is evident that, if these four statements are true, equations (5a), 
(5b), (64 and (6b) are true. 
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No. I can be seen to be true for any frequency by inspection of 
Fig. 2 with they ordinates for that frequency drawn. The ordinates 
for the fourth harmonic of the fundamental frequency have been 
drawn. I t  will be seen that there are four ordinates called for in 
each equation and that yo, y,, y,, and y,, all occur at  the positive 
peak amplitude of the fourth harmonic in the cosine series, while 
y,, ys, y I  and y,, all occur a t  the positive peak amplitude of the sine 
series. Similarly, if the ordinates for the nth harmonic were drawn, 
the equations would call for n ordinates each and the ordinates on 
each set of curves would all be located at the positive peak amplitudes 
of the nth harmonic in the respective set of waves. Hence, in each 
case. the sum of the y ordinates contains the sum of n wanted 
coefficients. 

Proof of Statement No. 2. This follows from the corollary of 
a simple theorem, of which the enunciation is : 

The sum of any system of vectors of eqzlal magnitude and ungorm 
angdar distribution is zero. 

Corollary. The sum of the cumponents of the vectors in any direction 
is zero. 

A system of vectors with uniform angular distribution is one in 
which, if the vectors are 
drawn so as to meet at  a 
common point, the angles 
between neighbouring vectors 
are all equal. 

The proof of t,he theorem 
is derived from the fact that 
in any regular polygon the 
sides are all equal and the 
external angles between any 
two adjacent sides are all 
equal. 

Any regular polygon of 
vectors with cyclic sense, as 
shownl for instance' in Fig. 3' FIG. 3,CVII:r.-Vector Polygon Corre- 
therefore represents a system sponding to n Vectors of Uniform 
of equal magnitude vectors Angular Distribution with n = 9. 

with uniform angular distri- 21T 
Note that external angle 8 = - 

n 
bution, and evidently the (= qoO in this case). 
resultant is zero. If the 
number of sides is n, the external angles 8 are all equal to zn/n, 
and each external angle is the angle between adjacent vectors. 
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Evidently a regular polygon may be drawn with any number of 
sides, so that any system of equal magnitude vectors with uniform 
angular distribution may be represented by a closed regular polygon 
and has zero resultant. 

Now designate the individual vectors of such a system of n vectors 
by Veib, Vei(b+@), Vd(d+2e), etc. 

Note that 4 denotes any arbitrary angular position for the first 
vector, while 8 is the angular difference between adjacent vectors. 
Note also that the last vector in the series is Vd(d+n-'@ and 
n8 = zn or mzn, where n and m are integers. (If m is greater than 
unity, the order of the vectors necessary to form a non re-entrant 
polygon will have to be changed. The polygon is, however, always 
closed and the point is unimportant.) 

Each of these vectors may be resolved into two vectors at  right 
angles : 

Veib = V cos 4 +jV sin 4 . (8) 
V&+@) = V cos (4 + 9)  + j V sin (4 + 8) . (9) 

and so on. 
The sum of the real components : 

And the sum of the imaginary components: 

where E is succe~sively put equal to o, 8, 28, 38, n - 18 in 
each term. 

Hence, if the sum of any number of quantities can be represented 
by either of the expressions (10) or (11). that sum is equal to zero. 

The restriction on the value of 0 i.e. 8 = E) must be 
n 

remembered. 
Now consider the contribution to the sum of t hey  ordinates in 

m 
equation (5a) provided by a frequency f, = - = mf, where f is the T 
frequency of the function ; in other words, by the mth harmonic 
when a,, the coefficient of the nth harmonic, is being determined. 

'P 
1 

Remembering that the ordinates are spaced - apart, the contri- 
4n 

butions of the mth harmonic are : 
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To yo : am 
m To y , : a, cos = a, cos -2n 
n 

2m 
To y, : a, cos t = - = am cos -2n 

4" "3 n 

3m To y,, : am cos = a, cos -zn 
n 

and so on. (The series may, of course, stop before y,,, the last term 
being ~4n-4.) 

When m is not an integral multiple of n the sum of these con- 
m 

tributions is in the form of equation (IO), where 4 = o, 8 = -2n, 
n 

and is the order of the harmonic and also the number of ordinates, 
and therefore the number of vectors entering into the sum. This 
sum is therefore zero. This establishes statement No. 2 for 
equation (sa). 

When m is an integral multiple of n the contributions to each 
ordinate are all the same and equal to a, cos (an integral multiple of 
m), that is, they are equal to a,. This establishes statement No. 3. 

The contributions to the y ordinates in equation (5b) by the 
mth harmonic, when the nth harmonic is being determined are : 

. m n  To y, : b, sin 
n 2 

To y, : b, sin 
n 2 

and so on. (The series may, of course, stop before y,, the last 
term being y,, - .) 

When m is not an integral multiple of n the sum of these con- 
m n  

tributions is in the form of equation (11), where 4 = o, 8 = - - and 
n 2 

n is the number of the harmonic and also the number of ordinates, 
and therefore the number of vectors entering into the sum. The 
sum is therefore zero. This establishes statement No. 2 for 
equation (5b). 

When m is an even integral multiple of n every contribution is 
zero and hence the sum is zero. When m is an odd integral multiple 
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m 
of lz the contributions are all negative and equal to - b, for - = I, 

tt 

m 
5, 9, 13 . . . etc., and are positive and equal to +b, for - = 3, 7, 

n 
11, 15 . . . etc. This establishes statement No. 4 in the specifically 
required form. 

2.2. Basic Area Method. To describe this it is convenient 
to use a standard conventional method of representing the area 
bounded by a curve plotted on a field of coordinates, the axis of 
the independent variable, and any pair of chosen ordinates. 

If y = x2 or mx+c or sin x or log x or any expression containing 
one variable x, then y is said to be a function of x. The general 
symbolic way of saying that y is a function of x is to write y = f(x). 
If y = f(x) it does not necessarily mean that a simple analytical 

FIG. 4/CVII:z.--Curve y = f( t )  with area between t = I, and t = I, shaded. 

expression exists for y in terms of x : the functional relationship 
may equally well be described by a curve as in Fig. 4, which shows 
y as a function of time t  : y = f(t). The area contained between the 
two ordinates t  = t ,  and t  = t,, the curve and the axis of time t is 
shown, shaded. ' On account of the form of the curve and the ordi- 
nates chosen, part of the area (A,) lies above the curve and part ( A , )  
lies below the curve. A,  is conveniently considered to be positive 
and A, is conveniently considered to be negative, so that the total 
area is equal to A ,  - A ,. The general way of describing this area is 
derived from assuming it to be made of a number of strips of height 
y = f(t) and of width dt, where the d is put in front of the t to indicate 
that a vanishingly small width is to be taken. The area is the sum 
of all such strips between the chosen ordinates. See Fig. 4 (b). 

The area between the ordinates t = t ,  and t  = t s  at (a) might be 
t=& 

written y dt since y dt is the area of each component strip. I t  
t=t, 
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is, however, usually written f(t)  dt. The sign may be I 
taken as an elongated S, indicating that the sum of all the quantities 
y dt is to be taken. This convention may appear cumbersome and 
useless, but it will appear later that in describing areas it saves a lot 
of words. 

Now suppose that the curve y = f(t)  in Fig. 4 repeats itself every 
T seconds and that it is required to find the component frequencies 
contained in the wave. The zero frequency component, correspond- 
ing to the direct-current component in the case of a current wave, 
can evidently be found by finding the mean height of the curve during 
any period T. This is evidently equal to " the area under the curve " 
in any period T divided by T. In other words 

The amplitude of each component frequency may be found by 
a simple stratagem. Imagine that the wave is a current wave and 
that it is analysed by means of a dynamometer-type instrument as 
follows. The dynamometer consists of two air-core coils, one h e d  
and one arranged to rotate under the interaction of the coil fields 
when currents are passed simultaneously through both coils. The 
constant of the dynamometer is such that if a D.C. current I, is 
passed through coil I and a D.C. current I, through coil z, the torque 
on the moving coil is q = kI,I, .  Suppose further that the inertia 
of the instrument is such that it is incapable of responding to 
alternating forces. 

If, now, the current i = y = f ( t)  is passed through one coil and 

a unit amplitude current i = cos not 
T 

through the other coil, q,, the instantaneous component of torque 
due to the harmonic of the mth order at  any time t is equal to k times 
the product of the unit amplitude current and the sum of the sine 
and cosine components of the mth harmonic 

q, = k cos not(a, cos mwt + b, sin mot) 

= k%(cos m + m t  +cos m - not), 
2 

When m # n, equation (13) represents sum and difference fre- 
quencies which will not register on the dynamometer owing to .its 
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inertia. In other words, any component frequency in the wave 
under analysis other than a frequency equal to the frequency in 
the second coil will cause no indication. 

When m = n, 

This corresponds to a steady torque of magnitude k5 plus an 
2 

alternating torque of frequency aot to which the dynamometer does 

not respond. The indicated steady torque is therefore k s  = the 
2 

mean value of the torque. 
Since the function i = f(t) repeated at intervals T can be repre- 

sented by a series of sine and cosine waves, and it has been shown 
that only that component of frequency equal to the frequency of 
the current in the second coil gives rise to torque, it follows that the 

torque due to the whole current in the first coil is also k5. 
2 

The steady torque can be calculated in another way : consider 
the interaction between the whole current in the first coil and the 
current in the second coil. The instantaneous torque is 

q = kf(t) cos ltot 
which may be plotted as a curve relating q and t : i.e. q as a function 
of t where the function of t is now F(t)  = kf(t) cos not.  The mean 
value of this torque during any period T is 

since the mean torque has already been shown to be equal to k5. 
2 

Similarly, 

where 

Equation (15a) may appear formidable, but in fact what it says 
is : Divide the time base of the function under analysis (from o to T) 
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into any convenient number of parts and read off the value of t and 
y = f(t) at the end of the first part and multiply the value of f(t) 
by cos mot. Repeat at  the end of each of the other parts of the 
base line and plot the new set of ordinates as a function of 1. Then 
find the area contained between the resultant curve, the axis of time 

2 and the ordinates t = o and t = T and multiply it by - The result 
T' 

is the value of a,. The advantage in brevity of the method used for 
defining areas will now be apparent ; but unfortunately it does not 
provide help in avoiding the considerable labour of doing what it 
says. 

This may be reduced to an amount commensurate with that 
required in the simple ordinate method by the application of one 
of the two approximations, for calculating areas which follow 
immediately. 

(When using the approximations it is evidently not necessary to 
plot the resultant modulated curve, but only to find the amplitude 
of the relevant ordinates as described below.) 

Rule for Calculating Areas of Complete Half-Cycles with 
Negligible Curvature in Original Wave. It  will be appreciated 
that no positive area and no negative area under the cosine or sine 
modulated wave can have a time base greater than T / z n ,  although 
the time base may be less owing to the original function f(t) crossing 
the time axis, i.e. changing from a positive to a negative value. In 
the case of areas on one side of the time base, of duration T / z n ,  when 
the curvature of the function f(t) in this interval& negligible, the area 
is given by 

where yp is the value of f(t) at the time the cosine or sine function 
in question is at its peak value, and therefore equal to unity, so that 
at this instant the value of the modulated wave is equal to plus or 
minus the original function. 

The general problem cannot be further simplified, but pacticular 
problems can be very much simplified, particularly where the original 
function is represented by straight lines. Such cases are, however, 
best solved by analytical methods. 

It is to be noted that the above method gives the values of the coeficients 
(a, and b,) of each frequency component quite independently of the other 
components. It is only necessary to perform the analysis for the par- 
ticular frequencies which are required. The method is theoretically 
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exact, but in practice is limited by the accuracy wiith which the 
relevant areas are determined. 

Weddle's Rule for Determination of Areas. 
In general, this rule may be applied to any positive area without 

discontinuities in it, or to any negative area with the same limitation. 
In particular for the present purpose it is to be applied when the cuwa- 
ture of the function being a d y s e d  is appreciable in any period of 
duration T/zn,  and where positive or negative areas of time duration 
less than T/zn are involved. Each positive area and each negative 
area must be determined by the application of this rule : the algebraic 
sum of the areas then gives the total area. 

Curve y =f (tl cos lLot 

FIG. 5/CVII:2.-Application of Weddle's Rule. 

The method is applicable (within the above limits) to the deter- 
mination of an area bounded by a curve, the axis of the independent 
variable (time in the examples above) and two limiting ordinates. 

Divide the base line of the area into six equal parts and measure 
the height of the seven ordinates o,, o,, o,, o,, o,, o, and 0,. o, and 
os are then the bounding ordinates. 

The ordinates to be measured in the determination of a, are 
illustrated in Fig. 5. 

Then 

Area A ,  = o.05pl(oo+o,+o,+o,+5(ol+o,) +6 x 0,) . (16) 
Area A , = - o ~ o ~ p , ( o ~ + o ~ + o ~ + o ~ + ~ ( o I + o S ) + 6 x o ~ )  . (16a) 

and so on. 
The total area is evidently equal to the sum of all the positive 

areas minus the sum of all the negative waves. 
The proof of equation (16) is given in The Theory of Alternating 

Cu~rents, by A. Russell, Vol. 11,  p. 123. 
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3. Analytical Method. 
This is only applicable where the wave to be analysed is capable 

of being expressed exactly or approximately by an analytical expres- 
sion. If it can only be represented approximately by an analytical 
expression, the analysis is evidently approximate to the same degree. 

The method consists in substituting for f(t) in equations (15a) and 
(rgb) the actual analytical expression defining thewave to be analysed 
and then performing the necessary gymnastics to obtain an explicit 
analytical expression. If the method fails it is always possible to 
plot the function and resort to graphical methods. 

The above constitutes a complete description of the method. 
The application of the method involves integral calculus and is 
therefore only useful to those who are familiar with this. 

Periodic Waves Defined by Dil3erent Functions of Time in 
Different Parts of the Period. If y = f(t) ,  the wave to be 
analysed is not continuous throughout its period T, but is repre- 
sented by : 

yl = fl(t) in the range o to t,  
y,  = f,(t) in the range t ,  to t ,  
y, = fn(t) in the range t ,  to T 

Then 

an = ;K y ,  cos nwt dt + y ,  cos nmt dt . . . + yn cos nmt dt I,' I 
y ,  sin tuut df . . . + yn sin nut dl] . ( I )  IT 

The above is self-evident since it amounts to .analysing each part 
of the wave separately and adding up the result. 

Example I. Analyse the wave shown in Fig. I which consists 

FIG. r/CVII:3.-Periodic Wave Consisting of Square Pulses. 
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of a series of square pulses of amplitude A and duration p separated 
by intervals T. 

Choose the origin of time in the centre of a pulse. Then 

This result can, of course, be seen by inspection without resorting 
to calculation. 

2n o x c o s n - t d t  
T 

T ++j A cos r?lt dt 
T - P  

2 
T 

.!an T (2) 

This completes the analysis. If b, is calculated in the same way 
it will be found to be zero. 

FIG. z/CVII:3.-Current Wave in Class C Amplifier. 

Exar/aple 2. Analyse the Current Wave in a Class C Amplifier 
with Sinzlsoidal Grid Drive. Fig. 2 shows the wave with the time 
origin arranged to make the wave constitute part of a sine wave 
during the period of current flow. 

Conventions. 
& = instantaneous current = A sin o t  - A sin 4. 

i, = peak current. 
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Z = mean current = driven feed. 
it = peak amplitude of fundamental frequency component of 

current. 
A = equivalent value of peak current with 180' angle of current 

flow assuming linearity (e.g. of valve). 
8 = angle of current flow. 
Q = angle before current starts to flow. 
t ,  = time at which current starts to flow. 
t ,  = time at which current ceases to flow. 
T = period of one cycle of the driving wave. 
w = 2n/T. 

Then 

i, = A - A sin Q 

:. A = iP 
I - sin Q 

The wave to be analysed consists of three functions of time : 

From o t o t , :  i = o  
,, t ,  to t ,  : i = A sin wt - A sin Q 

- sin wt - sin Q. - 
1 - sin 4 'P 

,, t ,  t o T :  i = o  

There is no point in writing down those integrals which are evi- 
dently zero because they correspond to the time during which no 
current flows. 

The mean current or driven feed is then given by 

= sin wt - sin Qi dt 
I - sin Q 

- - 'P (sin wt - sin Q) dt 
T(I - sin Q) 

- - ip - - cos a~ - t sin Q] 
t. 

T(I - sin 4) [ w ' 1, 
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Inserting the values of t ,  and t ,  from (3) and (4) and putting 

n 4  cos (n - 4) - (- - - )  sin 4 
W W 

- - 2 cos 4 - (n - +)sin 4.  
Z~ . -(I - sin 4) (7) 

a, = 
zip S (sin wt - sin 4) cos mot dt . 

T(I - sin 4) 11 (8) 

Which, by analogy with the transformation used in the case of 
the b, coefficient (see below), may be seen to be 

iP [- 
sin +(n - ~ ) n  sin f(n - ~ ) ( n  - q6) 

an = 
n ( ~  - sin 4) n - I  

Hence when n is odd a, = o. 
When n is even, the trigonometrical functions of n and n not 

containing 4 are equal to I or -I, so that substitution in (9) is 
quite simple in spite of its formidable appearance. For instance, 
when n = 2 

a, = a ,  = p [- sin t (n -44) - + sin t (n  - 24) 
n(1 - sin 4) 

+ sin 4 sin (n - 24)] 
The coefficients of the sine-wave components are given by 

bn = -- Zip (sin rul - sin 4) sin mot dt . 
T(I - sin 4) 11 (10) 

- - - T(I - sin 4) S( fcosn -=a t - f cosn+~aJ- s in t$ s inruu t )d t  tx 
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Inserting the values of t, and t, 

b, = i P  
sin (n - I )  (n - 4) sin (n+ I )  (n - 4) - 

n ( ~  - sin 4) [ z n - z  zn+z 

+ sin 4 cos n (n - +) sin (n - I)+ sin (n+1)4 - - 
n 2n - 2 + 2n+2 n 

- - i P  
cos 4(n - I ) Z  sin 4(n - I ) ( ,  - a$) 

sin cos '7 
Z ( I  - sin 4) [ n - 1  

When n is even b, = o. When n is odd (11) may be simplified 
for each value of n as in the case of (9). 

When n = I the first term inside the brackets in (11) is equal 
to o/o and is therefore .indeterminate. 

For the case where n = I it is therefore necessary to put n equal 
to unity in equation (10) and start again. I t  will then be found 
that a, = o. 
But 

b l = i  = zip (sin' ot - sin 4 sin ot) dt 
T ( I  - sin 4) 11 

- - -- zip (f - f cos zwt - sin + sin ot) dt 
T ( I  - sin 4) 11 

- - ziPw sin zot sin 4 cos o 
=(I - sin - 7 + 

o 

- - % - [ ' - 4 -  sin z(n - 4) sin a$ 
n(1 - sin 4) 2 4 

+- 
4 

+ sin + cos (n - 4) - sin 4 cos +] 

- - i p  - ++* - 2 sin 4 cos+] 
n(x - sin 4) 2 2 

- - i p  - 4 + ,  3 - sin 31 
Z ( I  - sin 4); 2 

Hence 
R -24 -s inz+.  

b, = i, = . ( I I ~ )  
m(1 - sin +) 'P' 

From equations (7) and ( I I ~ )  are derived the three important 
ratios for predicting the performance of Class C amplifiers. 
From (7) 

i z cos + - (R  - 24) sin 4 g = , =  
zn(1 - sin 4) (12) 

2~ 
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From ( I I ~ )  
i, - lt - 24 - sin 24 f = - -  

Z, 2 4 1  - sin 4) . (13) 

From (12) and (13) 

8 In all the above 4 = go0 - - where 8 is the angle of current flow. 
2' 

8 Relations (12)' (13) and (14) with 4 replaced by go0 - - are 
2 

plotted in Fig. x/X:22. Relations (9) and (11) are plotted in 
Figs. 1/X:22 and Figs. 6, 7 and 8/VIII:r. 
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CHAPTER CVIII 

REPRESENTATION OF COMPLEX QUANTITIES 
AND RELATIONS BETWEEN THEM 

1. Resistance-Reactance Representation of Impedances. 

N o R MALL Y the magnitudes of the resistance and reactance 
components (whether series or parallel) of impedances vary with 
frequency. The most obvious, and probably the most common, 
method of representing such impedances is by two curves, one curve 
consisting of a plot of the resistance magnitude against frequency, 
and the other being a plot of the reactance magnitude against 
frequency. For many purposes such a form of representation is the 
most useful as it gives a continuous representation of the variation 
of each component with frequency, which is usually the relation of 
interest. 

For some purposes, however, it is more useful to use another form 
of representation. For this purpose a plane of resistance and 
reactance (i.e. an axis of reactance crossing an axis of resistance a t  
right angles) is used. At each of a number of chosen frequencies 
the value of the reactance is then plotted against the value of the 
resistance and the value of the frequency at which the corresponding 
impedance occurs is marked against each plotted point. Admit- 
tances can evidently be plotted in the same way. 

When this is done it is found that the curve representing the 
impedance of the combination of a resistance in parallel with any 
combination of inductances and condensers is a circle of radius equal 
to half the resistance with centre on the real axis distant from the 
origin in apositive direction by an amount equal to half the resistance. 

The admittance of such an arrangement is represented by 
a straight-line parallel to the imaginary axis drawn through a point 
on the real axis distant from the origin in a positive direction by an 
amount equal to the reciprocal of the resistance. 

Similarly, the curve representing the conductance of a resistance 
in series with any combination of inductances and condensers is 
a circle of radius equal to half the reciprocal of the resistance with 
centre on the real axis distant from the origin in a positive direction 
by an amount equal to half the reciprocal of the resistance. 

The impedance of such an arrangement is represented by 
a straight-line parallel to the imaginary axis drawn through a point 
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on the real axis distant from the origin in a positive direction by 
an amount equal to the resistance. 

If the combination of reactances in any of the above four cases 
is constituted by a single inductance or a single condenser, either the 
positive half or the negative half only of the circle is involved : the 
positive half for a positive reactance (e.g. inductance) and the 
negative half for a negative reactance (e.g. condenser). 

If the combination of reactances contains two elements (which 
evidently must consist of one inductance and one capacity), the 
whole of the circle is involved. 

If the combination of reactances contains more than two elements 
so that the total effective value of the reactance, as the frequency is 
varied, traverses the region between zero and minus infinity or zero 
and plus infinity more than once, the negative or the positive half of 
the curve is traversed once for each time the corresponding reactance 
region is traversed. Each point on the curve is then many valued 
as far as frequency is concerned : in other words, the same value of 
impedance occurs at several frequencies. 

If the impedance of a network is represented by a straight line 
the inverse impedance is represented by a circle, and vice versa. 

If the combination of reactances contains resistance in one more 
of its elements so arranged that the resistance component of the 
assembly of reactances cannot be represented at all frequencies by 
a constant resistance in series or parallel with the main resistance, 
then the resultant impedance is not represented by a straight line 
or a circle. For some purposes, however, it is still convenient to 
use this method of plotting. 

When looking for an equivalent network to simulate an observed 
impedance, it is evident that, by plotting the impedance in the above 
way, it is possible to see at  a glance whether it is capable of being 
simulated by a simple combination of one resistance and one or 
more reactances. 

1.1. Proof. Before giving the.extremely simple proof of the 
above statements it is instructive to derive the equation of a circle 
drawn in the resistance-reactance plane, which will be called the 
ab plane. 

Fig. I shows a circle drawn in the ab plane. This is a plane in 
which resistances are plotted along the a axis and reactances are 
plotted along the b axis. Any plotted point of co-ordinates a and b 
then corresponds to an impedance a+jb. 

I t  will be seen that the centre of the circle c is at the point : 
a = a,, b = b, and its radius is r. 
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The point P on the circle (incidentally corresponding to a plot 
of the impedance A +jB) has co-ordinates a = A and b = B. 

The remainder of the construction and the values of the important 
lengths can be seen by inspection. 

From the right-angled triangle CPQ it is immediately evident that 
(A - ac)2+(B - bc)2 = r2 

For any other point on the circle of co-ordinates a and b, 
(a -ac)2+(b-bc)2=r2  . (1) 

b'l 
FIG. I/CVIII:I.-Circle in ab Plane. 

Since this condition must be satisfied for any point on the circle, 
and so for any values of a and b which specify a point on the circle, 
it follows that this equation gives sufficient information to enable 
the circle to be drawn, and is therefore said to be the equation to the 
circle in question. 

Inspection of this equation shows that the co-ordinates of C, the 
centre of the circle, are respectively subtracted from a and b, inside 
the brackets defining the quantities to be squared ; while the square 
of the radius r appears on the right of the equation. Hence, if any 
equation involving a relation between a and b can be arranged in 
this form it defines a circle of prescribed centre and radius. 

Reactance in Parallel with Resistance. If a resistance R is 
in parallel with a resistance X which may vary with frequency, 
whatever the value of X, the impedance is given by 
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- - -  ' - (which incidentally is worth noting) 
b R  

Hence 

R  a 
Adding - to each side 

4 

R  
Equation (2) describes a circle with centre at a = -, b  = o, 

2 

R 
and radius -. 

2 

Fig. z shows such a circle with one value of a+jb = A+jB 
plotted at the point P. 

FIG. a/CVII1:1.-Circle representing Impedance of Parallel Resistance and 
Reactance. 

I t  is evident that if X is positive b  can never be negative, so 
that no point such as P' on the negative half of the circle can exist. 
In this case, as the parallel reactance increases from zero to infinity, 
the point P travels round the upper half of the circle from the origin 
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to the point S. Similarly, if X is negative, the point P travels 
round the lower half of the circle from 0 to S. The necessary dis- 
crimination (which selects one-half of the circle) is lost in the above 
analysis because it depends on the square of the reactance, which is 
positive, whether the reactance is negative or positive. 

If, for instance, the parallel reactance is constituted by a con- 
denser in parallel with an inductance, then, as the frequency 
increases from zero, the point P, representing the plot of the 
impedance, first travels round the upper half-circle from 0 to S and 
then round the lower half-circle from S to 0. The behaviour of 
P for more complex arrangements of reactive elements in shunt 
with R can easily be determined. 

The admittance of a reactance X  varying with frequency in 
parallel with a resistance R  is given by 

So that 
I I 

a = - constant and b = - - varying with frequency. 
R  X 

Since a  is constant the admittance is represented by a line at 
I constant distance from the b  axis equal to E.  

This line is shown in Fig. 3. As before, the parts of this line 
which are traversed as the frequency varies, depends on the 
behaviour of the shunt reactance. 

FIG. ~/CVIII:I.--Lie representing Admittance of Parallel Resistance and 
Reactance. 

Reactance in Series with a Resistance. The impedance of 
a resistance in series with a reactance X which varies with frequency 
is 

2 = R+jX = a + j b  
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Since a = R, constant, this is represented by a line parallel to 
the axis of b at distance R. The diagram is identical with Fig. 3 
except that I / R  is replaced by R. 

The admittance of the same arrangement is given by 

and comparison with the evolution of equation (2) shows that the 

FIG. 4/CVIII:r.-Impedance of Parallel Resonant Circuit shown with 

W  
Values of a and b for given values of -. 

0 0  
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admittance is represented by a circle of radius r/zR with centre at 
a = r/zR, b = o. 

I t  can now be deduced that when the impedance is represented 
by a circle or a half-circle the admittance is represented respec- 
tively by a line or a " half "-line. The converse is evidently 
true. 

Since the inverse of an impedance is the reciprocal of that 
impedance (i.e. the equivalent admittance), multiplied by the square 
of a resistance, it follows that the relation between an impedance 
and its inverse is also represented by a change from a circle to a line, 
and vice versa. 

It will now be evident that the presence of a circle or a loop i n  an 
impedance Plot of this kind indicates the presence of either a parallel 
resonance or of a series resonance seen through an impedance inverting 
network. 

An impedance is only represented by a perfect circle when it is 
constituted by a resistance in parallel with a reactance, or is con- 
stituted by a resistance in series with a reactance and seen through 
an impedance inverting network. 

In practice, a parallel resonant circuit normally consists of a con- 
denser with a negligible resistance, and an inductance with a small 
but appreciable resistance : hence it is not represented by a perfect 
circle. 

Fig. 4 shows the impedance curve of a practical parallel resonant 
circuit with a value of Q = Lwo/R equal to 5. I t  will be seen that 
the impedance curve approximates to a circle of radius (QLo, - R)/2 
with centre at  a = (QLw,+R)/z, b = o. As the value of Q increases 
the impedance curve approximates more and more closely to such 
a circle. 

The curve in Fig. 4 is plotted from equation (I~)/XXIV:Z and 
the values of w/o0 are indicated for a number of points. These 
may be converted to frequency for any particular values of L and 
C by the obvious relation 

1.2. Generalized Impedance Diagram for Parallel Reson- 
ant Circuit. The development and the use of this diagram both 
depend on the value of Q being large. The error of the diagram is 
under 5 % if Q is greater than zo and under I % if Q is greater than 
roo ; errors for other values of Q are pro rata. For many purposes 
an error of 5 % is quite tolerable. 
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Based on the concluding remarks of the last section, the assump 
tion is made that the impedance curve of any parallel resonant 
circuit is represented by a circle in the ab plane with centre a t  
a = QLw,/z, b = o, and of radius equal to QLw& 

If, therefore, a circle is drawn with centre a = +, b = o and radius 
equal to 4, this represents the impedance of all possible parallel 
resonant circuits of the form of the circuit in Fig. 4 to a scale of 
I to QLw,, provided the value of Q is large enough to bring the 
error within tolerable limits. 

Half of such a circle has been drawn in Fig. 5. If the value of 

FIG. =j/CVIII:r.-Generalized Impedance of Parallel Resonant Circuit. When Q 
is greater than 20, error is less than 5% ; when Q is greater than roo,  error is 
less than I %. 

the impedance at any frequency is A +jB, the scale markings of the 
axes of ordinates and abscissae evidently give the value of A/QLw, 
and B/QLw, respectively. 

I t  is not necessary to draw the whole circle since the negative 
half of the diagram is the same as the positive half, and negative 
reactances can be read off the diagram as well as positive 
reactances. 

The diagram is, however, of little use unless some means can be 
found for inserting a generalized scale of frequency so that the 
diagram can be used to give the impedance of any parallel circuit 
at  any frequency. 

This may be done as follows. Assuming that the impedance 
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of the circuit is given by Z = I Z 1/8 = A+jB, from equa- 
tion (18)/XXIV:z 

Use of Fig. 5 to give the Impedance of any Parallel Reson- 
ant Circuit at any Frequency. 

I. Determine the value of Q, of fo the resonant frequency, and 
the value of Lw, or I /C~, .  

2. Decide the frequency f at which the impedance is required, 
and calculate the value of f/fo. 

3. Enter the value of f/fo in equation (4) and so obtain the 
value of 8. 

4. In  Fig. 5 draw a line (or place a ruler) passing through the 
origin and making an angle 8 with the horizontal 
axis. 

5. At the point P,  where the line or ruler cuts the semicircle, 
read off the values of A/QLo0 and B/QLwo. To obtain 
the values of A and B it is evidently necessary to multiply 
these values by QLw0. 

6. Alternatively, the magnitude of the impedance I Z 1 may be 
obtained by multiplying the distance OP by QLwo. 
(0 here represents the origin.) 

Exampb. A coil with a Q of 100 is tuned to resonance at I Mc/s 
by a capacity of 300 ppF. What is the impedance of the circuit 
at  990, 995 and 1,002 kc/s. 

The corresponding values df f/fo are o-ggo, 0.995 and ~.ooz. 
Entering these in equation (4), the corresponding values of 8 are 

63", 45" and - 22" 30'. Lines drawn through the origin making 
these angles with the horizontal axis cut the semicircle at  P,, Pa 
and P,. The scaled-down impedances (which must be multiplied 
by QLoo to give the actual impedance) are then read off as 
a,+jb,=o-207 -jo.406, aa+jb,=o-5 +jo.g, a,+jb,=o-863 -jo.344. 
The negative sign is inserted in the last case because the value of 
8 is negative in this case. 

The reactance of 300 ppF at I Mc/s is 530 ohms, which is sub- 
stantially equal to the reactance of the inductance a t  I Mc/s and 
so to Lo,. The value of QLw, is therefore 53,000, and multiplying 
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the values of a,, b,, etc., by 53,000, the values of impedance are : 

At 990 kc/s 1o,g70+j21,550 (10,650 fj21,ooo) 
995 kc/s 26,500 +j26,500 (26,600 + j26,200) 

1,002 kc/s 45,700 + j18 ,w  (45,700 +j17,900) 
The figures in brackets give the values as calculated directly by 

slide rule. 

2. Representation of Relations between Complex Quantities. 
Conformal Representation. 

In the case of formulae involving complex quantities it may be 
necessaryto show in graphical form the relation between two complex 
quantities. 

Take the case of two inverse impedances 2, = A,+jB, and 
2, = A,+jB,, which are mutually inverted about a resistance R. 

If any value of A,  and any value of B, is entered in equation (I) 
a particular value of A, and a particular value of B, results. 

The graphical representation is required to show for a certain 
range of values of A, and B, the corresponding values of A ,  and B,. 

The form of representation used for this purpose is the most 
obvious, although the means used for drawing the curves may some- 
times involve a certain amount of finesse. One of the variables 
such as B, is fixed at a useful integral value and the impedance 2, 
is then shown as a resistance-reactance representation on a plane 

, of A, and B, (the 2, plane) by plotting A, against B, for continuous 
variation of A,. This produces one curve on the 2, plane which 
corresponds to one value of B, ; the values of A ,, although they 
have been used in determining this curve are not marked, so that, 
as yet, the curve is of no value. This process is repeated for a series 
of integral values of B, and each curve is marked with the corre- 
sponding value of B,. 

In the same way, a series of impedance curves corresponding to 
constant integral values of A, is then drawn, by continuous variation 
of B,. The second set of curves crosses the first set of curves. 

The two families of curves then constitute a mesh defining the 
value of 2, ; this mesh is said to constitute the A ,B, or the 2, plane. 

The frame of the 2, plane constituted by the mesh system, with 
regard to which co-ordinates on this plane are plotted, is a normal 
rectangular frame : the lines forming the mesh are constituted by 
two sets of parallel straight lines mutually at right angles. In 
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general, the frame of the 2, plane is not necessarily constituted by 
straight lines, although it is generally constituted by two sets of lines 
mutually a t  right angles. Such sets of lines are said to constitute 
orthogonal trajectories. 

The method of construction of the Z, plane has superimposed it 
on the 2, plane in such a way that at  every point in the diagram the 
co-ordinates of a point, read on the Z1 plane, and the co-ordinates of 
the same point read on the Z, plane, respectively define values of 
2, and Za which simultaneously satisfy equation (I). In other 
words, if either 2, or 2, is known, by plotting it on its appropriate 
plane, the corresponding value of 2, or 2, respectively may be read 
from the co-ordinates of the point on the other plane. The plane 
of Z1 may be called the primitive plane, while the plane of 2, is 
conveniently called the derived plane. 

This method of representing the relation between two complex 
quantities is called Conformal Representation. 

In practice, when the mesh system of the derived plane is defined 
by lines which have some easily drawn geometrical configuration 
(e.g. circles), the process of drawing the mesh may be simplified by 
carrying the analysis to the point where the location on the 2, plane 
of the lines of the mesh of the Z, plane is defined by simple specific 
relations. 

In the general case where, as above, the plane of Z1 is the primi- 
tive plane and the plane of 2, is the derived plane, these specific 
relations may sometimes be obtained by eliminating A ,  and B, 
alternately. From the resulting relations A,  is plotted against B, 
by varying continuously B, and A ,  respectively. This process is 
generally worth while, whether or not the resulting equations define 
mesh lines which may be drawn without plotting ; i.e. by geometrical 
construction. 

The method will now be illustrated with regard to equation (I). 
From this equation, rationalizing the right-hand side and equating 
reds and imaginaries respectively : 

. A a J f + E  B a 

" A ,  R2 Bl 
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Eliminating A,  by substituting (3a) in (za) 

Bfll+RaBl+B,Ai = o . . 
R :. Dividing through by B, and adding - to each side 
4e 

R ' 
This is the equation of a circle of radius - and centre at  a point 

zB. 
on the Zl plane corresponding to the point for an impedance 

R ' 
with values A ,  = o, B1 = - -. One such circle should be drawn 

2E 
for each chosen integral value i f  B, : the set of circles then con- 
stitutes one set of lines defining the mesh of the Z,  plane. 

Eliminating B, by substituting (3b) in (2a) 

Ra 
This is the equation of a circle of radius - and centre at  apoint 

zA 
on the Z1 plane corresponding to the point plotted with values 

R 
Al =- Bl = O. One such circle should be drawn for each 

zA,' 
chosen integral value of A,  : the set of circles so drawn constitutes 
the second set of lines defining the mesh of the Z,  plane. 

If the relation between Z1 and 2, is other than that of equation (I) 
any resulting relations, such as (3)  and (4) ,  which are derived will not 
necessarily describe circles : they may describe ellipses, hyperbolas 
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or other forms which are not easily drawn with the kind of instru- 
ments at present sold in boxes. In this case, each line of each family 
must be plotted on the Z, plane as a relationship between A, and 
B, defined by the equivalents of equations (3) and (4) respectively for 
chosen integral values of B, and A,. This process is very laborious, 
so that the saving of time when circles are involved is evident. 

Examples of conformal representation are constituted by 
Fig. 3/V:16 and Figs. I and z/XVI:z. 

The first does not relate two different impedances but relates the 
series and parallel representations of any one impedance. It  there- 
fore relates two complex quantities. The derivation of the necessary 
relations proceeds as follows : 

From (left-hand) equation (2)/V:16, multiplying through by R, 

. . 
Similarly from 

Equations (6a) 

(right-hand) equation (2) /V:16 

and (6b) describe circles of specified centres and 
radii so that they provide all the information- necessary for con- 
structing Fig. 3/V:16. This construction is due to Mr. R. Toombs. 

Figs. I and 2/XVI:2 provide the same information as does the 
equation : 

where the meaning of the symbols is the same as is given at the 
beginning of XVI:I. They therefore give directly the sending-end 
impedance of a transmission line of length 1 terminated in an 
impedance Z, expressed as a fraction of the characteristic impedance 
Z0 of the transmission line. They do not, however, constitute, as 
might be expected, the conformal relation between Z,/ZO and Z/ZO. 
If this were plotted, a separate diagram would be necessary for every 
value of l /A .  They represent a conformal relation between the value - - 

R 2nl 
of Z J Z O  and a complex quantity equal to -+j tan -, where the zo 1 
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relationship is defined by equation (7) with 2 replaced by R, where 
R is a pure resistance. The justification for this is best explained 
in physical terms. 

If a transmission line is terminated in a pure resistance R, the 
impedance at any point in the line looking towards the load (i.e. the 
terminating impedance R) is given by the value of 2, in equation (7) 
with 2 replaced by R. 2, evidently depends on the two quantities 
R nnl 
- and tan -, and it is possible to produce various types of con- 
2. 1 

2, formal representation relating the two complex quantities - and 
2 0  

R 2572 
-+ j  tan -. In Fig. 2/XVI:2 the plane of Z,/ZO is made the 
2, 1 
primitive plane and is plotted on normal rectangular (Cartesian) 
co-ordinates. The other quantity is then represented by the derived 
plane. 

When this is done the diagram consists of a rectangular mesh 
defining the plane of Z,/ZO on which are drawn a family of circles of 
constant distance (representing constant distance from the terrnina- 
tion) expressed as l/il, intersected by a family of circles of constant 
R/Zo. The latter are represented by complete circles, and as any 
one of these is traversed completely the number of constant 111 circles 
crossed is such that the corresponding distance along the transmission 
line is half a wavelength. This means that the impedance half 
a wavelength away from the load is the same as the load impedance, 
and that during the next half-wavelength along the line the same 
cycle of impedances will be observed as during the first half-wave- 
length. In other words, the diagram is cyclic or periodic, the period 
being half a wavelength. 

Further, by going to the appropriate point on the diagram any 
sending-end impedance may be observed, and this may be treated as 
a terminating impedance for any length of the line farther away from 
the load. Hence, although the diagram is drawn by considering 
a transmission line to be terminated in a number of resistances, it can 
be used to find the sending-end impedance of a length of feeder 
terminated in any impedance whatever, so long as it lies within the 
range for which the diagram has been drawn. For use of this 
diagram reference should be made to XVI:z. 

Derivation of Equations to the Circles in Fig. 2/XVI:2. 
Replace 2 in equation (7) by R and make the substitutions 
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Then equation (7) becomes 

Hence 

and 

and 

Substitute (gb) in (8a) and (ga) in (8b) 

:. a = A (I + bB) . . (IOU) 

and b = B(I - aA) . . (~ob)  

and b B = -  . . ( I I ~ )  
I -aA 

Substitute ( I I ~ )  in (IOU) and (IIU) in (~ob)  

and 

(nu )  and (12b) are now multiplied out and the process of " corn- 
pleting the square " is performed on each to obtain the equations to 
circles in recognizable form. 

(nu )  then yields 

(12b) yields 
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Restoring the original values of A and B, equation (13a) describes 
a family of circles with centres at 

Equation (13b) describes a family of circles with centres at a = o, 

In both cases the radius should always be considered to be 
positive : the radius is derived as the square root of a quantity and 
strictly should have a f sign in front of it which permits the positive 
sign to be chosen always. 

I t  is useful to notice that the components of the complex quantity 
in the numerator of the right-hand side of equation (7) appear in 
the denominator multiplied together. In general, therefore, it may 
be possible to represent by a conformal relationship any two pairs 
of quantities even when these quantities are not always associated 
together in a consistent manner. 

Since the above was first written Professor Willis Jackson and 
Dr. L. G. Huxley have published solutions of both Figs. I and 
z/XVI:z, see Bibliography A4:1o. 



CHAPTER GIX 

COUPLING CIRCUITS AS BAND-PASS FILTERS 

1. IN Fig. I are shown a number of impedance matching or coupling 
circuits which are in general use. Various methods are employed 
to adjust the values of component circuit elements of these struc- 
tures to give the performance required. It is often useful to design 
them as band-pass filters. 

Anv structure of loss-free reactances can, within limits, have 
such &ues assigned to its elements that, when terminated by 

FIG. r/CIX.-(A) Double parallel tuned mutual coupling ; (3) series parallel tuned 
mutual coupling ; (C) double series tuned mutual coupling ; (D) capacitance 
tap coupling circuit ; (E)  inductance tap coupling circuit ; (F) tapped inductance 
coupling circuit; (G) single parallel tuned circuit ; (H) single series tuned 
circuit ; (j) series inductance parallel capacitance n coupling circuit. 

(By the wurtesy of the Editor of Tk Wirdws Enghw.) 

appropriate impedances, it will pass certain bands of frequencies 
without attenuation, and will attenuate other bands. The frequen- 
cies at the ends of the pass bands are called cut-off frequencies. 
In one class of filter the conditions which limit the performance of 
the filter are largely those set by the size of the filter elements 
which is physically realizable. In another class of structure there 
is a fom-oi limitation which appears as a functional relationship 

473 



C M  :2 RADIO ENGINEERING 

between the ratio of input and output impedances, and the ratio 
of the cut-off frequencies. Only structures designed to pass a single 
band of frequencies are here under discussion. The structures at 
D, E, F and J of Fig. I are subject to the last-named limitation : 
if the cut-off frequencies are determined the ratio of output to input 
impedances is determined, while if the ratio of output to input 
impedance is determined the ratio of the cut-off frequencies is 
determined. In the structures at A ,  B, C, G and H ,  this limitation 
is absent : the ratio of the cut-off frequencies is independent of the 
ratio of input and output impedances, and vice versa. 

The design formulae for the elements of these structures oper- 
ating as band-pass filters may be obtained by the general method 
described in XXV:II. The formulae for the first two may, however, 
be obtained more quickly by making use of existing design formulae 
for equivalent structures. As the process of deriving the required 
formulae by this method is instructive it is given immediately below. 

2. Derivation of Formulae for the Double Parallel Tuned 
Mutual Coupling (Fig. 1A) .  

Equivalent n for Unity Ratio Mutual Coupling. 
In the two circuits of Fig. z, La and L, are two equal inductances 

of magnitude L and coupling factor k : P and S are inductances of 
magnitude P and S respectively. 

The two circuits are equivalent when the short circuit and open 
circuit impedances are respectively equal, i.e. when 

and 
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Substituting (3) in (I) 

Since S must be a real inductance the positive sign must be 
taken. 

Solving for L and k in terms of P and S. 
From (4) and (5) 

Now consider the filter structure shown in Fig. 3 (a) and the 
double parallel tuned mutual inductance circuit in Fig. 3 (b). The 
former is a section of a type 111,, filter terminated a t  mid-shunt 

FIG. 3/CIX.-In circuit (b) L. = Lb = L and C. - C, = C. 
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when 

and 

and 

See Fig. 2/XXV:5. 
The structures between the chain dotted lines are equivalent 

when P = 2L, and S = L,. 
Hence the two structures in Fig. 3 are equivalent when the 

following relations hold : 

P 2Ls (i) k = - = --- 
s+p L1+2Ls 

f s  where + = - 
f l  
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The above equations define the performance for a unity ratio 
structure, i.e. when the inductances each side of the mutual are equal. 

When the two inductances are unequal, let one be equal to 
La = L and the other equal to Lb = nSL, the coupling factor k 
being unchanged. 

Then 

The condition that the attenuation through the filter shall be 
unchanged, by change of L,, from equality with La will be satisfied 
if the impedance presented at tefminals I,I is unchanged. 

Try putting R. = naR, and Cb = t 2 C a  

When L) = L. Rl = Rl, elc. 
Unit current through L, generates an e.m.f. Mja, in L, = kLjo and a 

secondary current flows of magnitude j fi where Z is the total secondary 
Z 

series impedance. 
This induces an e.m.f. into L, of magnitude and sense 

k l L W  = - -  
Z 

Whtn L, = dL,, R,'= &R,, etc. 
Unit current through L, generates an e.m. f. in L, = nkLjo and a secondary 

current flows of magnitude 

This induces an e.m.f. into L,  of magnitude and sense 
kLw k'LW 

= -&L. -  = -- nZ z 
Hence the impedance facing the input to the structure remains 
unchanged if the impedance of all elements on the secondary side 
is changed in the same ratio as Lb is changed. 

I t  follows that to design an inequality ratio circuit, each side 
can be designed independently of the other : for the value of R in 
equations (9). (10) and (11) the value of Ra is substituted to deter- 
mine the value of the primary impedance elements, and  the value 
of R, is substituted to determine the secondary impedance elements. 

The relations of equations (g), (IO), ( ~ o a )  and (11) are presented 
graphically in Fig. I/VII:I~. 

3. Derivaticm of Formulae for the Series-Parallel Tuned 
Mutual Coupling Circuit (Fig. 1 B).  

For this purpose it is convenient to use another alternative 
circuit for the mutual coupling. This is shown in Fig. 4. 
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These two circuits are equivalent if the short circuit and open 
circuit impedances looking into both circuits at both ends are equal, 
i.e. if Z,, = and Z,, = Z,,  for short circuit and open circuit 
conditions of the other terminals. 

Check- 
Open circ~it condition 

2 1 1  = La 
Zar = n2L, 
Z,, = (I - ka)La+k2LL, = La 

Shmt circzlit condition 
Z,, = (I - k2)La 
Z,, = n2(1 - k2)La 
2 3 3  = ( I  - k2)La 

Now consider the filter structure shown in Fig. 5 (a), neglecting 
the ideal transformer associated with it. This is a half-section of 
a Type IV, filter (see Fig. r/XXV:5) when 

The structure is evidently identical with that shown in Fig. 5 (b) 
if corresponding elements are equal. While, from the principle of 
equivalence established immediately above, the structures in b and c 
are also equivalent. Evidently b can be derived from c by replacing 
the coupled circuit in c by the equivalent structure as shown in 
Fig. 4 (b) and transferring Cb from one side of the ideal transformer 
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to the other, changing its magnitude in the ratio of the ideal 
transformer. 

Fig. 5 (c) is evidently in the form of the series-parallel tuned 
mutual coupling. Suffixes , and , are used instead of I and 2 to 
distinguish the elements from those of the half-section of Type 
IV, filter shown at 5 (c).  

It is immediately possible to determine the values of the circuit 
elements in Fig. 5 (c)  as follows, taking advantage of the fact that 
in a Type IV, filter, at  the geometric mid-band frequency, the 
mid-shunt image impedance is equal to the mid-series image imped- 
ance. These are both represented by the symbol R in the 
equations immediately above. 

By inspection of Fig. 5 (a), (b) and (c ) ,  it can be seen that 

Also 
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k ' 
k' v1 - fl),pl Further, k2La = ?Lb = 2LI = n -f JI 

Determination of Relation between k and Cuboff R.eqaencies. 
By inspection of Figs. 5 (a) and 5 (b) : 

From (13) and (16) 

and alternately from (17) 

The relations of equations (12). (13)~ (14)) (15) and (18) are 
presented graphically in Fig. 2/VII:14. 

(Chapter CIX is published by the courtesy of the Editor of The Wirekss 
Enginetv.) 



To make proper use of this bibliography the list of categories which 
follows immediately should be read, in order to find the headings under 
which information has been classified. I t  is quite 'impossible to produce 
a classification which will please everybody, since every one has different 
methods of pigeonholing information in his mind. The categories chosen are 
for the most part those in general current use, and by referring to the list 
below it  is a simple mattei to find the category under which any reference 
has been placed. 

Although this list of references appears fairly extensive, it is very far 
from complete and makes no pretence to be systematic. With a view to 
obtaining a representative cross section of techniques developed in the past 
a very rapid scrutiny of a few periodicals was made and it is impossible to 
guarantee that important references have not been omitted. On the other 
hand, the inclusion of a reference does not guarantee that i t  is useful even 
in its own particular sphere. Most of the references have been chosen because 
they are useful, but in certain cases, particularly when they are highly 
mathematical, it is often hard to assess the value of references. 

The periodicals which have been scrutinized are : I.E.E. Journal, I.R.E. 
Proceedings, Bell Syskm Technical Journal, E.W. and Wireless Engineer, 
Marconi Review, and Ekc1rical Communication. These periodicals have been 
scrutinized from their inception up to the middle of 1942. 

The references to other periodicals have been inserted on a purely oppor- 
tunistic basis and represent a chosen few-about one per cent.-of the entries 
in a bibliography started by the author about 1925 and only kept up to date 
to the year 1935. No attempt can be made to define the range of periodicals 
covered since the coverage on any one periodical was not continuous, and the 
great mass of literature examined in those years precluded any except a very 
small fraction of the references examined being entered. 

Finally, i t  is almost impossible to  define the scope of the bibliography, 
which is more extensive than that of this book, except to  say that i t  covers the 
theory and practice of every branch of Radio Technique except Radar, Power 
Engineering, Television, Studio Technique, Valve Design, and Recording. 

The bibliography does not constitute a documentation of this book-it was 
prepared aft& the  book was more than threequarters written. I t  does, 
however, constitute a valuable extension of the information provided in the 
book, with a considerable amount of overlap : to  the extent that overlap 
occurs documentation is provided, but little attempt has been made to relate 
the bibliography to the book. An exception to this is constituted by the fact 
that some relevant references are cited in certain places in the text. 



CATEGORIES 

1. Acoustics 
2. Acoustic Filters 
3. Aerials 
4. Aerial Feeders 
5. Alignment : see Ganging 

and Tracking 
6. Ammeters 
7. AmpWiers 
8. Ampmers, Class B 
9. Amplifiers, Class C 
10. Amplifiers-Wide Range 
11. Amplitude Modulation 
12. Asymmetric Sideband 

Systems 
13. Attenuators 
14. Automatic Frequency Con- 

12. Condensers-Variable 
13. Coupling Circuits : see also 

Transformers and Filters 
14. Crystal Oscillators 

1. Detection 
2. Dewey Classifhation 
3. Dielectrics : see Insulators 
4.  Difh-action 
5. Direction Finding 
6. Distortion 
7. Diversity Reception 
8. Doherty Type Transmitters 

trol 
15. Automatic Tuning 1. Earth Conductivity 

2. Earth Connections 16. Automatic Volume Control 
3. Eddy Current Tuning - 
4. Electrical Effects 

B 5. Electron Multipliers 

1. Balanced and Unbalanced 
6. Equalization : see Response 

Correction Circuits 
2. Band Spreading 
3. Broadcast Coverage F 

1. Fading 

C 
2. Feedback 
3. Feeders : see Aerial Feeders 

1. Capacity Neutralization : 4. Field Distribution 
see Valve Input Admit- 5. Field Strength Determina- 
tance tion 

2. Cathode Ray Oscillographs 6. Field Strength Measure- 
3. Charts ment : see Field Strength 
4. Chireix Modulation System Determination. 
5. Coaxial Lines : see Con- 7 .  Filters and Selective Cir- 

centric Feeders cuits 
6. Coils, Chokes and Induc- 8. Fluctuation Noise 

tances 9. Frequency Measurement 
7. Cold Cathode Valves 10. Frequency Modulation 
8. Communication on Infra- 11. Frequency Multiplication 

Red Wavelengths and Division 
9. Concentric Feeders 12. Frequency Multipliers 
10. Condensers 13. Frequency Range Necessary 
11. Condensers-mectrolytic 14. Fundamentals 
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G 

Gamma 
Ganging and Tracking in 

Radio Receivers 
Gas Discharge Potentio- 

meters 
Grid-Controlled Rectifiers 

H 
Harmonic Analysis 
Hearing 

I 

Impedance Measurement 
Insulators 
Interference and Noise 
Ionosphere 

J 

Johnson Noise : see Ther- 
mal Agitation 

K 
Klystron 

L 
Level Measurement 
Lines 
Loudness 
Luxembourg Effect 

Magnetic Materials 
Magnetism 
Magnetrons 
Magnets 
Mathematics 
Measurements 
Measurements of Ground 

Constants 
Measuring Apparatus 
Mercury Arc Rectifiers 
Miscellaneous 
Mixers 
M.K.S. Units 
Modulated Amplifiers 
Modulation 
Multivibrators 

: CATEGORIES 

16. Musa 
17. Mutual Impedance 
18. Mutual Inductance 

N 

1. Negative Impedance 
2. Negative Resistance 
3. Networks 
4. Neutrodyning : see Valve 

Input Admittance 
5. Noise and Interference : see 

Interference and Noise 
6. Non-Linear Distortion 

0 

1. Oscillators 

P 

1. Parasitic Oscillations 
2. Peak Voltmeters 
3. Permeability : see Mq- 

netic Materials 
4. Phase Distortion 
5. Phase Modulation 
6. Piezo Electricity 
7. Plastics 
8. Polarization 
9. Polyphase Broadcasting 
10. Preferred Numbers 
11. Propagation 
12. Pulse Generation 

R 
1. Radiation 
2. Receivers 
3. Receivers-Reflex 
4. Receivers-superhetero- 

dyne 
5. Receivers-Super- 

Regenerative 
6. Receivers, Testing of 
7. Reception 
8. Rectifiers 
9. Reflection and Refraction of 

Radio Waves 
10. Resistance 
11. Resistance Tuning 
12. Resonant Line Oscillators 
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Response Correction 
R.M.A. specification 
Rocky Point Effect 

Schotky Noise, Schot or  
Shott Effect : see Fluc- 
tuation Noise 

Screening 
Selenium Rectifiers 
Series Modulation 
Shielding 
Silicones 
Single Sideband : see Asym- 

metric Sideband Systems 
Skip Distance 
Sparking Distance : see 

Voltage Breakdown 
Speech and Music 
Stabilovolt : see Gas Dis- 

charge Potentiometers 
Sub-Harmonics 

13. Synchronized Operation of 
Two Transmitters on the 
same Wavelength 

T 
1. Tapered Transmission 

Lines 
2. Telegon Effect : see Luxem- 

bourg Effect 
3. Temperature Control 
4. Thermal Agitation 
5. Thyratrons 

6. Thyrite 
7. Tracking : see Ganging and 

Tracking 
8. Transformers A.F., I.F., 

R.F. 
9. Transformer Oil 
10. Transiente 
11. Transmitters 
12. Turn-over 

U 
1. U.H.F. Aerials 
2. U.H.F. Amplifiers 
3. U.H.F. Cavity Resonatore 
4. U.H.F. Feedera 
5. U.H.F. General 
6. U.H.F. Measummenta 
7. U.H.F. Oscillators 
8. U.H.F. Propagation 
9. U.H.F. Receivers 
10. U.H.F. Transmitters 
11. U.H.F. Valves 

1. Valves 
2. Valve Input Admittance 
3. Voltage Breakdown 
4. Volume Compression and 

Expansion 

1. Wave Guides 
2. Wave Resonance Tuning 
3. Wide Band Amplifiers 



Al-Acoustics 
I. VELOCITY OF ULTRA-SONIC FREQUENCIES IN AIR. By C. D. Reid. 

PhySitd Review, April 1930, p. 814. 
2. VELOCITY OF ~ N G I T U D I N A L  WAVES I N  LIQUIDS AT AUDIO FREQUENCIES. 

By L. G. Pouler. Physical Review, April 1930, p. 832. 
3. DEFINITION OF ACOUSTIC QUANTITIES. By L. Bouthillon. Review 

D'Acoustigue, May 1935. p. 57. 
4. ACOUSTIC DELAY CIRCUIT. By W. P. Mason. Bell Lab. Record, May 

1931, P- 430- 

A2-Acoustic Filters 

I. VARIABLE SINGLE BAND FILTER. By G. W. Stewart. Physical Review, 
NOV. 1923. 

2. ACOUSTIC WAVE FILTERS. By G. W. Stewart. Physical Review, Dec. 
1922, p. 528. 

3. ACOUSTIC FILTERS. By G. W. Stewart. Physical Review. Jan. 1925. 
P. 90. 

4, REGULAR COMBINATION OF ACOUSTIC ELEMENTS. By W. P. Mason. 
Bell Sysfem Tech. Jl., ApriI 1927, p. 258. 

A3--Aerials 
I.E.E. JOURNAL. 

I. A THEORETICAL INVESTIGATION OF THE PHASE RELATIONS IN BEAM 
SYSTEMS. By R. M. Wilmotte and J. S. McPetrie. Vol. 3. 1928, 
p. 182. 

2. THE DISTRIBUTION OF CURRENT IN A TRANSMITTING ANTENNA. By 
R. M. Wilmotte. Vol. 3, 1928, p. 136. 

3. GENERAL ~ N S I D E R A T I O N S  OF THE DIRECTIVITY OF BEAM SYSTEMS. 
By R. M. Wilmotte. Vol. 3, 1928, p. 188. 

4. THE NATURE OF THE FIELD I N  THE NEIGHBOURHOOD OF AN ANTENNA. 
By R. M. Wilmotte. Vol. 3, 1928, p. 194. 

5. THE DESIGN OF TRANSMITTING AERIALS FOR BROADCASTING STATIONS. 
By P. P. Eckersley. Vol. 4, 1929, p. 51. 

6. THE ACTION OF A REFLECTING ANTENNA. By L. S. Palmer and L. L. K. 
Honeyball. Vol. 4, 1929, p. 152. 

7. GENERAL FORMULAE FOR THE RADIATION DISTRIBUTION O F  ANTENNA 
SYSTEMS. By R. M. Wilmotte. Vol. 5, 1930, p. 218. 

8. THE RADIATION DISTRIBUTION OF ANTENNAE IN VERTICAL PLANES. 
By R. M. Wilmotte. Vol. 5, 1930, p. 235. 

9. BEAM ARRAYS AND TRANSMISSION LINES. By T. Wahsley. VO~. 6, 
1931, p. 30. 
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10. THE GRAPHICAL METHOD FOR DETERMISISG THE AIAGSITUDE ASD P ~ S E  
OF THE ELECTRIC FIELD IS THE SEIGHBOURHOOD OF AS AITEKNA 
CARRYING A KNOWN DISTRIBUTION OF CURREST. By J. S. McPetrie. 
Vol. 6, 1931, p. 40. 

11. A METHOD FOR DETERMINIKG THE EFFECT OF THE EARTH ON THE 

RADIATION FROM AERIAL SYSTEMS. By J.  S. AfcPetrie. Vol. 7. 
1932. p- 54. 

12. AN EXPERIMENTAL AND ASALYTICAL INVESTIGATIOS OF EARTHED 
RECEIVING AERIALS. By F. XI. Colebrook. Yol. 7, 1932, p. 266. 

13. AN INVESTIGATION INTO THE FACTORS COSTROLLING THE ECONOMIC 
DESIGN OF BEAM ARRAYS. By T. Walmsley. Vol, 9, 1934, p. " 5 .  

14. THE RADIATION RESISTANCE OF AERIALS WHOSE LENGTH IS COMPARABLE 
WITH THE WAVELENGTH. By E. B. hloullin. Vol. 11, 1936, p. 93. 

15. THE APPLICATION OF TRAKSZIISSION LINE THEORY TO CLOSED .&RIALS. 

By F. M. Colebrook. Vol. 13, 1938, p. 273. 
16. THE ELECTRIC AND MAGNETIC FIELDS OF A LINEAR RADIATOR CARRYING 

A PROGRESSIVE WAVE. By F. M. Colebrook. Vol. 15, 1940. p. 17. 
17, AERIAL CHARACTERISTICS. By N. Wells. Vol. 89, 1942, p. 76. 

I.R.E. PROCEEDINGS. 
18. ON THE RADIATION RESISTAXCE OF A SIMPLE VERTICAL ANTENNA AT 

WAVELENGTHS BELOW THE FUNDAMENTAL. 1924, p. 823. 
19. ON THE OPTIMUM TRANSMITTING WAVELENGTH FOR A VERTICAL ANTENNA 

OVER PERFECT EARTH. By S. Valentine. 1924. p. 833- 
20. THE RECEIVING SYSTEM FOR LONGWAVE TRANSATLANTIC RADIO TELE- 

PHONY (BEVERAGE WAVE ANTENNA). By Bailey, Dean and Wintring- 
ham. Dec. 1928. 

21. RESISTANCE OF BEAM ANTENNAS. By Pistolkors. March. 1929. 
22. CERTAIN FACTORS AFFECTING THE GAIN OF DIRECTIVE ANTENNAS. By 

G. C. Southworth. Sept. 1930, p. 1502. 
23. CALCULATION OF ELECTRIC AND MAGNETIC FIELD INTENSITIES OF 

OSCILLATING STRAIGHT CONDUCTORS. By B e c h m a ~ .  March 1931. 
24. THEORETICAL AND PRACTICAL ASPECTS OF DIRECTIONAL TRANSMITTING 

SYSTEMS. By Sterba. July 1931, p. 1184. 
25. ON THE CALCULATION OF THE ~ D I A T I O N  RESISTANCE O F  ANTENNA AND 

ANTENNA COMBINATIONS. By B e c h m a ~ .  Aug. 1931, p. 1471. 
26. INVERTED-V AERIALS. By E .  Bruce. Aug. 1931, p. 1406. 
27. DEVELOPMENT OF DIRECTIVE TRANSMITTING ANTENNAS BY R.C.A. 

COMMUNICATIONS INC. By Carter, Hansel1 and Lindenblad. Oct. 
1931. p. '773. 

28. CIRCUIT RELATIONS IN RADIATING SYSTEMS AND APPLICATION TO ANTENNA 
PROBLEMS. By Carter. June 1932, p. 1004. 

29. THE ACTION OF SHORT-WAVE FRAME AERIALS. By L. S. Palmer and 
L. L. K. Honeyball. Aug. 1932;~. 1345. 

30. RECTANGULAR SHORT-WAVE FRAME AERIALS FOR RECEPTION AND 

TRANSMISSION. By L. S. Palmer and D. Taylor. Jan. 1934, p. 93. 
31. MAINTAINING THE DIRECTIVITY OF ARRAYS. By F. G.  Kear. July 

1934. P- 847. 
32. HORIZONTAL RHOMBIC ANTENNAS. By E. Bruce, A. C. Beck and 

L. R. Lowry. Jan. 1935. p. 24- 
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33. SOME COMMENTS ON BROADCAST ANTENNAS. By Harmon. Jan. 1936, 

P. 36. 
34. THE BROADCAST ANTENNA. By Chamberlain and Lodge. Jan. 1936, 

p. 11. 

35. A CRITICAL STUDY OF THE CHARACTERISTICS OF BROADCAST ANTENNAS 
AS AFFECTED BY ANTENNA CURRENT DISTRIBUTION. By G. H. Brown. 
Jan. 1936, p. 48. 

36. GROUND SYSTEMS AS A FACTOR IN ANTENNA EFFICIENCY. By G. H. 
Brown, R. F. Lewis and J .  Epstein. June 1937, p. 753. 

37. DIRECTIONAL ANTENNAS. By G. H. Brown. Jan. 1937. p. 78. 
38. SIMPLE MEMOD OF OBSERVING CURRENT AMPLITUDE AND PHASE RELA- 

TIONS I N  ANTENNA ARRAYS. By J. F. Momson. O C ~ .  1937, p. 1310. 
39. RADIATION FROM RHOMBIC ANTENNAS. By Foster. O C ~ .  1937, p. 1327. 
40. STANDARDS ON TRANSMITTERS AND ANTENNAS. Issued by I.R.E. 1938. 
41. RADIO FREQUENCY VOLTAGES ACROSS INSULATORS IN TOWER ANTENNAS. 

By G. H. Brown. Sept. 1939, p. 566. 
42. THEORY OF ANTENNAS OF ARBITRARY SIZE AND SHAPE. BY S. A. 

Schelkunoff. Sept. 1941, p. 493. 
43. HORIZONTAL-POLAR-PATTERN TRACER FOR DIRECTIONAL BROADCAST 

ANTENNAS. By F. A. Everest and W. S. Pritchett. May 1942, p. 227. 
44. A MECHANICAL CALCULATOR FOR DIRECTIONAL ANTENNA. Patterns by 

W. G. Hutton and R. M. Pierce. May 1942, p. 233. 
45. . . . RADIATION PATTERN OF TWO-ELEMENT BROADCAST ANTENNA 

ARRAYS. By K. Spangenberg. May 1942, p. 237. 
46. THE INCLINED RHOMBIC ANTENNA. By C. W. Harrison. May 1942, 

P- 7-41. 
47. THE SELF-IMPEDANCE OF A SYMMETRICAL ANTENNA. By R. King. 

July 1942. P. 335. 

BELL S Y S T E M  TECHNICAL JOURNAL.  

48. DIRECTIVE DIAGRAMS OF ANTENNA ARRAYS. By R. M. Foster. Vol. 5. 
1926, p. 292. 

49. ASYMPTOTIC DIPOLE RADIATION FORMULAS. By W. Howard Wise. 
Vol. 8. 1929, p. 662. 

50. CERTAIN FACTORS AFFECTING THE GAIN OF DIRECTIVE ANTENNAS. By 
G. C. Southworth. Vol. 10, 1931. p. 63. 

E.W. A N D  WIRELESS ENGINEER. 

51. ANTENNA CONSTANTS : CAPACITY. By G. W. Ingram. May 1924, p. 439. 
52. THE EFFECT O F  THE SERIES CONDENSER I N  A TRANSMITTING AERIAL. 

By E. H. Robinson. June 1924. p. 532. 
53. NODAL POINTS OF AERIAL TUNING. By P. K. Turner. Sept. 1924, p. 723. 
54. THE DIRECTIONAL PROPERTIES OF (INVERTED L) AERIALS. By R. L. 

Smith-Rose and R. H. Barfield. June 1 9 2 5 , ~ .  575. 
55. THE POLAR CURVES OF RECEPTION FOR SPACED AERIAL SYSTEMS. By 

E. Green. Oct. 1925. p. 828. 
56. THEORY OF THE FRANKLIN AERIAL. By J. A. Fleming. July 1927. 

P. 387- 
57. CALCULATION OF THE POLAR CURVES OF EXTENDED AERIAL SYSTEMS. 

By E. Green. Oct. 1927, p. 587. 
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58. POTENTIAL DIFFERENCE AND CAPACITY IN A.C. FROBLEIS. Editorial 

by G. W. 0. Howe. March 1928, p. 113. 
59. THE EQUIVALENT INDUCTANCE OR CAPACITY OF AN AERIAL. Editorial 

by G. W. 0. Howe. June 1928, p. 297. 
60. POLAR DIAGRAMS DUE TO PLANE AERIAL REFLECTOR SYSTEMS. By 

T. Walmsley. Oct. 1928, p. 575. 
61. THEORY OF RECEIVING AERIALS. By F. M. Colebrook. Nov. 1927. 

P. 657. 
62. FRENCH SYSTEM OF DIRECTIONAL AERIALS FOR TRANSMISSION ON SHORT 

WAVES. By H. Chireix. May 1929, p. 235. 
63. RHOMBIC TRANSMITTING AERIAL-INCREASING THE POWER EFFICIENCY. 

By L. Lewin. May 1941. p. 180. 
64. EXTENDED AERIAL SYSTEMS (POLAR DIAGRAMS OF). By E. Green. 

May 1942, Pa 195. 
65. RADIATION ENERGY AND EARTH ABSORPTION FOR DIPOLES A N D  

ANTENNAE. By A. Sommerfeld and F. R e ~ e r .  Sept. 1942. p. 414, 
and Oct. 1942, p. 457. 

66. CURRENT DISTRIBUTION ALONG A STRAIGHT WIRE IN A UNIFORM FIELD. 
By G. W. 0. Howe. Nov. 1942, p. 495. 

ELECTRONICS. 
67. TOWER ANTENNAS. By E. A. Laport. Aug. 1934. p. 239. 
68. CALCULATION OF VERTICAL ANTENNA RADIATION PATTERN. By E. A. 

Laport. Feb. 1935. p. 47. 
69. THE TURNSTILE ANTENNA. By G. H. Brown. April 1936, p. 14. 
70. DIRECTIONAL ANTENNA DESIGN. By E. A. Laport. April 1936, p. 23. 
71. DIRECTIONAL ARRAY FIELD STRENGTHS. By A. R. Rumble. Aug. 1937. 

p. 16. 
72. RADIATING SYSTEMS AND WAVE PROPAGATION. By A. G. Kandoian. 

April 1942, p. 39. 

M A  RCONI RE VIEW. 
73. AERIAL RESISTANCE AND AERIAL TERMINATION. By N. Welles. No. 47, 

1934, P. 13. 
74. ELEMENTARY PRINCIPLES OF AERIAL DESIGN. By N. Welles. No. 55, 

1935. p. 6. 
75. THE MARCONI FOLDED TOP AERIAL FOR MEDIUM WAVES. By N. Welles. 

No. 63, 1936, p. 19. 
76. THE SERIES PHASE ARRAY. By A. W. Ladner. No. 67, 1937. p. 1. 
77. RADIATION RESISTANCE OF A HORIZONTAL DIPOLE ABOVE EARTH. By 

L. Lewin. No. 73, 1939, p. 13. 

ELECTRICAL COMMUNICATION. 
78. SHORT WAVE DIRECTIVE TRANSMITTING AND RECEIVING ANTENNAS. 

By E. H. Ullrich and N. K. Fairbank. Vol. 8, 1929, p. 235. 
79. THE BUDAPEST ANTI-FADING ANTENNA. By F. Holland. Vol. 12. 1933, 

p. 289. 
80. ELECTROMAGNETIC FIELDS OF RADIATING CONDUCTORS. By A. Alford. 

Vol. 15, 1936, p. 70. 
81. ELECTRICAL PROPERTIES OF AERIALS FOR MEDIUM AND LONG WAVE 

BROADCASTING. By W. L. McPherson. Vol. 16, 1937, p. 306. 
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82. ELECTRICAL PROPERTIES OF AERIALS FOR MEDIUM AND LONG WAVE 

BROADCASTING. By W. L. McPherson. Vol. 17, 1938, p. 44. 

Other References. 
83. SIMPLE TELEVISION ANTENNAS. By P. S. Carter. R.C.A. Review, 

V0l. 4, NO. 2, 1939, p. 168. 
84. SOME FACTORS I N  THE DESIGN OF DIRECTIVE BROADCAST. ANTENNA 
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91. DIRECTIONAL AERIALS FOR TRANSMISSION. By L. Wildman. Tele- 

A4--Aerial Feeders 

Z.E.E. JOURNAL. 

I. LONG FEEDERS FOR TRANSMITTING WIDE SIDEBANDS, WITH REFERENCE 
TO THE ALEXANDRA PALACE AERIAL FEEDER SYSTEM. By E. C. 
Cork and J. L. Pawsey. Vol. 14, 1939, p. III. 

I.R.E. PROCEEDINGS. 

2. SINGLE WIRE TRANSMISSION LINES FOR SHORT WAVE ANTENNAS. By 
W. L. Everitt and J. F. Byrne. Oct. 1929. p. 1840. 

3. TRANSMISSION LINES FOR SHORT WAVE RADIO SYSTEMS. By E. J. Sterba 
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ELEMENTS. By B. Salzburg. Dec. 1937, p. 1561. 

6. RESONANT IMPEDANCE OF TRANSMISSION LINES. By L. S. Nergaard and 
B. Salzburg. Sept. 1939, p. 579. 

7. TRANSMISSION LINES WITH EXPONENTIAL TAPER. By H. A. Wheeler. 
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9. CHARACTERISTIC IMPEDANCE OF PARALLEL WIRES IN RECTANGULAR 
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I. COMPARISON OF PARALLEL AND SERIES COUPLING CIRCUITS FOR TRANS- 
MITTERS. By E. Green. No. 68, 1938, p. 31, and No. 69, 1938, p. 22. 
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CR-DE BIBLIOGRAPHY : REFERENCES 

C14--Crystal Oscillators 

Z.E.E. JOURNAL. 

I. THE APPLICATION AND USE OF QUARTZ CRYSTALS IN TELECOMMUNICA- 
TIONS. By C. F. Booth. Vo1. 88. 1941, p. 97. 

I.R.E. PROCEEDINGS. 

2. QUARTZ CRYSTAL FREQUENCY SUBSTANDARDS. CT AND DT CUT 

CRYSTALS. By S. C. Hight and G. W. Willard. May 1937, p. 549. 
3. OBSERVATIONS ON MODES OF VIBRATION AND TEMPERATURE COEFFICIENTS 

OF QUARTZ CRYSTAL PLATES. By F. R. Lack. July 1929, p. 1123. 
4. A NEW QUARTZ CRYSTAL PLATE, DESIGNATED THE G.T., WAICH PRODUCES 

A VERY CONSTANT FREQUENCY OVER A WIDE TEMPERATURE RANGE. 
By W. P. Mason. May 1940. Vol. 28, p. 220. 

BELL SYSTEM TECHNICAL JOURNAL.  

5 ,  OBSERVATIONS ON MODES OF VIBRATION AND TEMPERATURE COEFFICIENTS 
OR QUARTZ CRYSTAL PLATES. By F. R. Lack. Vol. 8, 1929, p. 515. 

6. THE BRIDGE STABILIZED OSCILLATOR. By L. A. Meacham. Vol. 17, 
19388 p. 574. 

MARCONZ REVIEW 

7. ANALYSIS OF BRIDGE CIRCUIT FOR QUARTZ RESONATORS. By 0. E. Keall. 
No. 59, 1936, P. 19- 

8. GRID BIAS FOR CRYSTAL OSCILLATORS. By D. A. Bell. No. 71, 1938, 
p. 20. 

I.E.E. JOURNAL. 

I. STRAIGHT LINE DETECTION WITH DIODES. CONDITIONS FOR DISTORTION- 
LESS DETECTION. By F. Roberts and F. C. Williams. Vol. g, 1934. 
P. 325. 

I.R.E. PROCEEDINGS. 

2. DETECTION BY GRID RECTIFICATION. By S. Ballantine. 1928, p. 593. 
3. SOME PRINCIPLES OF GRID-LEAK GRID-CONDENSER DETECTION. By 

F. E. Terman. Oct. 1928, p. 1384. 
4, DETECTION AT HIGH SIGNAL VOLTAGES. By S. Ballantine. July 1929, 

P- 1153. 
5. SOME PROPERTIES OF GRID-LEAK POWER DETECTION. By F. E. Terman 

and N. R. Morgan. Dec. 1930, p. 2160. 
6. GRID CIRCUIT POWER RECTIFICATION. By J. R. Nelson. March 1931, 

P. 489. 
7. SOME NOTES ON DEMODULATION. Hans Roder. Dec. 1932, p. 1946. 
8. DIODE DETECTION ANALYSIS. By C. E. Kilgour and J. M. Glessner. 

July 1933. P. 931. 
9. ON CONVERSION DETECTORS (MIXERS), WITH BIBLIOGRAPHY. By 

M. J. 0. Strutt. Aug. 1934, p. 981. 
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BIBLIOGRAPHY : REFERENCES DE-DI 
E.W. A N D  WIRELESS ENGINEER. 

10. THE RECTIFYING DETECTOR. By F. M. Colebrook. May 1925, p. 459 ; 
March 1925, p. 330. and April 1g25, p. 394. 

11. THE APPARENT DE-MODULATION OF A WEAK STATION BY A STRONGER 
ONE. By R. T. Beatty. June 1928, p. 300. 

12. THE RECTIFICATION OF SMALL RADIO FREQUENCY POTENTIAL DIFFER- 
ENCES BY MEANS OF TRIODE VALVES. By F. M. Colebrook. July 
1925, p. 628 ; NOV. 1925, p. 865 ; Dec. 1925, p. 946 ; Jan. 1926, 
p. 34, and Feb. 1926, p. go. 

13. THE THEORY OF THE STRAIGHT LINE REC~IFIER. By F. M. Colebrook. 
Nov. 1930, P. 595. 

14. THE'APPARENT DE-MODULATION OF A WEAK STATION BY A STRONGER 
ONE. By F. M. Colebrook. Aug. 1931, p. 409. 

15. DETECTION BY A STRAIGHT LINE RECTIFIER. By E. B. Moullin. July 
193% P. 378. 

ELECTRONICS. 

16. WEAK SIGNAL DEMODULATION, By E V. Appleton. May 1932, p. 171. 

MARCONI R E  V I E W  

17. THE REDUCTION OF DIODE DETECTOR DISTORTION BY POSITIVE BIAS. 
Anonymous. No. 73, 1939. p. 10. 

I.R.E. PROCEEDIhTGS. 

D3Dielectrics : see Insulators 

I.R.E. PROCEEDINGS. 

I. RADIO PROPAGATION OVER SPHERICAL EARTH. By C. R. Burrows. 
May 1935. P- 470. 

2. DIFFRACTION MEASUREMENTS AT ULTRA-HIGH FREQUENCIES. By H. 
Salvidge. Jan. 1941, p. 10. 

3. THE EFFECT OF THE EARTH'S CURVATURE ON GROUND-WAVE PRO- 
PAGATION. By C. R. Burrows and M. C. Gray. Jan. 1941. P. 16. 

4. MEASUREMENT (CALIBRATION) OF LOOP-ANTENNA RECEIVERS. By W. 0. 
Swinyard. July 1941, p. 382. 

BELL S Y S T E M  TECHNICAL JOURNAL.  

5. RADIO PROPAGATION OVER SPHERICAL EARTH. By C. R. Burrows 
Val. 14, 1935. P. 477. 
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DI-DI BIBLIOGRAPHY : REFERENCES 

D5-Direction Finding 

I.E.E. JOURNAL. 

I. THE CAUSE AND ELIMINATION OF NIGHT ERRORS IN RADIO DIRECTION 
FINDING. By R. L. Smith-Rose. Vol. I, 1926, p. 145. 

2. RECENT DEVELOPMENTS IN DIRECTION FINDING APPARATUS. By R. H. 
Barfield. Vol. 5, 1g30, p. 169. 

3. A NOTE ON THE THEORY OF NIGHT ERRORS IN ADCOCK DIRECTION 
FINDING SYSTEMS. By J. F. Coales. Vol. 7, 1932. p. 292. 

4. SOME PRINCIPLES UNDERLYING THE DESIGN OF SPACED AERIAL DIRECTION 
FINDERS. By R. H. Barfield. Vol. 10, 1935. p. 55. 

5. AN IMPROVED MEDIUM WAVE ADCOCK DIRECTION FINDER. By R. H. 
Barfield and R. A. Fereday. Vol. 13, 1938, p. 33. 

6. A SHORT WAVE ADCOCK DIRECTION FINDER. By R. H. Barfield and 
W. Ross. Vol. 13, 1938, p. 39. 

7. THE MEASUREMENT OF THE LATERAL DEVIATION OF -10 WAVES BY 
MEANS OF A SPACED-LOOP DIRECTION FINDER. By R. H. Barfield. 
V0l. 13, 1938, p. 314. 

8. DIRECTION FINDING ON WAVELENGTHS BETWEEN 6-10 METRES (FRE- 
QUENCIES 50 TO 30 Mc/sEc.). By R. L. Smith-Rose. Vol. 13, 1938, 
P. 303. 

g. A SENSE-FINDING DEVICE FOR USE WITH SPACED-AERIAL DIRECTION 
FINDERS. By R. A. Fereday. Vol. 14, 1939, p. 14, 

10. THE CALIBRATION OF FOUR-AERIAL ADCOCK DIRECTION FINDERS. By 
w. Ross. v0l. 14, 1939. p. 229. 

11. SYMPOSIUM ON RADIO DIRECTION FINDING. V01. 14, 1939, P. 240. 
12. THE PERFORMANCE AND LIMITATION OF THE COMPENSATED LOOP 

DIRECTION FINDER. By R. H. Bariield. Vol. 15, 1940, p. 108. 
13. RADIO DIRECTION FINDING ON WAVELENGTHS BETWEEN 2 AND 3 METRES. 

By H. G. Hopkins and R. L. Smith-Rose. Vol. 15. 1940, p. 161. 

I.R.E. PROCEEDINGS. 

14. RADIO DIRECTION FINDING. By R. L. Smith-R~se. k c h  1929. P. 425. 

E.W. AND WIRELESS ENGINEER. 

15. DIRECTIVE RADIO TELEGRAPHY AND TELEPHONY. By R. L. S d t h - R ~ ~ e .  
Dec. 1923, p, 119 ; Jan., Feb., March 1924, pp. 192, 251 and 307. 

16. DIRECTION FINDERS (ABSTRACT OF WIRELESS SECTION OF I.E.E. MEET- 
ING). May 1924, p. 487. 

17, A SHORT WAVE CATHODE RAY DIRECTION-FINDING RECEIVER. By 
N. P. L. Staff. Aug. 1938, p. 432. 

18. (DIRECTION FINDER FOR 6-11 METRES.) By G. H. Hopkins. Dec. 1938, 
p. 651. 

19. AUTOMATIC RADIOGONIOMETERS. By J. Marique. March 1939, p. 121. 

20. THE SCREENED LOOP-AERIAL. By E. R. Burgiss. Oct. 1939, p. 492. 

ELECTRICAL COMMUNICATION. 

21. THE AUTOMATIC RADIO COMPASS. By H. Busignies. Vol. 15, p. 157, 
1936. 

22. REDUCTION OF NIGHT ERROR. By H. Busignies. Vol. 16, 1937, p. 213. 
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BIBLIOGRAPHY : REFERENCES DI-DO 

MARCONI REVIEW. 
23. ELIMINATION OF NIGHT EFFECT WITH A PULSE TRANSMITTER. By T. L. 

Eckersley. No. 46. 1934, p. 12. 

24. MARCONI DIRECTION FINDER. By H. A. Ewen and F. Woods. No. 48, 
1934, p. I. (Type D.F.G. 9.C.) 

25. THE NIGHT PERFORMANCE OF THE MARCONI-ADCOCK DIRECTION FINDER. 
(TYPE D.F.G.8.) By S. P. Smith. No. 50, 1934, p. I. 

26. SCATTERING, POLARIZATION ERRORS AND THE ACCURACY OF SHORT 
WAVE DIRECTION FINDING. By T. L. Eckersley. No. 53, 1935, p. I, 
and No. 55, 1935. p. 20. 

27. RECENT DEVELOPMENTS IN MARCONI-ADCOCK DIRECTION FINDING. By 
S. B. Smith and G. F. Hatch. No. 58, 1936, p. I. 

28. DIRECTIONAL ERRORS FROM LOCAL TRANSMITTERS. By T. L. Eckersley. 
No. 60, 1936. p. 21. 

29. THE EXTENDED FEEDER MARCONI-ADCOCK DIRECTION FINDER. By 
S. B. Smith. No. 66, 1937. p. 23. 

30. ERRORS IN RADIOGONIOMETERS. By S. B. Smith and G. F. Hatch. 
No. 71, 1938, P. 9. 

Other Reference. 
31. SMALL VESSEL DIRECTION FINDERS. By H. B. Martin. Vol. 2, No. I. 

1937, P. 69. 

I.R.E. PROCEEDINGS. 
I. DISTORTION TESTS BY THE INTERMODULATION METHOD. By J. K. 

Hilliard. Dec. 1941, p. 614. 

E. W .  AND WIRELESS ENGINEER. 
2. (THE BUZZ EFFECT IN PENTODES.) By K. A. Macfadyen. June 1938, 

p. 310. 

D7-Diversity Reception 

I.R.E. PROCEEDINGS. 
I. DIVERSITY RECEIVING SYSTEM, etc. By H. H. Beverage and Others. 

April 1931, pp. 531, 562. 

Other Referem. 
2. RECENT DEVELOP~ENTS IN DIVERSITY RECEIVING EQUIPMENT. By 

J. B. Moore. R.C.A. Review, Vol. 2, No. I, 1937, p. 94. 

DGDoherty Type Transmitters 

I.R.E. PROCEEDINGS. 
I. A NEW HIGH EFFICIENCY POWER AMPLIFIER FOR MODULATED WAVES. 

By W. H. Doherty. Sept. 1936, p. 1163. 
2. A HUE OPPOSITION SYSTEM OF AMPLITUDE MODULATION. By L. F. 

Gaudernack. Aug. 1938, p. 983. 
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EA-EL BIBLIOGRAPHY : REFERENCES 
3. A HIGH EFFICIENCY GRID MODULATED AMPLIFIER. By F. E. Terman 

and J. R. Woodyard. Aug. 1938, p. 929. 
4. A HIGH EFFICIENCY MODULATING SYSTEM. By A. W. Vance. Aug. 

1939. P. 506. 
5. A FIFTY KILOWATT . . . DOHERTY .~MPLIFIER. By W. H. Doherty 

and G. W. Turner. Sept. 1939, p. 531. 

BELL SYSTEM TECHNICAL JOURNAL. 

6. A NEW HIGH EFFICIENCY POWER AMPLIFIER FOR MODULATED WAVES. 
By W. H. Doherty. Vol. 15. 1936. p. 469. 

ELECTRICAL COMMUNICATION. 

7. AN EXPERIMENTAL 5-KILOWATT DOHERTY AMPLIFIER. By C. E. Strong 
and G. C.  Sampson. Vol. 16, 1937, p. 233. 

El-Earth Conductivity 
ELECTRICAL COMMUNICATION. 

I. A SEARCH-COIL METHOD O F  MEASURING THE A.C. RESISTIVITY OF THE 

EARTH. By J.  Collard. Vol. 14, 1935, p. 270. 

E2Earth  Connections 

I.R.E. PROCEEDINGS. 

I. THE PHASE AND MAGNITUDE OF EARTH CURRENTS NEAR RADIO TRANS- 
MITTING ANTENNAS. By G. N. Brown. Feb. 1935. p. 168. 

E.W. AND WIRELESS ENGINEER. 

2. . . . AERIAL AND EARTH SYSTEMS FOR RECEPTION. By R. L. Smith- 
Rose and F. M. Colebrook. Jan. 1925, p. 207. 

E3-Eddy Current Tuning 

E.W. AND WIRELESS ENGINEER. 

I. EDDY CURRENT TUNING. By C. C. Eaglesfield. May 1942, p. 202. 

E4-Electrical Effects 

I.R.E. PROCEEDINGS. 

I. ELECTRO-ELASTIC AND PYRO-ELECTRIC PHENOMENA. By W. G. Cady. 
July 1930. P. 1247- 

Other References. 

2. RECENT INVESTIGATIONS ON ELECTRETS. By A. Gemant. Phil. Mag., 
Nov. 1935, p. 929. 

3. THE HALL EFFECT. By E. Stevens. Phil. Mag., April 1930, p. 547. 
4. THE PERMANENT ELECTRET. By M. Eguchi. Phil. Mag., Jan. 1925, 

p. 178. 
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BIBLIOGRAPHY : REFERENCES EL-FE 

5. A COMPILATION OF NAMED EFFECTS A N D  LAWS. By L. C. Krueger and 
H. R. Hosmer. .Gen. El. Review, March 1921, p. 258. (See also 
Television, Dec. 1925, p. 712.) 

6. JOHNSON-RAHBEK EFFECT. By T. Hans. Ann. der Physik., June 30, 
1928, p. 353. 

7. JOHNSON-R~HBEK EFFECT. By P. Boning. Zeit fuv Fernmeldtchnik., 
April 29, 1929. 

E5-Electron Multipliers 

I.R.E. PROCEEDINGS. 
I. THE SECONDARY EMISSION MULTIPLIER. By V. K. Zworykin and Others. 

March 1936, p. 351. 
2. THE VOLTAGE-CONTROLLED ELECTRON MULTIPLIER. By B. J .  Thompson. 

Nov. 1941, p. 583. 
3. THE BEHAVIOUR OF ELECTROSTATIC ELECTRON MULTIPLIERS AS A FUNC- 

TION OF FREQUENCY. By L. Malter. NOV. 1941, p. 587. 

ELECTRONICS. 
4. AN ELECTRON MULTIPLIER. Anonymous. Aug. 1934, p. 242. 
5. SECONDARY EMISSION ELECTRON MULTIPLIERS. Anonymous report on 

Zworykin's work. Nov. 1935, p. 10. 

E6-Equalization : see Response Correction 

F1 -Fading 
I.R.E. PROCEEDINGS. 

I. NOTES ON THE RANDOM FADING O F  50 MEGACYCLES OVER NON-OPTICAL 
PATHS. By K. G. Maclean and G. S. Wickizer. Aug. 1939, p. 501. 

2. FADING CURVES A N D  WEATHER CONDITIONS. By R. C. Colwell. Jan. 
1929. P. 143. 

3. OBSERVATIONS OF SHORT PERIOD FADING. By T. Parkinson. June 
1929, p. 1042. 

I.R.E. PROCEEDINGS. 
I. REGENERATION THEORY AND EXPERIMENT. By E. Petersen, J. G. Kreer 

and L. A. Ware. Oct. 1934. p. 1191. 
2. BALANCED FEEDBACK AMPLIFIERS. By E. L. Ginztun. Nov. 1938, 

P. '367- 
3. CONTROL OF THE EFFECTIVE ~ N T E R N A L  IMPEDANCE OF AN AMPLIFIER 

BY FEEDBACK. By H. E. Mayer. Feb. 1939, p. 213. 
4. A DISTORTION-FREE AMPLIFIER. By P. 0. Pedersen. Vol. 27, Feb. 

1939. P- 59. 

BELL SYSTEM TECHNICAL JOURNAL. 
5. REGENERATION THEORY. By H. Nyquist. Vol. 11, 1932, p. 126. 
6. STABILIZED FEEDBACK AMPLIFIERS. By H. S. Black. Vol. 13, 1934, p.1. 
7. REGEXERATION THEORY AND EXPERIMENT. By E. Peterson and Others. 

Vol. 13. 1934. p. 680. 
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F'E-PI BIBLIOGRAPHY : REFERENCES 
E.W. A N D  WIRELESS ENGINEER. 

8. SOME PROPERTIES OF NEGATIVE FEEDBACK AMPLIFIERS. By L. I. 
Farren. Jan. 1928. p. 23. 

9. FEEDBACK. By E. K. Sandeman. Aug. 1940. p. 342. 

ELECTRONICS. 

10. FEEDBACK AMPLIFIERS. July 1936, p. 31. 
11. A CONTROLLED FEEDBACK COMPRESSION AMPLIFIER. By H. H. Stewart 

and H. S. Pollock. Feb. 1940, p. 19. 

M A  RCONI RE V I E W .  

F3--Feeders : see Aerial Feeders 

FBFie ld  Distribution 
I.R.E. PROCEEDINGS. 

I. A STUDY OF THE ELECTROMAGNETIC FIELD IN THE VICINITY OF A 

RADIATOR. By F. R. Stansel. May 1936, p. 802. 

ELECTRONICS. 

2. DETERMINING FIELD DISTRIBUTION. By E. D. McArthur. June 1932. 
P 193. 

F5-Field Strength Determination 

I.E.E. JOURNAL.  

I. A METHOD OF USING HORIZONTALLY POLARIZED WAVES FOR THE CALI- 
BRATION OF SHORT WAVE FIELD-STRENGTH MEASURING SETS BY 

RADIATION. By J. S. McPetrie and B. G. Pressey. Vol. 13, 1938. 
p. 267. 

2. THE DESIGN AND CONSTRUCTION OF A SHORT WAVE FIELD-STRENGTH 
MEASURING SET. By F. M. Colebrook and A. C. Gordon-Smith. 
vol. 14. 1939, p. 146. 

3. THEORY AND EXPERIMENTAL CONFIRMATION OF CALIBRATION OF FIELD- 
STRENGTH MEASURING SETS BY RADIATION. By J. S. McPetrie and 
J. A. Saxton. Vol. 88, 1941, p. 11. 

4. A METHOD OF CALIBRATING A FIELD-STRENGTH MEASURING SET. By 
F. M. Colebrook. Vol. 88, 1941. p. 15. 

I.R.E. PROCEEDINGS. 

5. EXPERIMENTS IN RECORDING RADIO SIGNAL INTENSITY. By L. W. 
Austin. July 1929, p. 1192. 

6. THE PROBLEMS CENTERING ABOUT THE MEASUREMENTS OF FIELD 
INTENSITY. By S. W. Edwards and J. E. Brown. Aug. 1929, p. 1377. 

7. USE OF AUTOMATIC RECORDING EQUIPMENT IN RADIO TRANSMISSION 
RESEARCH. By P. A. de Mars and Others. Sept. 1931, p. 1618. 
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BIBLIOGRAPHY : REFERENCES FI-FI 
8. ON THE USE OF FIELD INTENSITY MEASUREMENTS FOR THE DETERMINA- 

TION OF BROADCAST STATION COVERAGE. By C. M. Jansky and 
S. L. Bailey. Jan. 1932, p. 40. 

9. FIELD INTENSITY MEASUREMENTS AT FREQUENCIES FROM 285 TO 

5400 Kc/s. By S. S. Kirby and K. A. Norton. May 1932, p. 841. 
10. A METHOD OF CALCULATION OF FIELD-STRENGTHS IN H I G H - F ~ U E N C Y  

RADIO TRANSMISSION. By S. Namba and T. Tsukada. July 1933, 
p. 1003. 

11. A COMPACT RADIO FIELD-STRENGTH METER. By P. B. Taylor. Feb. 
1934, p. '9'. 

12. A CONTINUOUS RECORDER OF FIELD-STRENGTH INTENSITIES. By K. A. 
Norton and S. E. Reymer. Feb. 1934. p. 266. 

13. PRECISE MEASUREMENTS OF ELECTROMAGNETIC FIELDS. By H. G. 
Smith. Jan. 1938, p. 45. 

14. THE CALCULATION OF GROUND WAVE FIELD INTENSITY OVER A FINITELY 
CONDUCTING SPHERICAL EARTH. By K. A. Norton. Dec. 1941, p. 623. 

ELECTRICAL COMMUNICATION. 
15. SIGNAL STRENGTH MEASUREMENTS. By E. H. Ullrich. Vol. 5, 

1926, p. 22. 

MARCONI REVIEW. 
16. MARCONI U.S.W. FIELD-STRENGTH MEASURING EQUIPMENT. By F. M. 

Wright. No. 67, 1937, p. 14. 

=-Field Strength Measurement : see Field Strength 
Determination 

F7-Filters and Selective Circuits 

I.E.E. JOURNAL. 
I. A NOMOGRAM FOR THE BAND PASS FILTER (ZOBEL TYPE). By A. T. 

Starr and H. C. Hall. Vol. 10, 1935, P. 41. 

I.R.E. PROCEEDINGS. 
2. THE BAND PASS-LOW PASS ANALOGY. By V. D. Landon. Dec. 1936, 

p. 1582. 
3. TWO-MESH TUNED COUPLED CIRCUIT FILTERS. By C. B. Aiken. ~ Feb. 

1937, P. 230- 
4. A NEW TYPE OF SELECTIVE CIRCUIT (USES NO INDUCTANCE). By H. N. 

Scott. Feb. 1938, p. 226. 
5. A RECE~VER WITH AUTOMATIC ~ELECTIVITY CONTROL RESPONSIVE TO 

INTERFERENCE. By J. F. Famngton. April 1939, p. 239. 

BELL SYSTEM TECHNICAL JOURNAL. 
6. PHYSICAL THEORY OF THE ELECTRIC WAVE-FILTER. By G. A. Campbell. 

Vol. I, 1922, p. I. 

7. THEORY AND DESIGN OF UNIFORM AND COMPOSITE ELECTRIC WAVE 
FILTERS. By 0. J. Z0bel. VO~.  2, 1923, p. I. 

8. TRANSMISSION CHARACTERISTICS OF WAVE FILTERS. By 0. J. Zobel. 
Vol. 3, 1924, P. 567. 
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PI-FI BIBLIOGRAPHY : REFERENCES 

g. MUTUAL INDUCTANCE IN WAVE FILTERS WITH AN INTRODUCTION ON 

FILTER DESIGN. By K. S. Johnson and T. E. Shea. Vol. 4, 1925. 
P. 52- 

10. ACOUSTIC FILTERS. By W. P. Mason. Vol. 6, 1927, p. 258. 
11. IMPEDANCE CORRECTION ON WAVE FILTERS. By E. B. Payne. Vol. 9, 

1930, p. 770- 
12. EXTENSIONS TO THE THEORY AND DESIGN OF ELECTRIC WAVE FILTERS. 

By 0. J. Zobel. Vol. 10, 1931, p. 284. 
13. PRECISION METHODS IN CONSTRUCTIXG ELECTRIC WAVE FILTERS FOR 

CARRIER SYSTEMS. By G. R. Harris. Vol. 11, 1932, p. 264. 
14. ELECTRICAL WAVE FILTERS EMPLOYING QUARTZ CRYSTALS AS ELEMENTS. 

By W. P. Mason. Vol. 13, 1934, p. 405. 
15. IDEAL WAVE FILTERS. By H. W. Bode and R. L. Dietzold. Vol. 14. 

1935. P- 215. 
16. THE USE OF COAXIAL AND BALANCED TRANSMISSION LINES IN FILTERS 

AND WIDE BAND TRANSFORMERS FOR HIGH RADIO FREQUENCIES. By 
W. P. Mason and R. A. Sykes. Vol. 16, 1937, p. 275. 

17. RESISTANCE COMPENSATED BAND PASS CRYSTAL FILTERS FOR USE IN 

UNBALANCED CIRCUITS. By W. P. Mason. Vol. 16, 1937, p. 423. 

E. W .  AND WIRELESS ENGINEER. 

18. ON THE THEORY OF FILTER AMPLIFIERS. By S. Butterworth. Oct. 
1930, P. 536. 

19. A BAND PASS FILTER OF \ r ~ ~ ~ ~ ~ ~ ~  WIDTH WITH CONSTANT F0Rbl 

FACTOR AND MIDDLE FREQUENCY. Editorial by G. W. 0. Howe. 
A%. 1939. P. 381- 

20. COUPLIXG CIRCUITS AS BAND PASS FILTERS. By E. K. Sandeman. 
1941. Sept.. p. 361 ; Oct., p. 406; Nov., p. 450 ; Dec., p. 492. 

21. TRANSFORMED NETWORKS. By H. J. Griese. Oct. 1942, p. 463. 

ELECTRONICS. 

22. ELECTRIC WAVE FILTERS FOR HIGH FREQUENCIES. By C. L. Frederick. 
March 1934, p. 85. 

23. POWER SUPPLY FILTER (ATTENUATION CURVES). By W. W. Waltz. 
Dec. 1935, p. 31. 

24. BAND PASS AND BAND REJECTION FILTERS (INCLUDING DISSIPATIVE 
CASE). By H. H O ~ U ~ O W .  Aug. 1942, p. 54. 

ELECTRICAL COMMUNICATION. 

25. THE DESIGN OF FILTERS FOR CARRIER PROGRAMME CIRCUITS. By 
F. Ralph. Vol. 11, 1932. p. 204. 

Other References. 

26. (INSERTION LOSS FORMULAE FOR PROTOTYPE L.P. and H.P. FILTERS IN 

TERMS OF f/fe.) By 0. S. Meixell. R.C.A. Review, Vol. 5, No. 3, 
1941, P. 337. 

27. M-DERIVED BAND PASS FILTERS WITH RESISTANCE CANCELLATION. 
By V. D. Landon. R.C.A. Review, Vol. I, No. 2, 1936, p. 93. 

28. GENERAL THEORY OF ELECTRIC WAVE FILTERS. By H. W. Bode. 
J I .  Math. Phys., Vol. 13, p. 275. 
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BIBLIOGRAPHY : REFERENCES FL-FR 

F8-Fluctuation Noise 
I. FLUCTUATIONS IN SPACE-CHARGE LIMITED CURRENTS AT MODERATELY 

HIGH FREQUENCIES. By B. J. Thompson, D. 0. North and W. A. 
Hams. R.C.A. Review, Vol. 4, No. 3, 1940, p. 269 ; Vol. 4, No. 4, 
1940, P. 441 ; VOl. 5, NO. I, 1940, p. 106 ; V0l. 5, NO. 2, 1940, P. 244 ; 
VO~. 5. NO. 3, 1941, P. 371 ; VOl. 5, NO. 4, 1941, P. 505. 

F'9-frequency Measurement 

Z.E.E. JOURNAL. 

I. THE TECHNIQUE OF FREQUENCY MEASUREMENT AND ITS APPLICATION 
TO TELECOMMUNICATION. By E. Thwaites and F. J. M. Laver. 
Vol. 89, 1942. p. 139. 

I .R.E.  PROCEEDINGS. 

2. A DIRECT READING RADIO FREQUENCY METER. By R. C. Hitchcock. 
Jan. 1929, p. 24. 
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NOTE : Chaptera I-XVI are in VOLUME I 

and the remainder in VOLUME I1 

The numbering of sections and subsections of chapters is normally on 
the decimal principle, e.g. 5.1 is a subsection of section 5 ; subsubsection 5.14 
is the fourth subdivision of subsection 5.1, etc. 

When, however, it is required to  divide section 5 into, say, 14 subsections, 
the subsection numbering after subsection 5.9 is : 5-10, 5.11, 5.12, 5.13, 5.14. 
Such numbering is rare, but it introduces an element of ambiguity. A11 
ambiguity can however be quickly cleared by reference to  the contents list 
for the chapter in question. 

Exampi2 : Suppose the reference is to XVI11:5.22.1 I. Reference to 
the contents list for chapter XVIII shows that 5.22. I I occurs immediately 
after 5.22.10 which follows 5.229, the last being a normal decimal reference. 

Any reference to a chapter evidently includes all sections ; similarly, any 
reference to  a section includes all subsections of that section. 

Reference to the introductory matter a t  the beginning of a chapter, which 
sometimk is introduced before section I, is effected by means of the symbol 
' o ', e.g. VI:o refers to the beginning of chapter VI. 

ABAMPERE, ABCOULOMB, ABFARAD, 
ABHENRY. ABOHM, ABVOLT, I1:30 

ABSORPTION WAVEMETER, XX:16 
ACCEPTOR CIRCUITS, VI:3 and 

XvII:5.22.14 
ADDITION OF SINE WAVES AND 

VECTORS, 111:3.2 
ADJUSTMENT of Aerial Circuits, 

XVI:~. I  and 8.5 
ADMIT~ANCE, V:I I 
AERIAL. 
Arrays, see ARRAYS 
Circuits, Practical Adjustment of, 

XVI:I.I and 8.5 
Coupling Circuits, Setting up, 

XVI:8.5 
Coupling Unit, XVI:8.2 
-us, xvI:7.7 
Noise Temperature, XV111:6.1z.z 
Power Density Diagrams, 

XVI:7.1 I I and CVI. Calibra- 
tion of, CVI 

Reason for High-Frequency Current 
in, 1:3 

Reflectors, Xvk7.3 
Tuning Hut, 1:6 

A ~ R I ~ u o n t i n u e d .  
Tuning Huts, Losses in, XV1:-I I 

AERIALS 
Directional, XVIII:7.z and 8 
Gain of. XVIII:8.2 
Horizontal Dipole, XV111:8.10 
Loop, in Polarized Field, 

XVIII:8.5 
Mechanical Design, XVI :q  
Noise Ratio of, XVIII:8.3 
Short Wave, Transmitting, XVI:7 
Spaced Loops, XVIII:8.9 

ALUMINIUM as Conductor, compared 
with Copper, II:3q 

AM METERS, XX: I 
AMPERE, 1I:g 
AMPLIFICATION. 

Power, 1 x 9  
Voltage, IX:5 

AMPLIFIERS, 
A, B and C Tuned Amplifiers, 

Definitions, X:16 
Anode Dissipation, Variation with 

Grid Drive, X : I ~  
Anode Impedance, Optimum, X : I ~  
Automatic Grid Bias, X:7 
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A ~ ~ ~ 1 ~ 1 ~ R s - c o n t i ~ u e d .  
Bdad Band, V11:14.31 
Choke Coupled, X:g 
Circuit Arrangement of Tuned, 

X:17 
Class A, X:I 
Class A, B and C Tuned, X:16 and 

I7 
Class A Tuned, Design of, X:21 
Class B, X:g 
Class B and C Push-Pull, Design 

of Output Coupling, X:32 
Class B and C Tuned, Design of, 

X:22, Comparison of, X:25 .I 
Class B Tuned, Anode Efficiency, 

X:24.1 
Class B Tuned, Examination of 

Practical, X : ~ I  
Class B Tuned, Power Output, 

Xz3.1 
Class B, Working Conditions of, 

with Standing Feed, X:30 
Class C, Choice of Valve for, 

X:26.2 
Class C, Determination of Anode 

Load Impedance, X:26.3 I 
Class C, Power Output, X:23 
Class C, Practical Design, X:26 
Class C Tuned, Anode Efficiency, 

X:24 
Class C, Working Conditions of, 

X:26.3 
Comparison of Class A and Class B, 

X:11.1 
Design of Push-Pull Output Trans- 

formers. X:IO 
Direct Current, X:39 
Drive, X : I ~  
Efficiency of Untuned Class B, 

X:1 I 
Grid Anode Phase Relation, X:I .I 
Instability, Location of, XX:IO.~ 
Inverted, see INVERTED AMPLIFIER 
Linear Class B, Grid Loading of, 

Xz6.1 
Linear for Modulated Waves, 

x:15 
Load Line, see LOAD LINE 

A ~ ~ L ~ ~ I ~ ~ s - c o n t i n z c e d .  
Make-up Current, X:18 
Modulated, Adjustment of, 

XIII:4.2 and 4.3 
Modulated, Principle of, XIII:4 
Modulating, Required Power- 

Handling Capacity, XIII:4.4 
Neuting, see CAPACITY NEUTRAL- 

IZATION 

Optimum Value of Load, X : I ~  
Output Efficiency of Amplifying 

Stage, X:37 
Output Transformers for, X:IO 
Phase Relation between Grid Volts 

and Anode Volts, X:I.I 
Power Consumption, Change with 

Grid Drive, X:IZ 
Power Output in Terms of Anode 

Dissipation, X:26.2 
Power Output of Untuned Class B, 

X:11 
Push-pull, X:8 
Resistance Coupled, X:2 
Short Wave, X:36 
Transformer Coupled, X:6 
Tuned, VIk14.32 and X : I ~  
Tuned A, B and C, VI1:14.32 and 

X:16 
Tuned Amplifier Circuits, X:17 
Tuned, Examination of Practical, 

x:g1 
Tuning of, V I I I ~ : ~  
Use of Tetrodes in, XIII:IO.Z 
Variation of Anode Dissipation 

with Grid Drive, X : I ~  
Vwation of Power Consumption 

with Grid Drive, X:IZ 
AMPLITUDE MODULATED WAVE, 

XIII:11.1 
ANALYSIS Circuit, XXIV:2 

Of Asymmetric Fourpole, 
XXIv:4.1 I 

Of Third Order Non-Linearity, 
XVIII:5.226 

ANGLE OF CURRENT FLOW, X:25 
Choice of, X:25.3 
Comparison of Class B and C Tuned 

Amplifiers, X:25.z I 
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ANGLE OF CURRENT F ~ o w - c m t d .  ARRAYS, 
Definition, X:22.1 Conductor Size. XVI:7.6 
Determination of, Xz25.1 Curtain, Mechanical Design, 
Effect of Changing, Xz25.2 xvI:14.7 
Grid Bias and Grid Drive for given, Designation of, xV17.1 

X25.4 Directivity, CVI:4.6 
Relation to  Anode Current Ratios Factors of Safety. XV1:14.g 

f, u and g, X:22.2 Gain of, XVIII:8.2 
ANODE, Impedance of, XVk7.5 

Air-Cooled, 1 X q . 1  Mechanical Design. XVI:q 
Circuit Efficiency, X:33 and 37 Noise Ratio of, XVIII:8.3 
Current Ratios f, u and g, X:22.2 Performance, XVI:~.II 

and CVII :~  Power Density Diagrams of, 
Dissipation, IX:17 XVI:7.111 
Dissipation in Terms of Power Short Wave, Arrangement and 

Output for Different Classes of Designation, XVI:7. I 
Amplifier, X:26.2 Size of Conductor in, XVI:7.6 

Dissipation. Variation with Grid Slewing of, XVI:7.2 
Drive, X:13 Stress Diagrams of, XVI:q  

Efficiency by Rise of To of Cooling ASYMMETRIC (IMPEDANCE) CHAR- 
Water, X33.1 ACTERISTIC, XVI:12 

Efficiency. Measurement of, ASYMPTOTE of Valve Characteristics, 
X:33 ' X:27 and 27.1 

Efficiency, of Class B Tuned Ampli- A.T.H.. 1:6 
fier. Xz4.1 ATTENUATION, VII :~ 

Efficiency, of Class C Tuned Ampli- ATTENUATION CONSTANT, XVI:I .~  
fier, X:24 of Feeders, XVI:r.6 

Efficiency, of Linear Amplifier for ATTENUATORS, VII:17 
Modulated Waves, X:24.2 AUTOMATIC Grid Bias, X:7 

Impedance, IX:3 AVAILABLE POWER, XV111:6.12.1 
Impedance, Optimum, X : q  
Limitation. X:z7 
Load Impedance of Class C Ampli- BALANCED CIRCUITS, XVII:4 

fier, X26.3 Common Earth Impedance, 
Load Impedance Optimum Value, XV1I:g.q 

X : I ~  Need for Break in Screen, 
Peak Current and Volts in Modu- xvII:g.14 

lated Amp., X:34 Unbalanced Voltages in Disturbing 
Power Consumption, Variation Circuit, XV11:9.1 

with Grid Drive. X:12 Unbalance in, XVI1:g ; Five Cases, 
Water-Cooled, IX17.2 X V I I : ~ . I I - ~ . I ~  

ANODE CURRENT, B.B.C. Overseas Service, Frequencies 
Derivation of Anode Current and Gill Signs, I:IO 

Ratios. CVII:3 BEAT INDICATORS, XI14 
Ratios f, u and g, X:22.2 and BEATING OF TWO FREQUENCIES, 

CVII:~ x1:9.1 
Variation with Tuning, X:28 BEAT OSCILLATORS, XI:g 

ANTINODES, XVI:I.IO BEL, VII:5 
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BELLINI-TOSI SYSTEM, XVIII:8.7 
Bow's NOTATION. XV1:14.3 
BRIDGED T. XXIV:5.4 

Equivalent Lattice, XXIV:~.IO.I 
BRIDGES. 

Audio-Frequency, XX8.1 
Capacity, XX8.11 
Capacity and Conductance, 

XX:8. I 2 

General Purpose. XX:8.13 
Impedance, XX:8 
Inductance, xX:8.14 
Performance of R.F., XX:9.3 
Radio Frequency, XX:9 
R.F. Balanced, XX:9.2 
R.F. Improved, XX:9.4 
R.F. Unbalanced, XXq.1 
Resistance, XX:7.3 

BRITISH THERMAL UNIT (B.T.U.), 
1I:yj 

BROADCAST TRANSMISSION, 
Requirements of, I:I 
Studio to  Aerial, I:2 

CABLES, Concentric, XVIII:7 
CAIRO CONFERENCE, 1938, Harmonics 

of Transmitters, XVII1:5.22.13 
CAIRO Requirements on Frequency 

Stability of Transmitters, XII:2 
CALIBRATION, of Aerial Power Dis- 

tribution Diagrams, CVI 
CALORIE, I1:16, 1 1 : ~ ~  
CAPACITY. 

Balancing, by Rotation of Con- 
ductors, XVII:6 

Definition, 1I:m 
Formulae, I1:22.1 
Mutual and Self-Capacity, 1I:m 
Neutralization, see CAPACITY 

NEUTRALIZATION 
Potentiometers, V: 19 
Self-capacity of Coils, I1:17.5 

CAPACITY NEUTRALIZATION, X:19 
Adjustment of Neut Condensers, 

X:20 
Circuit for Tetrodes, X:1g.3 
Circuits giving Stability and no 

Feed-Back, X:I~.I 

CAPACITY NEUTR.UIZATION-CO~J~. 
Impedance Potentiometer Circuit, 

X:19.13 ' 

Method of Neuting to Use, X:20.5 
Push-pull Circuit, E19.12 
Short-Wave Ampliliers, X:20.6 
Split Anode Circuit. X : I ~ . I  I 
Split Grid Circuit, X:1q.2 
Tetrode Circuit, X:19.3 

CARDIOID POLAR DIAGRAM, XVIII:8.6 
CARRIER FLOAT. X I I I : I ~  
CARRIER WAVE, CARRIER FRE- 

QUENCY. Debition of, 1:4 
CATENARY, XV1:14.4 
CATHODE, IX:I 
CATHODE FOLLOWER, XXIII:~.I 
CATHODE RAY OSCILLOGRAPH, XX:IO 

Frequency Comparison with, 
XX:10.1 

Location of Instability in H.F. 
Amplifiers; xX:1o.6 

Percentage Modulation, XX:IO.S 
Phase Difference Measurement, 

XX:IO.~ and CIV 
Trapezium Diagrams, XX1o.4 

C.C.I. REQUIREMENTS, 
On Audio Harmonics in Trans- 

mitters, VIII:3.3 
On Delay (Phase Distortion), 

V I I I : ~ . ~  
On Radiated Harmonics of Car- 

riers, VIII:4.1 
On Response, VIII:~.I  I 

CENTIMETRE, as Unit of Capacity and 
Inductance, II:30 

CHANGING WAVE, XV:7 
CHARACTERISTIC IMPEDANCE, 

XVI:1.1 
CHIREIX SYSTEM, XIV:5 
CIRCLE DIAGRAMS, XVI:2 and 

CVIII:I and 2 

CIRCUIT, 
Analysis, XXIV:I and 2 

Method of Inspection, XXIV:~.I 
Rejector, see REJECTOR CIRCUITS 
Representation of a Generator, 

XXIV:2.1 
Synthesis, XX1V:r. 3. 4 and 6 
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C ~ R C U ~ T - - G O ~ ~ ~ ~ Z ~ .  COOLING, 
Synthesis, English Method, Of Seals, Ix:17.3 

XXIV:4 Water, IX:18.7 
Synthesis, German Method, COSINE WAVES, I I I :~  

XXIV:6 Coss, Definition, XXIV:4 
Untunable, CII:2 COULOMB, II:Io 

COIL, see INDUCTANCE COUPLED CIRCUITS, V11:13 
COLOUR CODE (R.M.A.), I1:13.2 Adjustment of, vII:14.4 
COMMON WAVE WORKING, XI:3 As Quarter-Wave Networks, CIII:I 
COMPARISON of Noise in Frequency Design of, VII:14 and X:32 

and Amplitude Modulation, Equivalent Circuits of, 
XI11:11.73 XXIV:~.IO.I and CIX 

COMPLEX PLANE, I I I :~  Input Impedance of. VII:13.5 
COMPLEX QUANTITIES, V:4, 5, 6 COUPLING, 

and 7 Adjustment, vII:13.7 
Addition and Subtraction of, V:5 Aerial Coupling Circuits, XVI:8 
Conformal Representation, CVIII:2 and 12 

Division of, V:7 Derivation of Formulae, CIX 
Evaluation of, XXIV:2.2 Factor, VII:13.2 
Introduction to, V:2, 3, 4 and 5 Factor, Measurement of, V11:16 
Multiplication of, V:6 Reducing, XV:8.2 
Relations between, CVIII:I COUPLING UNIT, Aerial, XV1:S.z 
Representation of. CVIII CROSSTALK, XVIII:~.I  
Representing Impedance, V:4 Between-Programme Circuits. 

CONCENTRIC CABLES, XVIII:~ XVI I I :~ .~  
CONDENSERS, CRYSTAL, 

Electrolytic, II:24 AT Cut, XI:4.1 
Eliminating Phase Shift in Grid AT,  BT, CT and DT Cuts, XI:4 

Lead. xvI:13.3 Oscillators, see OSCILLATORS 
Neutralizing Reactance of Earth Ovens, 
Lead, XV1:13.4 CURRENT, 

Neutralizing Reactance of Grid Ampere's Rule for Directionof, EI:8 
~ead, XVI:I~.Z Analysis in Class C Amplifier, 

Series, V:g CVII:3 
CONDUCTANCE, IV:I Carrying Capacity of Conductors, 

Mutual, of a Valve, IX:7 II:36 
CONDUCTIVITY, II:Iz and IV:I Definition. II:8 
CONDUCTORS, C u r r e n  t-Carr y i n g  Direction, II:2 

Capacity of, II:36 Interaction with Magnetic Field, 
CONFORMAL REPRESENTATION, 11:25 

CVIII:2 Magnetic Effect of. II:8 
CONTACT POTENTIALS, II:28 Make-up, X:18 
CONTACTS, Dry and Wet, II:29 R.M.S. Sum of Currents, VII:2 
CONVENTIONS, R.M.S. Value of, VII:I 

And Definitions, CI: I Utilization, X:24 
C/s, kc/s, Mc/s, etc., 111:~ CUT OFR, 

CONVERSION TABLES BETWEEN Of a Valve, IX:4.2 
UNITS. II:3o Of a Filter, XXV 
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DEAD LOSS TEST, Xc33.1 D E n x ~ o ~ s - c o n t i n u t d .  
DECAY, of Current in Oscillatory Diode Distortion, XIX:5 

Circuit. XI:I Diode, Linearity of, XIX:? 
DECAY FACTOR, VI:5.1 Distortionless, XIX:6 

Measurement of, VI:=j.z Leaky Grid, XIX:4 and 5 
DECAY INDEX, VI:5.1 Leaky Grid, Distortion in. XIX:5 

Measurement of, VI:5.2 DETERMIXANTS, CI:4 
DECIBEL, V I I : ~  DIELECTRIC CONSTANT, II:23 
DECOUPLING, Condenser for Bias DIELECTRIC CONSTANTS. Ik23.1 

Resistance, X:7 DIELECTRICS, INSULATORS, II:2 
DECREMENT. Vk5.1 I DIODE. IX:I 

Measurement of, V1:s.z Linearity of, XIX:7 
DEFINITIONS, CI:I DIPOLE. 
DELAY, Permissible Deviation of, Centre Fed, XV1:7.41 

V I I I : ~ . ~  End Fed. XVk7.43 
DENSITY, II:34 Half-Wave, Impedance of, 
DEPTH OF PENETRATION, 11~3.1 xvk7.4 
DESIGN, Horizontal, Polar Diagram of, 

Of Attenuators, VII:17 XvI11:8.10 
Of Class A Tuned Amplifiers, X:21 Length of, XVI:7.8 
Of Class B and C Tuned Amplifiers, Shunt Fed, XVI:7.42 

X:22 DIRECT SUBSTITUTION, XXIV:P.~I 
Of Class C Amplifier (Practical), DIRECTIONAL AERINS, XVIII:7.2 

X:26 and 8 
Of Coupling Circuits, VII: 14 DIRECTIVITY, CVIz 
Of Dpherty System, XIV:~.II DISSYXMETRICAL n, XXIV:5.z 
Of Equalizers, XXI:4 DISSYMMETRICN T, XXIV:=j. I and 
Of Filters, XXV VII:17.1 
Of Filters, Band Pass, XXV:5 Designed as Filter Section, 
Of Filters, Band Rejection, XXV:6 XXV:II.I 
Of Filters, Composite, XXV:3.3 Equivalent to General Dissym- 
Of Filters, High Pass, XXV:4 metrical Fourpole, XXIV:~.IO.I 
Of Filters, Low Pass, XXV:3 DISTORTION, VII I :~  
Of Inductances, II:I 7 Effects of, in R.F. Circuits, VIII:4 
Of Inverted Amplifier, X:35.4 Measurement of, in R.F. Circuits, 
Of Output Coupling for Push-pull VI11:4.1 

Class B and C Tuned Amplifiers, Non-Linear, VIII:3.3 
X:32 Permissible Non-Linear, VIII:3.3 

Of Peak Voltmeter, XX:4 Permissible Phase, VIII:3.2 
Of Practical Oscillator, XI:3 . Permissible Response, VIII:3.11 
Of Push-Pull Output Transformer Phase, VIII:3.2 

for Class A and B Amplifiexs, Response, VIII:3.1 
X:IO Sideband, VIII:4.2 

Of Series Modulator, XIII:3.3 DIVERSITY RECEPTION, XIX:ZO 
DETECTORS, DIVIDERS, XII:6 

Anode Bend, XIX:3 By Even Numbers. XII:6.222 
Circuit Constants, XIX:5 By Odd Numbers, xII:6.221 
Crystal and Diode, XIXI ,  5 and 6 Locked Oscillators, X11:6.1 
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D ~ ~ ~ ~ ~ ~ s - c o n t i n z t e d .  ELECTRIC FIELD, 
Locking of Multivibrators, Definition, II:4 

XII:6.22 Units for Measuring, II:6 
Modulator Dividers, XII:6.3 ELECTRICAL QUANTITY, Unit of, I1:1o 
Multivibrators, XII:6.z ELECTROMOTIVE FORCE, 
Single Circuit Multivibrator, Back E.M.F., IV:5 

XI1:6.21 Definition, II:3 
DOHERTY SYSTEM. XVI:6 Internal, in Generators, IV2 

Design of. XIV:6.r I ELECTRON, Charge on, 11:~ 
Grid Modulated, X I V : ~ . ~  ELECTROSTATIC FIELD. Definition, 
Grid Modulated, Design of, I I : ~  

xIV:6.21 ELECTROSTATIC VOLTMETERS, XX:3 
Improved, XIV:6.1 ENERGY, 
Voltages and Currents in, X I V 6 . q  Band, XV111:6.12.1 

DRIVE EQUIPMENT, XI1 Relations between Different Kinds 
Definition of, XII:I of, II:35 

DRY CONTACTS, 1 I :~g  Stored in Condenser, 1V:6.1 
DYNATRON OSCILLATORS, XI:5 and Stored in Inductance, IV6.2 

12.3 ENVELOPE OF MODULATED WAVE, 
Definition of, 1:4 

EQUALIZATION, see RESPONSE, 
EARTH, Adjustment of 

On Centre Point of Transformer, EQUALIZERS, XXI:I. z and 4 
xvII:g.15 Constant Resistance, XXIV:~.IO. I 

To Reduce Effect of Earth Cur- Constant Resistance, Forms 'of, 
rents, XV1I:g.r 5 X X I : ~  

EARTH LEAD, Definition of. I:I I 
Insulation of, XV11:12 Design of, XXI:4 
Neutralization of Reactance in, Forms of, XXI:4 

xvI:13.4 Generalized Characteristics of 
Segregation of, XVII:I I Simple Circuits for, XXI:5 

EARTH LOOPS. Avoidance of, XVII:IO Loss Curves of, Determination of, 
EFFICIENCY; X X I : ~ . ~  

Of Class A High-Power Modulation, Masks, XXI:4.3 
XIVg.1 Practical Design, XXI:4.3 

Of Class B High-Power Modulation, ERG, I1:15 
~ 1 ~ 9 . 2  EVALUATION OF COMPLEX EXPRES- 

Of Chireix System, XIV:g.4 SIONS, XX1V:z.z 
Of Doherty System, XIV:g.5 By Direct Substitution, XXIV:Z.ZI 
Of Fortescue System, XIV:9.6 By Explicit Method, XXIVz.22 
Of Low-Power Modulation System, 

xIv:g.3 FADERS, 1x1 
Of Tuned Class B Amplifier, FALSE PHASE MODULATION, 

X:24.1 and 24.2 X111:11.8 
Of Tuned Class C Amplifier, X:24 FARAD, II:22 
Of Untuned Class B Amplifier, FEEDBACK, XXIII 

X:II Amount, Method of Expressing, 
Of Valve Anode Circuit, X:37 X X I I I : ~ ~  
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F~ED~~c~-confinued.  
Amplitude Characteristics, 

XXII I :~  
Cathode Feedback Circuit, 

XXIII :~. I  I 

Cathode Follower, X X I I I : ~ . ~  
Circuits, XXIII:9 
Circuits, Measurement of Phase 

Shift in, XXIII:IO 
Combined Series-Series and Par- 

allel-Parallel, XXIII: I I 
Conventions, XX1II:o 
Degradation of Response by, 

XXIII:12 
Discontinuities in Amplitude Char- 

acteristics, XXIII:7 
Effects of, XXIII:I 
Impedance (Input and Output) 

Independent of, XXIII:5 
Impedance (Input and Output) 

Modified by. XXIII:Z.I, 3.1, 
and 4 

Impedance, Triode Input, 
XXIII:9.2 

Important Feedback Circuits, 
X X I I I : ~  

Method of Expressing Amount of, 
XXIII:14 

Negative Impedance, Resistance, 
and Reactance by, X X I I I : I ~  

Overloading of Feedback Ampli- 
fiers, X X I I I : I ~  

Parallel-Parallel, XX1II:z 
Phase-Shift Measurement, 

XXIII:10 
Rectified R.F., XXIII:8 
Response, Degradation Due to, 

XXIII:12 
Response, Required, Achieved by, 

XXIII:12.1 
Series-Parallel, XXIII: I 
Series-Series, XXIII:3 
Stability of Feedback Circuits, 

XXIII:6 
FEEDERS, XVI:I 

As Filters, XVI:5 
Attenuation of, X V I : I . ~  
Conductor Sizes, XVI:6 

FE~D~~s--confinued. 
Impedance Matching in, XVI:3 

and 3.3 
Nodes and Antinodes, XVI:I.IO 
Power-Canylng Capacity of, 

XVI:6 
Standing Wave Ratio, XVI:3. I 
Terminal Impedance, found from 

Nodes, etc., XVI:3.2 
Wavelength in, XVI : I .~  

FIELD STRENGTH (Electric), I I : ~  
FILAMENT. Limitation of, IX:I 

Saturation. IX:I 
FILTERS, XXV 

Adjustment of, XXV:8 
Band Pass, XXVI  and 5 
Band Rejection. XXV:I and 6 
Composite, XXV:3 and 3.3 
Constant Impedance, XXV:3.2 
Cut-Off Frequencies, Determina- 

tion of, XXV:II.I 
Definition of, XXV:I 
Descriptions and Definitions, 

x x v :  I 
Design Formulae, Derivation of, 

xxv: I I 
Dissymmetrical T as Filter Section, 

xxv:11.1 
Feeders as, XVI:5 
High Pass, XXV:I and 4 
High Pass Prototype, XXV:4 
Image Impedances. Determina- 

tion of, XXV9 
Impedance Variation with Fre- 

quency, Reduction of, XXV:3.z 
Insertion Loss of, XXV:IO 
Ladder Type, XXV:;? 
Lattice Type, XXV:9.2 
Lattice Type Design, XXV:II.P 
Low Pass, XXV:I and 3 
Low Pass m-Type, =V:3 
Low Pass Prototype, XXV:3 
Mid-Series and Mid-Shunt Termin- 

ations, XXV:;? 
Performance, Approximate Deter- 

mination of, XXV:IO.I 
Tandem Connection, Rules for, 

xxv:3.1  
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F ~ ~ ~ ~ ~ s - c m t i n u e d .  
Transfer Vectors, Calculation of, 

XXV:g 
Type 111, IV and V, XXV.5 
Type to Use, XXV:7 

FLASHOVER, I1:31.2 and 31.3 
Causes of Flashover, II:31.3 
Procedure when Flashover occurs, 

I I :~I .Z 
FLICKER EFFECT, XVIII:6.9 
FLOATING CARRIER, XIV:8 
FORCE DIAGRAMS, XV1:14.2 and 

31.3 
FORMULAE, CI 

Algebraical, CI:3 
Class B and C Amplifiers, CI:8 
Complex Algebra, CI:6 
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On Single Aerial, XVI:IO Coupled Circuits, VII: 13.6 and 14.4 
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VALVE-continued. 
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