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AUTHOR’S PREFACE

AN attempt has been made in this book to bring together the
fundamentals of radio receiver design. Difficulties were experienced
in determining the order of treatment, and it was finally decided to
follow introductory chapters on general considerations and valves
by a detailed examination of the receiver, stage by stage, starting
from the aerial. There are objections to this method from the
teaching point of view ; for example, the chapter on aerials is better
considered after that on R.F. amplifiers, whilst the chapter on
LF. amplifiers should be read before the latter half of that on ®.F.
amplifiers. To meet possible criticism a fairly detailed table of
contents is given, so that the reader can develop his own plan of
campaign.

Owing to war conditions the book has had to be divided into two
parts, the first ending at the detector stage, leaving Part II to deal
with audio frequency amplifiers, power supplies, receiver measure-
ments, television and frequency modulated receiver design, ete.

The cosine expression, £ cos wt, for a voltage of sinusoidal wave
shape is used in preference to the sine expression because it is
considered that it leads to a simpler mathematical analysis. For
the same reason the grid bias voltage is written as-—E,, ie., E,
represents a numerical and not algebraical value of bias. The
advantage of so doing is most evident in Chapter 8.

Part I is practically self-contained, though there are one or two
cross-references to sections in Part II. To facilitate cross-reference
all sections, figures and expressions are prefixed by the chapter
number.

No claim is made to an exhaustive bibliography, and reference is
made, at an appropriate point in the text, only to those articles
which have proved helpful in its preparation.

The author is indebted to his wife for help in reading the proofs,
to Mr. R. M. Mitchell, B.Sc., for checking many of the calculations,
to Mr. R. P. Shipway, B.A., for helpful discussion on parts of
Chapter 8, and to Marconi’s Wireless Telegraph Company for per-
mission to publish material originally used by the author in lectures
at the Marconi School of Wireless Communication.

August 1942,
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PART I

CHAPTER 1

GENERAL CONSIDERATIONS

1.1. Introduction. The direct transmission and reception of
speech or music over long distances, though not impossible, is
impracticable and propagation of audio frequencies is usually
accomplished by using them to modulate an R.F. wave acting as
a carrier, i.e., the audio frequencies are used to control one of the
three characteristics, amplitude, frequency, or phase, of the carrier.
The most common method is by modulation of the carrier ampli-
tude, the rate at which the amplitude is changed being directly
proportional to the frequency of the original sound and the mag-
nitude of the amplitude change being directly proportional to the
intensity (a low intensity producing a small change of amplitude).
This is illustrated in Figs. 1.1a and 1.1 for an unmodulated carrier
amplitude of 1 volt peak. Fig. l.1a corresponds to a low-intensity
sound, the carrier amplitude
varying hetween 09 and 1-1
volts, whilst Fig. 1.1b corre-
spondstoa high-intensity sound,
the carrier being 1009, modu-
lated, its amplitude varying
from 0to 2 volts. In frequency
modulation, the carrier ampli-
tude remains constant and its
frequency is varied at a rate
corresponding to the modula-
tion frequency (50 times per
second if f mod. = 50 c.p.s.),
and the frequency deviation—
rise and fall from the central o

. Fia. 1.1.—An Amplitude Modulated
unmodulated carrier frequency Wave.
—is controlled by the intensity
of the audio frequency. For example, suppose a 1,000 c.p.s. note
is being transmitted on a carrier frequency of unmodulated value
1,000 ke/s, the variation of the carrier frequency takes place at the

rate of 1,000 changes per second and the frequency limits may be
i

.
1




2 RADIO RECEIVER DESIGN [cHAPTER 1

4100 c.p.s. (the carrier frequency changes between 1,000-1 and
999-9 ke/s) for a low intensity to 4-100,000 c.p.s. for a high intensity
note. These two conditions are illustrated in Figs. 1.2¢ and 1.25.
The frequency change of carrier is exaggerated in the figures for

g I
5000 56 s —~—— zooosec,—)-
1000-1 1000 kc/s .99‘99 7100 1000ke/s 900
B c

(a)

F1e. 1.2.—A Frequency Modulated Wave.

the purpose of illustration. With phase modulation the amplitude
of the carrier remains constant and its phase angle with respect to
its unmodulated condition is advanced and retarded at the frequency
of the audio signal. The magnitude of the phase change is deter-
mined by the intensity of the audio frequency. Phase modulation
has an effect on the carrier akin to frequency modulation, and
whilst the phase of the carrier is varying, its frequency also is
varying. There is a difference, but this is discussed later in
Section 1.4.

Apart from the advantage of transmission over long distances
the use of carriers enables many programmes to be transmitted
simultaneously, any one of which may be selected by the listener
with suitable receiving apparatus. This apparatus must abstract
energy from the radiated electromagnetic carrier wave, separate
desired from undesired signals, extract the audio frequency signal
from the carrier, and amplify and reproduce the signal to any
desired level. An aerial system is necessary to collect energy from
the modulated carrier wave, the flux from which induces a voltage
in the aerial as it passes. The function of the aerial is usually to
act only as a collector, but it is sometimes employed as a dis-
criminator against undesired signals, viz., in directional aerial
systems. The separation of these signals is carried out by means
of tuned circuits in the anode and grid circuits of the radio frequency
valves, which amplify the desired modulated carrier. The audio
frequency signal is extracted from the carrier by a suitable form of
detector and is amplified to a level sufficient to operate the apparatus
(telephones or loudspeaker) for converting electrical audio frequency
energy into acoustical energy.
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1.2. Amplitude Modulation. For understanding the function
of any type of modulation a vector diagram is particularly useful,
and amplitude modulation is quite simply illustrated if the envelope
is sinusoidal as in Figs. 1.1a and 1.16. The modulated signal is
represented by

B cos wd(14+M cos pt) . . . . . . 11

where £ = the unmodulated carrier peak voltage.

w, = 27f,, the carrier pulsance.

p = 2af,,, the modulating frequency pulsance.

M = modulation ratio, the maximum value of which is 1.
The factor 1 inside the bracket in expression 1.1 is necessarily
included because the carrier still exists when there is no modulation,
i.e.,, when M = 0. The vector representing expression 1.1 rotates
at a speed of f, c.p.s. and varies in amplitude f,, times per second
between the limits £(1+4+M) and B(1 — M) as shown in Fig. 1.3a.

. %
E(I+M, )4 -
Carrier

B B
sy | s (g ®

fm f
A ( Sy St )A
Sy St

c c
Fie. 1.3.—Alternative Vector Diagrams for an Amplitude Modulated Wave.

é‘(/-M)T
(@)

Expression 1.1 may be expanded as follows :
E cos 2nfct+%” cos 27(f,+fn)t +ETJM cos 2n(f, — )t . 1.2

which consists of a carrier vector E rotating at f, c¢.p.s. and two
equal sideband vectors %‘f_ rotating at (f,+f,) and (f, — f,) c.p.s.
about the same point as the carrier vector. Since these two sideband
vectors only influence the carrier amplitude, it is clear that their
resultant must always be in line with the carrier, and this is shown
in Fig. 1.3b, for successive instants of time corresponding to points
A, Band C on Fig. 1.16  The upper frequency sideband vector S,, is
rotating round the carrier vector in an anti-clockwise direction (the
accepted positive direction of frequency) at f,, ¢.p.s., whilst the lower
frequency sideband vector S; rotates in a clockwise direction round
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the carrier vector at the same frequency. The carrier vector in
Fig. 1.3b is, for convenience, shown as stationary, though actually
it moves round in an anti-clockwise direction at f, c.p.s.
Amplitude modulation of a carrier is achleved by controlling
the gain of a carrier frequency amplifier in the transmitter by means
of the A.r. signal. This can be realized by using the latter to
vary the control grid or suppressor grid bias (of a pentode amplifier
valve) or the anode voltage of a triode valve amplifier. Anode
modulation requires a much larger A.F. signal than grid modula-
tion, but the modulation envelope is much less distorted at high
modulation percentages. To obtain the A.¥. signal from the
carrier, the amplitude variations must be detected &t the roceiver,
ie., a device is required to produce mean voltage variations in
accordance with the carrier amplitude variations. This is achieved
either by suppressing or reducing one-half of the amplitude modu-
lated carrier, for this disturbs, the symmetry of the wave shape
(Fig. 1.4) with regard to the centre line and so produces a changing

WS v "\ Mean
Vo/tage

Fic. 1.4.—A Detected Amplitude Modulated Wave.

mean voltage. A detector suppressing completely one-half of the
modulated carrier and passing the other without changing its shape
is known as a linear detector.

1.3. Frequency Modulation.?; 4 ® The problem of represent-
ing frequency modulation by a single vector is complicated by the
fact that the frequency of the carrier is varying in accordance with
the amplitude of the modulating frequency, and this means that
the carrier vector rotates at varying speeds. Taking the example
given above, for a frequency deviation of +100,000 c.p.s. the
carrier varies from 1,100 ke/s to 900 ke/s, and if we, acting as
observers of the carrier vector, were to rotate at a frequency
f. ¢.p-s. (the carrier unmodulated value) in the same direction as
the carrier vector, the latter would appear to oscillate backwards
and forwards like a metronome, at the frequency of the modulating
wave, i.e., 1,000 times per second. This condition is illustrated
in Fig. 1.5a ; like the metronome, the vector is stationary at the
extremes, positions X’ and X", of its stroke so that the carrier
frequency is instantaneously at its unmodulated value f, (this is
point A4 in Fig. 1.2b), whilst it is moving at its fastest, backwards
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or forwards at the centre X of its swing. Movement of the vector
in an anti-clockwise direction means that the frequency is greater
than f, and in a clockwise direction the reverse. Hence point X
when the vector moves anti-clockwise corresponds to B in Fig. 1.25,
but when the vector is travelling clockwise

X corresponds to C. In frequency modula- %’555&'.

tion the carrier deviation is fixed for a given
amplitude of modulating input, so that the
speed of the vector as it passes through X is
constant and independent of the frequency
of oscillation backwards and forwards (that
of the modulating input). Treating the pro-
blem as a mechanical one, the initial velocity
at X’ or X” is zero, and the final velocity v at
X is constant, so that the distance travelled
from X’ or X" to X is proportional to X X"
velocity X time, but time is proportional Fie. 1.5a.—Vector Dia~
inversely to the modulating frequency so 57 for @ Froquency
that

XX =XX—Kvt—=Kp="tal
In  fm
Hence the angle swept out by the carrier vector is large for low
modulating frequencies and small for high modulating frequencies ;
dotted positions X’ and X” correspond to a lower modulating
frequency than the full line positions. This again is analogous to
the metronome, which increases its angle of sweep as the frequency
decreases. The mathematical expression for a frequency modulated
wave is
2 Mf, .
cos [2nfct+ 7 .sin 2nfmt] . . . 13
m

deviation frequency
carrier frequency

M. radians or 57-3 Mf,/fn
I
degrees, which is seen to be inversely proportional to f,. In the
same way that expression 1.1 for amplitude modulation can be
turned into a carrier and sidebands, so can expression 1.3 be treated,
but instead of only two sidebands per fundamental modulating
frequency it is found that there is a large number > 2 of sidebands
spaced from the carrier by frequencies of +f,, +2f,, +3f,, etec.

The expansion of expression 1.3 gives a carrier and infinite

where M =

and the angle swept out by the vectoris
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series of sidebands having amplitudes corresponding to Bessel
functions of ascending order, i.e.,

E cos [2nfct +ch sin 2.7tfmt:|

= E{Jo(ﬂg °) cos
— (2 )teos (@, — pt = con (w21
+J.(]’fff °)[cos (w0 — 2p)t — <08 (w,+2p)f]
( ff)[cos (@, — 3p)t — cos (w,+3p)1]
% S '

where w, = 2nf, and p = 2xf,,.
Mf,  deviation frequency

fm  modulating frequency’
tion index,? may have any value from 1 upwards. For example,
if the deviation frequency is 475 ke/s and the modulating frequency

10 ke/s, i
Im
can be obtained from tables of Bessel functions.19 11

The theoretically infinite number of sidebands

is for all practical purposes fortunately limited, as

the amplitudes of the sidebands more distant

from the carrier normally decrease very rapidly.

It is not only in the number of sidebands that,

s 0 frequency modulation differs from amplitude, but

V- also in their position with respect to the carrier.

5 All odd-numbered sideband vectors 4-f,,, +3f,.,

f."“- 1.86. — Addi- ot from the carrier are so placed that their re-
ion of Two Side= A . A

bands to Carrier sultant falls on a line at right angles to the carrier 3

to %lf“’ e Frequency  yector and all even-numbered sidebands have a re-

odulation. .

sultant in line with the carrier vector. The addition

of a carrier and two sideband vectors (spaced 4-f,, from the carrier),

having a resultant 90° displaced from the carrier vector, is shown

in Fig. 1.5b. These two sideband vectors rotate round the carrier

vector point 0 at f, c.p.s., and their resultant adds to the carrier

to cause the latter to oscillate backwards and forwards along the

line AB. In fact, it is the same as Fig. 1.5a, apart from the ampli-

sometimes designated as the modula-

= 7.5. The amplitude of the carrier and sidebands
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tude variation of the vector, and by adding suitable amplitudes of
wider-spaced sidebands we can neutralize the amplitude variation,
causing the point of the vector to describe an arc X'X” giving only
frequency modulation. Another important point to note with
regard to frequency modulation sidebands is that the individual
amplitudes are not directly proportional to the amplitude of the
original modulating frequency as in amplitude modulation, but
actually vary widely (sometimes becoming zero) as the angle swept
out by the carrier vector changes. When this angle is small
(f,, high) all sidebands except those nearest to the carrier are so
small in amplitude that they can be neglected, but for a large angle
of oscillation (f, low) there are many sidebands of appreciable
amplitude. For example, if f,, = 50 c.p.s. and its amplitude such
as to give a carrier frequency change of 4-1,000 c.p.s., the angle
swept out by the vector moving from X’ to X is 1942 = 20 radians
(1,146°), and there are 23 sidebands of importance with ampli-
tudes exceeding 19, of the fundamental sideband. If, however,
fm = 1,000 c.p.s., and the carrier frequency change is as before, the
angle swept out by the vector is 1 radian (57-3°) and there are now
only three sidebands of importance. It should be noted that the
carrier vector may make a number of revolutions for low modulating
frequencies.

Frequency modulation of a transmitter may be accomplished by
varying the equivalent inductance or capacitance of the tuned circuit
of the oscillator producing the carrier frequency (or a submultiple
of this frequency). Since greater frequency stability is obtained at
low frequencies it is quite common for the ‘ master ™ oscillator
driving the transmitter to generate a submultiple of the output
carrier frequency, the submultiple being stepped up to the required
output frequency by passing it through a series of multiplier stages,
producing 2nd and 3rd harmonics of the input frequency. When
the required frequency deviation of carrier is small compared with
the carrier frequency—probable values are 475 kc/s at a carrier
frequency of 45 Mec/s, representing a frequency deviation of
+4-0-001666f,—the required change of tuning inductance or capaci-
tance is linearly proportional to the frequency deviation. Hence a
linear relationship between the amplitude of the A.F. signal and the
change of inductance or capacitance results in frequency modulation
having a deviation frequency linearly proportional to the amplitude
of the a.r. signal. The variable reactance 8 valve (see Chapter 13
in Part II), as used in automatic frequency correction circuits, is
particularly suitable for converting the a.r. amplitude into a change
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of inductance or capacitance, since it acts as a reactance to any
voltage source connected between its anode and cathode, the value
of the reactance depending on the grid bias of the valve. If the
relationship between the grid bias of the valve and its mutual
conductance is linear, change of the former produces a linearly
proportional change of reactance. Thus if the A.F. modulating
voltage is applied to the grid circuit of the reactance valve it controls
the mutual conductance in such a way as to produce a change of
cquivalent inductance or capacitance between the anode and cathode,
which is linearly proportional to the A.F. voltage amplitude.

1.4. Phase Modulation. The vector representation of phase
modulation is similar to that of frequency modulation with one
important difference ; the angle swept out by the vector is constant
for all modulating frequencies and is dependent only on the amplitude

AF £ Fhase Frequency
4;%7//~_ VWV VC T‘I Motdu/a - Modulated
r or -
(@ Output
AF R \frequenc,
Amplr- | Modlula- ;Z;ff/ ated
fier £ tor Qutput
(»
Fia. 1.6.

(a) Frequency Modulation from a Phase Modulator.
(b) Phase Modulation from a Frequency Modulator.

of the latter. This essentially means that the velocity of the
vector at the centre X (Fig. 1.5a) increases as the speed of oscillation
increases, i.e., the rise and fall in carrier frequency (frequency
deviation) is directly proportional to the modulating frequency. It
is possible to turn phase into frequency modulation by inserting in
the modulation frequency amplifier a network having an amplifica-
tion characteristic inversely proportional to frequency, giving a
low frequency a large amplitude and a high frequency a small
amplitude, i.e., the phase angle is no longer constant but increases
as the modulation frequency falls. The reverse is also true;
frequency modulation can be converted to phase modulation by
inserting in the modulation amplifier a network having an amplifica-
tion characteristic directly proportional to frequency giving a low
frequency a small and a high frequency a large amplitude. This is
shown in Figs. 1.6a and 1.6b; the first figure has a resistance—
capacitance network in the modulation amplifier, thus producing
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frequency modulation at the output of the phase modulator. In
the second figure a resistance-inductance network produces phase
modulation from a frequency modulator.

The modulated carrier expression is

B cos [2nft+JM cos 2af,t] . . . 15

and the phase angle swept out is equal to ¢ where ¢ is a constant
and M is proportional to the amplitude of f,, but independent of
its frequency. Phase modulation has an infinite number of side-
bands spaced +4f,, +2f,, etc., from the carrier, but since the phase
angle change is constant (unlike frequency modulation) the wider
spaced sidebands for low as well as high modulating frequencies can
usually be neglected. The resultants of all odd-numbered sidebands
are 90° out of line with the carrier and those of the even-numbered
ones are in line with the carrier vector. The amplitudes of the
carrier and sidebands are Bessel Coefficients similar to those for
frequency modulation, but the amplitude of the sidebands is
dependent only on the amplitude of the modulating frequency.
Thus
B cos [2nft+$M cos 2xf, 1]
= B {Jo($M) cos w,t

— Jy($M)[cos (w, — p)t — c08 (0, +P)f]

+J($M)[cos (w, — 2p)t — cos (o2, +2p)f]

— J3(¢pM)[cos (w, — 3p)t — cos (w,+3p)t]

+ .. .ete.} . . } ; .

where ¢M is measured in radians.
The clearest distinction between
frequency and phase modulation is in- Ep b1 —
dicated by considering a square-shaped
modulating wave ? asin Fig. 1.7. With Modulating Wave Shape
frequency modulation the carrier fre-
quency varies above and below its 1L
unmodulated value in accordance with A [—T—T—T1T " —
the amplitude of the modulation. Fre
Phase modulation, however, shows
that apart from the sudden instan-
taneous changes of phase when the £
c

1.6

quency Modulation
Ny S R N « —

carrier frequency becomes 4 o0 or — o r T

the latter is constant at its unmodu-

lated value. Phase Modulation

Phase modulation 5 can be achieved = Fi¢. 1.7.—lllustration of the
Difference between Frequency

by separating the two sidebands of and Phase Modulation.
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an amplitude modulated carrier from the carrier and passing
them through a phase adjusting network, which places their
resultant at 90° to the carrier vector, as shown in Fig. 1.5b, and
then recombines them with the carrier. Fig. 1.5b shows that
amplitude modulation is also produced, but it can be suppressed
by passing the phase modulated wave through a limiter (an ampli-
tude distorting device giving almost constant carrier output for
large changes of input). Phase change is not exactly proportional
to the modulating voltage amplitude, but if its maximum value is
limited to J-25° deviation, distortion of the modulation does not
exceed 3%.¢ Such a small phase change as +425° would represent
a low modulation percentage, but if the original carrier is a sub-
multiple of the required output frequency the phase angle is
multiplied at the same time as the carrier in the frequency multiplier
stages of the transmitter. For example, if the original carrier is
one-tenth of the required, the phase angle is increased to 4-25° x 10
= 4+250° after passing through the multiplier stages. The extra
sidebands essential to the larger phase angle are produced in the
multiplier stages.

As far as the receiver is concerned, the main features of design
are unaffected by the type of modulation. The frequency or phase
modulation receiver requires two extra stages over its amplitude
modulation counterpart; these are the amplitude limiter and
frequency-amplitude converter. The latter is essential because the
character of the original A.F. voltage modulating the carrier is that
of amplitude variation, and it converts the frequency change of
carrier into an amplitude change, which is then detected in the
normal way by a diode or similar device. The converter does not
remove the frequency variation, but this does not matter because
the diode is sensitive only to amplitude change. The limiter stage
is necessary to suppress amplitude change (due to transmission
variations or noise) of the carrier before the converter, since the
detector will respond to these undesired changes. Apart from these
two modifications there is no vital difference between a frequency
or phase modulation and an amplitude modulation receiver operating
over the same range of carrier frequencies. In the chapters which
follow, the amplitude modulation receiver is treated in detail,
whilst the modifications necessary for reception of frequency or
phase modulation are discussed in Chapter 15 of Part II.

1.5. Types of Amplitude Modulation Receivers. The
simplest type of receiver is that consisting of a tuned circuit, con-
nected to an aerial, and a detector, operating telephones. Selectivity
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and output are low, though the latter may be increased to a value
sufficient to operate a loud speaker by adding an audio frequency
amplifier. Selectivity can be increased, but at the expense of
output, by interposing more tuned circuits between the aerial and
detector. With certain types of valve detectors selectivity and
output may be increased by applying reaction, i.e., feeding radio
frequency modulated carrier energy back from the anode to the grid
circuit. The disadvantage of this method is that it produces a
sharply peaked resonance curve, which discriminates against the
higher audio frequencies modulating the carrier.

For adequate selectivity and low detector distortion, radio
frequency amplification is essential. The selective property of a
tuned circuit cannot be fully utilized if it is coupled to another
tuned circuit, for each tends to damp the other. By separating
tuned circuits with valves, maximum selectivity is achieved and the
signal is also amplified. Most detectors are only linear over a
limited range and above a given value of input signal, and R.F.
amplification is necessary to raise the modulated carrier to this
level.

A possible type of receiver is therefore one having R.F. and
A.F. amplification. Owing to the difficulty of maintaining stability
and the mechanical limitations imposed by the ganged variable
capacitor, two stages of R.F. amplification are seldom exceeded for
medium- and long-wave band operation. The amplification of an
R.F. stage is proportional to ULR’ where L, C and R are the constants
of the tuned circuit and, since L is constant and C decreases as
frequency increases, amplification is not constant over the wave
band but tends to increase with increasing frequency (in spite of
the rise in R). Selectivity tends to fall as the frequency is increased.
The tuning range of the capacitor is usually the same for each
wave band, so that L is reduced as higher frequency wave ranges
are selected. The value of L is so small on the short wave range
that amplification is very low, and receivers for short wave
operation are practically never dependent on the R.F. stages for
amplification.

The difficulties of obtaining adequate carrier frequency amplifica-
tion and constant selectivity over a given tuning range can largely
be overcome by using the superheterodyne principle and converting
all incoming R.F. carriers to a constant (generally) low ®.F. frequency,
at which high amplification and good selectivity can be obtained ;
the modulation sidebands are, of course, transferred to the new
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fixed frequency carrier, which is called the intermediate frequency.
The frequency conversion is carried out in a frequency changer
valve by mixing the incoming modulated carrier with a local
oscillation of frequency equal to the sum of the carrier and inter-
mediate frequencies. The superheterodyne receiver is the most
usual form of receiver for operation over all ranges from long to
short waves. It tends to reduce the amplification and selectivity
variations over the wave ranges by concentrating most of the
amplification and selectivity in the intermediate frequency stage.
There are disadvantages as well as advantages to the use of the
superheterodyne principle, but they can be overcome by careful
design. The local oscillator output may reach the aerial and be
reradiated, causing interference in nearby receivers, and whistles
may be produced by interaction between undesired carriers and the
local oscillator and its harmonics. Reradiation can be reduced by

Power

‘*'uﬂp//ﬂ
RF Fre- LF  Detector AF

Ampts- quencyi | Ampl- _{ and Ampli-|_| Output - Loud-

Frer Changer| | Fler AV.C. Fier Stage [~ |speaken
Locoand
Oscill- ¢ Av.e
ator

Fia. 1.8.—Schematic Diagram for a Typical Superheterodyne Reeeiver.

reducing the stray coupling in the frequency changer between the
local oscillator and the aerial circuit. The inclusion of an R.F.
amplifier valve between the aerial and signal circuit of the frequency
changer almost entirely eliminates reradiation and has two other
important advantages ; it increases the signal-to-noise ratio when
the noise is mostly produced in the first valve of the receiver, and
it increases R.F. selectivity, so reducing undesired signals and whistle
interference. The latter interference can be reduced by careful
design of the frequency changer anode current-oscillator grid
voltage characteristic.

A schematic diagram of a typical general purpose broadcast
receiver is shown in Fig. 1.8. The aerial is coupled to the ®r.F.
amplifier stage (usually a single valve, but in some communication
type receivers two). This is followed by a frequency changer with
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local oscillator, the output from which is fed to the intermediate
frequency amplifier, consisting of one or two stages of amplification.
A three-valve 1.F. amplifier is usually necessary on receivers for
television and frequency modulation. A diode detector is normally
employed because of its linear detection characteristic with large
signals ; carrier voltages exceeding 2 volts peak and modulated to
909, can be detected by the diode with very little distortion of the
audio voltage output. An audio frequency amplifier usually
precedes the power output stage. The amplification of the receiver
should be such as to make it capable of reproducing with adequate
output all signals above the noise level. Any increase in amplifica-
tion beyond this is of little value except in so far as it improves
automatic volume control action.

Most receivers incorporate accessory circuits aimed at making
control less complicated, and two important ones are those providing
automatic volume control, more correctly termed automatic gain
control, and automatic frequency correction. Transmission of an
electromagnetic wave through space is accomplished by direct and
“ gky reflected > waves, and beyond the service or local area much
of the transmission is carried by the indirect ray reflected from the
ionosphere surrounding the earth. The strength of the reflected
ray is subject to slow or rapid fluctuations due to changes in the
condition of the ionosphere, and the received input signal variations
cause a corresponding change in audio output unless special measures
are taken to vary the receiver gain in an inverse relationship to the
signal strength. The gain of a receiver may be automatically
controlled by using the p.c. component, produced by detection of
the carrier, to vary the bias on the radio frequency, frequency
changer (not always) and intermediate frequency stages, reducing
the gain of these stages when the input signal increases, and vice
versa. This is the principle involved in automatic gain control.
A further advantage of A.¢.c. is that it prevents * blasting ” of the
loudspeaker in tuning from a weak to a strong signal. Sometimes
incorporated in an A.g.c. system is a device for silencing the receiver
when the input signal is below a predetermined level—generally one
governed by the noise level. Such a device, termed quiet automatic
gain control or interstation noise suppression, removes one of
the disadvantages of tuning with A.a.c., viz., that in the absence of
o signal the gain of the receiver is maximum, thus amplifying
receiver noise to an objectionable level.

Automatic frequency correction of the local oscillator in a super-
heterodyne receiver can be used to compensate for inaccuracy in
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tuning, or drift of the oscillator, due to temperature changes, from
its originally correct setting. It is particularly useful in remotely
controlled and push-button operated receivers.

Push-button tuning is incorporated in order to facilitate rapid
selection of, or changeover from, one station to another. The
push-button switches may operate to switch in separate circuits
tuned to the selected station or to control mechanically by cams, or
electrically by a motor, the travel of the main tuning capacitor.
Electrical motor control is readily adaptable to remote control.

In most receivers provision is made for the reproduction of
gramophone records by switching the volume control of the receiver
to the pick-up from the gramophone.

A third type is the superregenerative receiver, which may be used
for ultra short wave communication purposes when quality of repro-
duction is unimportant and high sensitivity is required from simple
apparatus. The receiver usually consists of a quenching valve, and
an A.F. amplifier preceded by a detector, in which regeneration has
been carried to the point of oscillation. The smallest signal is
capable of initiating oscillation of the detector, and in the absence of
control the oscillation will build up to a value determined by the
valve characteristics. The rate of rise of oscillation amplitude,
which is exponential, is proportional to the amplitude of the initiat-
ing signal and inversely to the inductance of the circuit tuning the
signal. To make the valve useful as a detector it is necessary to stop
periodically the oscillation and reset it to the sensitive condition.
The interrupting frequency is supplied from a separate oscillator (in
the simplest case the detector may be made self-setting by allowing
it to develop a squegger oscillation) in series with the anode or grid
circuit of the detector, so that with each negative half-cycle the latter
is taken to cut-off and oscillation ceases. It is then ready for
“ triggering ” by the signal once again. Since the rate of rise of
oscillation is determined by the amplitude of the initiating signal, the
average current taken by the valve follows approximately the
modulation envelope of the signal. Owing to the very sensitive
condition of the detector the smallest signal is capable of initiating
oscillation and the noise level of the receiver is consequently high.
In addition selectivity is low due to damping from the detector valve
and it cannot be increased by including additional stages of R.F.
amplification because positive feedback from the detector causes
damped oscillations to occur in the added tuned circuits, thus mask-
ing the desired signal. For high sensitivity the ratio of initiating
signal to quench frequency (about 40 kc/s) must be high ; this and
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low selectivity confines the use of the superregenerative receiver to
the ultra short wave band. Distortion of the modulation envelope of
the received signal and high noise level make the receiver suitable
only for communication for which reasorable intelligibility and
not quality is the criterion.

1.6. Design Considerations Based on the Power Supply.
The power supply has an important influence upon the receiver.
For example, the H.T. battery in a battery receiver has a maximum
voltage of 120 and a “ life "’ capacity of approximately 0-2 kw. hrs.,
hence the power output of the receiver must be limited, the per-
missible distortion limit raised, and current consumption reduced to
the lowest possible value. Since the output stage absorbs most of
the current, economical working must be achieved by the use of
special types of overbiased push-pull circuits, such as Class B and
quiescent push-pull, which adjust their current consumption to the
volume of the transmitted programme. Valves in the other stages
of the receiver must be designed for maximum gain with minimum
current and this can only be achieved in the ®r.F., frequency changer
and LF. stages at the expense of the variable-mu characteristic, the
curvature of which must be greater, leading to higher distortion and
cross-modulation effects than occur with their counterparts in the
mains receiver.

In a mains-driven receiver for A.0./D.c. operation the u.T. voltage
is limited by the mains connection, but large power can be obtained
by high current consumption, and the output stage must be designed
for low voltage and high current. The heaters of the valves are
connected in series for economical operation.

A receiver for A.c. mains operation imposes practically no design
limitations since with a suitable transformer the power source can
be made to supply any desired current or voltage.

Cost also dictates the design of the receiver. High valve cost
limits the number of stages and demands the highest amplification
per stage. It also leads to the use of a pentode or beam tetrode
valve in the output stage because of its high power sensitivity.

In the following chapters is described design procedure for each
stage of the receiver, beginning at the aerial and progressing to the
output. Part I ends with detectors and Part II, which begins with
audio frequency amplifiers, includes chapters on television and
frequency modulation receiver design.
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CHAPTER 2

VALVES

2.1. Introduction.? 1 The all-important role played by the
valve in receiver circuit design necessitates some knowledge of its
construetional details and the principles, chief of which is thermionic
emission, involved in its operation. An understanding of thermionie
emission is helped by reference to the solar system hypothesis of
the basic construction of matter. According to this theory, which,
though superseded by later theories giving a more adequate explana-
tion of certain phenomena, is very satisfactory in interpreting some
of the simple actions, the atoms of all elements have a more-or-less
compact central positively charged nucleus surrounded by electrons
revolving in orbits rather like planets round the sun. The nucleus
carries most of the mass of the atom and has a gross positive charge
equal to the atomic weight of the element being considered ; part
of this charge is neutralized by electrons in the nucleus itself and a
net positive charge numerically equal to the atomic number is left.
The atom is rendered electrically neutral by the orbital electrons,
which equal in number the net positive charge on the nucleus.
The maximum number of electrons, which can be maintained in each
orbit, is limited, the first to 2 (2 ~ 12), the second and third to
8 (2 x 22), the third and fourth to 18 (2 x 32), and so on. The
number of outer orbit electrons largely determines the activity of
the element, inert elements like Helium, Argon, ete., having com-
plete outer orbits and the most
chemically active, the alkaline group
(Lithium, Sodium, Potassium, ete.)
headed by Hydrogen, having only
one electron. The Potassium atom,
fourth in the alkaline group, is illus-
trated in Fig. 2.1. Its atomic weight
(total positive charge on the nucleus)
is 39 and its atomic number (electrons
in outer orbits) is 19, leaving 20
electrons in the nucleus. There is
no evidence to fix the actual shapes  Fie. 2.1.—A Representation of

of the orbits, which for convenience Athe Potassium Atom.
. tomic Weight 39, Atomi
are shown as circular. ¢ o amper 19)) orie
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In solid substances the atomic structure may allow the detach-
ment of electrons from the atoms and the movement of these
“ free ”’ electrons and the resultant positively charged atoms within
the substance. Other solid media may, on the other hand, not
allow the formation of these free electrons. Metals generally have
many free electrons, and their motion is random except under the
action of a driving potential, which causes them to move in one
direction, so constituting a conduction current through the medium.
The number of free electrons is indicative of the conductivity of the
medium, a large number implying a good conductor. Insulating
substances have practically no free electrons and an applied
potential causes displacement of the orbits but no general drift of
electrons. Electrical energy can be transferred across an insulator,
if an alternating potential is applied, much in the same way that
mechanical energy can be transferred through an elastic coupling.

In the metallic atom the velocity of the free electrons is largely
determined by the temperature. At normal room temperatures the
velocity is insufficient to carry the free electron beyond the boundary
of the metallic surface, but as the temperature is raised its velocity
increases and may reach a high enough value to allow it to break
through and escape. This characteristic of liberating electrons under
the action of heat is known as thermionic emission. A positive
electrode placed near the metal will collect the electrons and show
a small current. The number of electrons collected by this electrode
depends on

(1) the metallic material forming the boundary of the emitting
surface ;

(2) the temperature of the emitter ;

(3) the attractive power of the collector electrode, i.e., the
positive voltage difference between it and the electron
emitting surface ;

(4) the nature and density of the gaseous medium between the
metal and electrode. When the density of the gas is high,
the number of atoms per unit volume is large and the
electrons collide with them, losing velocity so rapidly that
many fail to reach the collector. If the gas density is
very low, electron collisions are much less frequent and
many more reach the collector anode.

This is the principle underlying the operation of the thermionic
valve, which in its simplest form, a diode, consists of a metal filament
or cathode heated to a high temperature, and a collector anode at a
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suitable positive voltage. Earliest receiving valves used Tungsten
for the heated filament since this could be raised to a high tempera-
ture without serious evaporation of the metal occurring. It was
found, however, that the ease with which an electron escaped from
its metallic barrier plane varied with different metals, and certain
ones, notably the alkaline earth metals like Barium and Strontium,
emitted electrons more readily and at a much lower temperature
than Tungsten. Barium and Strontium oxides form the coating
for the high efficiency low temperature valve, and during manu-
facture a thin film of the metals is distilled through to the surface
of the cathode to act as an emitter, giving a copious flow of electrons.

We will now briefly touch upon the characteristics of the different
types of valves, starting with the simplest, the diode.

2.2. The Diode. The diode consists of an electron-emitting
hot cathode and a collector anode. For electrons to be collected,
the anode generally must have a positive voltage applied between
it and the cathode, though, owing to the initial velocity of the
electrons, some may be collected at low negative anode voltages
(between — 1 and 0 volt). The form of the anode current-anode
voltage curves is shown in Fig. 2.2. Owing to the negative charge
from the cloud of liberated electrons
surrounding the cathode, maximum /7,
anode current does not flow immedi-
ately the anode becomes slightly
positive. At low positive anode vol-
tages this electronic negative space
charge neutralizes the positive attrac-
tive field from the anode, and the Hoat / Vol
anode current builds up to such a value ?z;,: a ;}7 ;-‘7 ¢
that the number of electronsin transit , Z.+
produces a negative charge, just _ 2.9 Diods I.E. Carves
neutralizing the positive field from the for Increasing Heator Voltage.
anode. Increase of E, requires a
higher negative space charge for equilibrium, and so more elec-
trons are drawn across to the anode to establish this equilibrium.
The process continues as X, is increased until all available
electrons are being drawn off from the cathode; for higher
values of E, anode current remains constant. The maximum or
saturation value of anode current is determined by the tempera-
ture of the cathode, i.e., the heater voltage, and increasing heater
voltage raises the saturation current as shown in Fig. 2.2, though
it has little effect on the current in the non-saturated region, since
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it is equivalent to increasing the reservoir of electrons without
increasing the propulsive force from cathode to anode.
It can be shown that for concentric cathode and anode surfaces
the anode current is
¥
I, = KE
7. B3
where K = constant depending on the emitting surface
l = length of cathode
7, = radius of anode

2.1

B = a function of 2
Tk
. = radius of cathode.
Curve 1 in Fig. 2.3 shows an I, E, curve for expression 2.1.

This expression neglects the effect of the initial velocity of the
electrons, which produces more initial curvature of the IE,
characteristic than that indi-
A cated by the 2 power relation-
ship and causes anode current
3 to flow even for negative values
2 of E, {curve 2 in Fig. 2.3).
Another factor controlling the
I,E, curve is contact potential ;

/ 1 this is due to the materials
~ forming the cathode and anode,
- 0 E,+ and it causes a shift of the

Fic. 2.3.—Effect of Initial Velocity and CUIVe in a positive anode vol-
Contact Potential on the I,E, Curves of a tage direction (curve 3 in Fig.

Diode. . 2.3). The use to which the
(Curve 1:I_ = kE_§. Curve 2: Curve 1 with . .

Initial Velocit; Effect. Curve 3: Curve 2 with valve is put determines the
Contact Potential Effect.) relative importance of these

effects. A diode valve is em-
ployed either for rectification or for detection. As a rectifier it
is required to convert A.c. to D.c. power, and for high efficiency
it must allow large currents to flow for small positive voltage
differences between anode and cathode. The current should be zero
for negative anode voltages, and special precautions to prevent
emission from the anode must be taken during manufacture. It is
clear that a rectifier diode needs a high saturation current, i.e., the
cathode should be long, for the temperature of an oxide-coated
cathode, unlike that of the tungsten filament valve, must be main-
tained within fairly narrow limits if a long life is desired. Too high
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a temperature causes evaporation of the coating and loss of emission,
and too low a value causes ‘‘ poisoning ”’ due to absorption of gas.
The rate of rise of I, with increasing £, must be as steep as possible
since this reduces the power loss in the valve and raises rectification
efficiency. Hence from expression 2.1 we require a valve with a
long cathode of large diameter, and minimum cathode-anode
clearance. A small effective anode-cathode clearsace is often
obtained by including a grid (joined to the anode) close to the
cathode. Since the A.c. peak voltages to be rectified are large,
start of anode current at a small negative anode voltage and initial
curvature of the I E_ characteristic at low anode voltages are not
so important.

For detection purposes, linearity of I, E, characteristic is very
necessary, and as the applied A.c. peak voltage will generally be
small, the starting-point for anode current becomes important
(Sections 8.2.6 and 7). On the other hand, detection current is
small and a high saturation value is not essential.

2.3. The Triode. A triode valve has three electrodes, a grid
being included between cathode and anode to control the flow of
electrons. Its particular advantage is that small changes of grid
voltage can produce large changes of anode current with negligible

Saturation Current

/3

Ealfncr-easing

= 0 +
E.‘?
Fic. 2.4.—I,E, Curves for a Triode Valve.

expenditure of power in the grid circuit. The flow of electrons is
now a result of the combination (at the cathode) of the electric
fields from the grid and anode. Typical curves showing the effect
of grid voltage variation on anode current are given in Fig. 2.4 for
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different anode voltages. If the grid is made sufficiently negative
it can completely neutralize the attractive power of the anode and
stop the flow of electrons. As the negative grid voltage is reduced,
I, begins and increases until it finally reaches saturation at some
positive value of grid voltage. When the grid voltage becomes
positive (in mains valves with equipotential cathodes it may occur
at a slightly negative value) electrons are collected by this electrode
and grid current flows. The condition is rarely allowed to occur
in practice because, as soon as grid current flows, power is taken
from the driving source and this may cause distortion of the applied
controlling voltage. Increase of E, causes the I ,E, curve to move
to the left, but it does not appreciably affect the saturation current
value.

The relationship between I,, £, and E, can be more usefully
expressed in the form of I E, curves for different values of £, as
shown in Fig.2.11a. These curves are particularly helpful for indicat-
ing the performance of a valve in relation to its external anode circuit,
and they also give three very important valve parameters, amplifica-
tion factor (x), mutual conductance (g,,), and internal resistance (R,).

Amplification factor u

change of anode voltage
cha.nge of grid voltage to preserve constant anode current

_ 4K,
AE’ A
Thus if the grid voltage lines in Fig. 2.11a are separated by
1 volt intervals, amplification factor at a particular value of I, is
given by the horizontal distance between the intercepts of a
horizontal line through this 7, value with the particular grid voltage
lines. Hence the amplification factor for I, = 3 mA and E, from
— 3 to — 4 volts is

I, = constant) . . . . . . 2.2

=" = 30.

Mutual conductance g,

. change of anode current
change of grid voltage for constant anode voltage

41,
AE’

Mutual conductance is obtained in Fig. 2.11e by drawing a vertical
line through a given E, and measuring the vertical distance (in

—~2(E, = constant) expressed in mA /volt . . 23,
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milliamps) between any given E, intercepts. Thus g, at £, = 200,
E, from — 3 to — 4 is
YYy

O = -4 = 3 mA /volt.

Internal or Slope Resistance R,

_ change of anode voltage

~ change of anode current for a constant grid voltage

_A4E

4l

This is measured by the inverse slope of the tangent to a given

E, curve at a particular value of E, or I,; R, at E, = 200,

E’ — 3 is the cotangent of the angle that the tangent to the
E — 3 volt curve at ¥ makes with the K, axis,

i.e., R, = 10,000.
By combining expressions 2.2, 3 and 4 we note that
AE, AE, 41,
= e D —_— R
AE, ~ 41, " 4E,~ edn
A point worth observing is that u is a good guide to the grid base,
i.e., the negative voltage required to stop anode current for

—=%(l, = constant) . . . . . . 24,

E (cut-off) = &
n

Actually E, (cut-off) tends to be slightly greater than this because
of the initial curvature of the I, E, characteristics.

The electrode construction of the valve determines the values
of the three parameters. From Fig. 2.11a we see that decrease of
the slope (increase of R,) of the I E, lines for the same perpendicular
separation must increase XX’ and hence increase x. This can be
achieved by reducing the effect of E, on I, that is, by increasing
the shielding power of the grid. Increase of the turns per inch,
the thickness of the wire, or the distance between the grid and anode
all increase u.

Mutual conductance is raised by increasing the emitting surface
and the control action of the grid. The former is realized by having
a long cathode, and the latter by reducing the grid-cathode clearance.
Increasing the turns per inch of the grid wire also tends to raise g,,.

The chief characteristics of a triode valve are that over the
normal working ranges of I,, E, and E,, u, g,, and R, are almost
constant and only change as cut-off grid bias is approached, when
u and g, fall and R, rises.
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2.4, The Tetrode. Between the control grid and anode, the
tetrode valve has an additional grid positively biased with respect
to the cathode. Two advantages are obtained; the anode-grid
capacitance is very much reduced — 0-005 uuF in an R.F. tetrode
as compared with about 3 uuF for a triode—so that coupling
between anode and grid circuits is decreased, and the internal slope
resistance becomes very high (not less than 0-5 M2). Both these
effects are to be expected because the additional electrode screens
the anode from the grid and the cathode, and very much reduces
the influence of changes of anode voltage on the anode current.

The purpose for which the tetrode is to be used determines the
details of its electrode construction. In an a.F. output stage, a
low anode-grid capacitance and high resistance are not so essential
and a coarse mesh screen allowing high g, is desirable. For detec-
tion and amplification, particularly at radio frequencies, low anode-
grid capacitance and high R, are essential because the frequency
response of an amplifier with tuned anode and grid circuits can be
appreciably modified by regeneration and degeneration produced by
the undesired anode-grid coupling. Furthermore, a low R, reduces
the selectivity of the anode tuned circuit. Metal skirts are often
included at the top and bottom of the screen in order to reduce the
stray capacitance between grid and anode.

R, and g,, are the all-important parameters in a tetrode valve.
The former is determined by the mesh of the screen wires (a close
mesh screening the anode from the electron reservoir round the
cathode), and the clearance between anode and screen (a large
clearance producing a high R,). Secondary emission from the
screen to anode reduces R,. A compromise is essential as screen
current usually increases as the mesh becomes finer because a
greater area of the electron stream is covered by the screen wires,
and a large screen-anode clearance necessitates a large glass
envelope. Mutual conductance is governed largely by the dimen-
sions of the cathode, grid and screen and the anode has little effect.

The I E, characteristics of a tetrode are similar to those of
Fig. 2.4, except that E, takes the place of £,. The I_E  character-
istics of the earliest form of tetrode, a screened grid, are illustrated
in Fig. 2.5. Change of grid voltage alters the magnitude but not
the general shape of the curves, and increase of screen voltage
increases screen and anode current and also moves the point of
minimum I, to a higher £,. Taking a particular curve, we see
that for small increasing positive values of E,, I, rises quite steeply
until at about 10 volts the velocity of the electrons striking the
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anode is sufficient to detach electrons from the anode material.
These low velocity secondary electrons are attracted to, and
collected by, the screen because of its higher positive voltage.
The secondary emission from the anode causes the anode current

Ia A

£y Decreasing

SN eemeemmeee - Io (Screen)

0 0 200 Volts +
Zs E,
Fia. 2.5.—I,E, Curves for a Screened Grid Valve.

to fall and screen current to rise. Under suitable conditions the
secondary electrons may exceed the primaries and I, become
negative. In the secondary emission region of falling I, with
increasing E,, the anode presents a negative resistance to any
external circuit and the valve can be made to act as an oscillator
(known as a dynatron oscillator). When E, approaches K, the
attractive power of the screen lessens and the negative charge due
to the electrons in the anode-screen space acts as a repulsive force
driving the secondary electrons back to the anode. I, therefore
rises and I, falls. As E, is increased above E,, secondary emission
from the anode ceases and the anode collects all the primary electrons
not intercepted by the screen wires. Thereafter I, remains prac-
tically constant except for a small rise due to slight penetration of
the anode field to the cathode, and to secondary emission from the
screen to the anode. This secondary emission from the screen is
much less effective than that from the anode since the secondaries
are produced on the side away from the anode. The amount of
secondary emission is dependent on the condition of the anode and
screen surfaces, and if Barium and Strontium, volatilized from the
cathode, are deposited on these the number of secondary electrons
may be large. The emission from the anode can be greatly reduced
by carbonising the surface.

Anode secondary emission is an undesirable characteristic in
the tetrode because it limits the minimum working anode voltage
to a little more than the screen voltage, i.e., it limits the maximum
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output voltage from the valve. Its suppression can be achieved
in a number of ways, all of which depend on the production of a
voltage minimum in the anode and screen space, as shown in the
curve of voltage distribution between the cathode and anode

Cathode Grid  Screen Anode

EN
———T
o/tage

Ve

F U g

i
I
'
]
]
i

Distance between
Flectrodes

Fia. 2.6.—Voltage Distribution in a Tetrode Valve showing Suppression of Secondary
Emission by a Voltage Minimum between Anode and Screen.

(Fig. 2.6). The secondary electrons are unable to pass this barrier
(4 in the figure) and so return to the anode. One of the simplest
methods is to include an open-mesh grid (connected to the cathode)
between the anode and screen. The pentode valve so formed has
the I E, characteristics of Fig. 2.7; the limitation of output
voltage is now removed and an output voltage approaching 809,
to 90, of the H.T. voltage can be obtained. The mesh of this grid

/s A

£y Decreasing

E+

Fia. 2.7.—I,E, Curves for a Pentode Valve.

must be such as only just to suppress secondary emission, because
if the mesh is made closer the flow of primary electrons to the anode
at low E, voltages is reduced, producing the dotted I E, character-
istic, which is demonstrably less efficient.
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The potential minimum can be realized by fins # on the anode
at right angles to the surface facing the screen, and also by increasing
the anode-screen clearance. In the latter instance the primary
electrons in the anode-screen space provide the potential minimum
by reason of their negative space charge. In a tetrode most of the
anode secondary emission occurs in the region round the screen
support wires where the primary electronic density is low. Plates,
connected to the cathode and placed between the screen supports
and the anode, return the secondary electrons to the anode and also
tend to concentrate the primary electron stream into a beam, so
producing the required potential minimum by the negative charge
of the concentrated electrons, and preventing the return of
secondaries in the main electron stream. This is the principle of
secondary emission suppression employed in the beam tetrode,
which often has the screen and control grids aligned so that the
latter shades the former and reduces the pick-up of primary electrons
by the screen.

In tetrodes required for R.F. amplification some form of gain
control by variation of the p.c. electrode voltages is essential, and
this is normally obtained by varying the grid bias of the control
grid. This control would,
without special grid con- Im
struction, be much too /
rapid (curve 1 in Fig. 2.8)
and would introduce serious
distortion ; it is necessary
to obtain a steady change
of mutual conductance with
grid bias as shown by curve
2in Fig. 2.8. Curve 1 shows
the variation of g, against
E, for a normal grid con-
struction of constant mesh.
The curved characteristic 2
can be achieved by wind-  Fic. 2.8.—g.E, Curves for a Tetrode or
ing a grid of constantly Pentode Valve. o
variable pitch. The valve ‘O8R5 Vidable mu Charactonsto)
so produced is equivalent
to a number of valves conmected in parallel, each one having a
different g, E, characteristic, the close mesh part of the grid
contributing mainly to the high g, section (curve 3) and having
a low negative cut-off voltage, and the open mesh giving a
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low g,E, curve (curve 4) with a high negative cut-off voltage.
Generally, the mesh is fine at the ends of the grid electrode and
coarse in the middle. Some distortion of the input voltage wave is
inevitable with the variable mu (as it is called) valve, and it is a
maximum at the point 4 (curve 2)
umt of greatest curvature. A sudden
@
Esge0 change of .mesh. produ-ces a sharp
bend at this point, whilst a graded
change of mesh produces a much
smoother change.

This variable mu or, more cor-
rectly, variable g,, effect can occur
unintentionally in a non-variable
mu valve if the grid electrode is
out of line with the cathode or is
- Ey 4 conical in shape.

Fic. 2.9a.—I,E, Curves of a Pentode 2.5. The Multi - electrode
Valve for Differont Suppressor Grid yalve. The multi-electrode valve,
oltages.

such as the pentagrid or heptode,
octode, and hexode, is mainly used as a frequency changer. For
an understanding of its action it is helpful to study the effect of
negative bias on the suppressor grid of a pentode. Typical I K,
curves showing the effect of negative bias on this grid are illustrated
in Fig. 2.9a. As the bias increases, the electrons are repelled and
the slope, g,,, of the characteristic decreases, and therefore the
gain of the valve falls. Applying positive bias to the suppressor
grid has little effect since the
screen limits the flow of elec- 7, Egg Increasing
trons from the cathode. As egatively
variation of suppressor grid
negative bias controls gain, the
valve may be used either as a
modulator with the carrier ap-
plied to the control grid and
modulation to the suppressor 0 £y
grid, o as  froquency changor B 200, L Curs o P
with the signal applied to the Bias Voltages.
control grid and the local oscil-
lator output to the suppressor grid. There is, however, a disad-
vantage to the method and it can be seen from Fig. 2.95. Increas-
ing suppressor grid bias lowers R, and eventually turns the I E,
characteristic into that of a triode. This is due to the formation

I

Esg Increasing
Negatively

VN N
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of a reservoir of electrons between the screen and suppressor grid ;
the field from the anode can draw upon this virtual cathode and
influence considerably the anode current. The reduction in R,
is a serious defect, particularly in a frequency changer, because it
damps any highly selective anode circuit.

The difficulty can be overcome by converting the triode, formed
by the virtual cathode, suppressor grid and anode, into a screened
grid by interposing a positively biased grid between the suppressor
grid and anode. Thus we have the hexode frequency changer of
Fig. 2.10. The I E, characteristics for this valve are similar to
those of Fig. 2.9a and the I,E; characteristics for different values
of E, are shown in Fig. 2.10. There is little increase in I, for

Anode v/

G, (Signal) Eg, Increasing
Negatively,

Fre. 2.10.—I,E,; Curves for a Hexode Valve with Different Signal Grid Bias
Voltages.

positive values of E,; since the first screen shields grid 3 from the
cathode electron reservoir, and all available electrons between grids 2
and 4 have been collected by the anode. The I_E, characteristics
are similar to those for a screened grid valve though the secondary
emission “ kink ”’ is generally much less pronounced than that of
Fig. 2.5.

The position of the signal and local oscillator grids may be
interchanged, that is, the oscillator may be next to the cathode,
and this occurs in pentagrid, heptode, and octode valve. In the
heptode and octode valve another positively biased electrode is
inserted between the oscillator grid and first screen to serve as an
oscillator anode, and the valve acts as a combined oscillator and
frequency changer. The octode has an extra suppressor grid
between the anode and second screen to produce pentode I E,
characteristics. Details of these special valves are given in
Section 5.3.
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2.6. Representation of the External Anode Load Imped-
ance on the I E, Characteristic Curves. To illustrate the
method of representing the external anode circuit on the I E, curves
we will consider a triode valve having the I E, characteristic curves
of Fig. 2.11a, with an external resistance R, of 10,000 ohms and
an H.T. voltage E, == 200 volts. This resistance is represented by
a straight line AB passing through the points I, = 0, £, = 200
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F1g. 2.11a.—Load Lines and Curves on the I,E, Characteristics.

200 300

(the anode voltage must equal £, when I, = 0 because no voltage
drop occurs across R,) and I, =2 md, E, =200 — [, R, = 180
volts. The resistance load line is straight because its equation is
represented by
. -Eb - Ea
Ia - 4‘R‘0~‘7!
which shows that 7, is linearly proportional to Z,. We can use
this line to determine the D.c. anode voltage and a.c. output voltage

for any given p.c. grid bias and a.c. grid voltage. If the grid bias
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is — 3 volts and a sinusoidal A.c. voltage of peak value 1 volt is
applied to the valve, the ».c. anode voltage is given by the inter-
cept 0 of the R, line and the £, = — 3 volts curve measured on
the E, axis, i.e., it equals 150 volts. The A.c. anode peak voltage
is 15, half the horizontal distance between the intercepts B and 4
of the R, line and the £, = — 2 and — 4 volts curves. When a
valve with a resistance load is used as a voltage amplifier the
output from its anode circuit is coupled to the grid of the next
valve through a capacitance C, so as to isolate the D.c. voltage
and allow only the A.c. component to be passed on. A grid leak
E, completes the p.c. path back to the cathode. The value of C,
is chosen so that at the lowest frequency its reactance is very
much less than E,. The effect of R, is therefore to make the load
resistance to A.0. of the first valve less than the p.0., i.e., the slope of
the load line is RR:_RI"%, and it is shown on Fig. 2.11a as the line CD,
which passes thrg)ugh the point O on the n.c. line. The a.c. voltage
amplification is therefore reduced from

BB,
:u'Ro to #R0+R0 ,
Bot B ™ L BoRs
*"Ry+R,

but this is of much less importance than the fact that the bottom
end of the A.c. line enters the cramped part of the I E, curves
and distortion is produced with large outputs. R, should therefore
be chosen to have as high a value as possible so long as it does not
produce softness in the succeeding valve. An interesting point to
note is that the aA.c. load line moves its position for large output
voltages because rectification, and hence increased D.c. current,
results from distortion. The line CD tends to move to a point O’
corresponding to lower p.c. anode voltage in a manner similar to
that described in Section 8.4.1. for anode bend detection.

To explain the construction of the locus load line for any form
of load the simplest procedure is to start with the resistance case,
dissociating the resistance locus load line from the I, curves and
drawing it as in Fig. 2.116 with reference to A.c. output voltage
and current. To allow reference back to Fig. 2.11a, we will make
the positive direction of output voltage to the left, because increasing
positive load voltage means decreasing anode voltage E,. The
point O on the line AB in Fig. 2.11a becomes the origin for the line
in Fig. 2.116. Instantaneous values of E, and I, can be obtained
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by projecting horizontally and vertically on to the two axes, for
the voltage and current are in phase. Thus the A.c. cycle commences
at O ; 30° later K, and I, have values corresponding to OC and OD,
which are half the maximum values of E, and I,, OH and OP (at
the 90° position of the cycle), for sin 30° = 0-5.

Now let us imagine that an inductive reactance of 15,000 ohms
is connected in place of R, and that the peak voltage is arbitrarily

|+1, (m.A)

r+2

V- R ) 4

Inductance
i

+17

—_*20__
+E, (Volts)

t-2
F1c. 2.11b.—Representation of the Locus Load Line for B, L,, and C, Anode Loads.

chosen as 15, viz. OH, the same as that across R, Since the
anode load is an inductive reactance, E, and I, are out of phase
by 90°, I, lagging behind £,. When E, is zero, I, has its maximum
negative value of :X.,E? = i%(% = — 1 mA; hence @ is a point
on the locus. 30° later E, has a value 15 sin 30° = 7.5, and
I, = — 1 cos 30° = — 0-866 mA. Therefore L is a point on the
locus. Similarly after 60° of the cycle £, = 13and I, = — 0-5, and
point M is found. When E, = 15, its maximum value, I, =0. If
this procedure is repeated over the cycle the ellipse GHFK is drawn
out and this is the locus load line for an inductance L,. The
direction of progressive time instants is clockwise round the ellipse.
A similar ellipse can be obtained for a capacitance C,, but the
point corresponding to progressive time instants now travels in an
anti-clockwise direction because I, leads on E,. The length of the
I, axis of the ellipse is inversely proportional to the reactance X,,
being short for a large value of X,.

In drawing out the reactive ellipse we assumed, for convenience,
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that the output voltage was E,, the same as that across R,, but in
actual fact the output voltage is dependent on the valve slope
resistance R, and on X,. The shape of the locus curve is not
affected, however, by the value of E, since I, is proportional to E,,
and a change of the former only means an increase or decrease in
the size of the ellipse. In transferring the reactive ellipse to the
I.E, curves we must adjust £, so that the ellipse is just tangential
to the limit grid voltage curves, in this case £, = — 2 and — 4 volts.
Thus, if we have an H.T. voltage of 200 volts, a bias of — 3 volts,
an A.c. peak grid voltage of 1, and an inductance L, of reactance
15,0002 and no D.c. resistance, the load curve is the ellipse GHFK
drawn on Fig. 2.11a with its centre O at the point I, = 10 mA,
E, = 200 volts.

The size of the ellipse is adjusted to make it tangential to the
E, = — 2and — 4 volt lines, and we find that E, has been increased
to approximately 26 volts as compared with 15 volts arbitrarily
chosen for constructing the ellipse in Fig. 2.1156. The major axis
of the ellipse is vertical in Fig. 2.11a instead of horizontal as in
Fig. 2.11b, because the scale relationship of I, to K, is changed.

Let us now consider the practical condition of a combined
resistive and reactive load. Taking first a series circuit of resistance
R, (10,00002) and reactance wlL, (15,0000), let us assume some
arbitrary value of maximum current such as 1 mA, OF in Fig. 2.11c.
We begin with current because a series circuit is being considered.
The maximum voltage E, across R, is IR, = 10 volts (FB in
Fig. 2.11c) and the maximum F, across L, is IX, = 15 volts
(OH in the figure). By following the procedure outlined above we
can draw the resistance line AB and the reactance ellipse GHFK.
Since B, and L, are in series, their instantaneous voltages must
be added for the combined locus load line. Thus for maximum
I, = OF, the voltages E, and E, across R, and L, are FB and zero,
and B is therefore a point on the combined locus. Similarly for
I, = 0, the voltages across R, and L, are zero and OH respectively,
and H is another point. For I, rising positively from zero, at a
value [, = OM we have E, = MN and E, = MP respectively,
giving point Q. When I, is decreasing towards zero, for I, = OM
we have the total voltage = MP — MN and point R is found.
Continuing this process produces the locus curve HQBKA similar
in shape to a sheared ellipse, the direction of progressive time
instants being clockwise. This curve must now be magnified or
reduced for transferring to the I K, curve in Fig. 2.11a. The
resistance R,, which will be assumed to have a D.c. resistance of
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10,0002, and E, (200 volts) determines the position of the centre
point O of the “ sheared > ellipse, and its overall size is adjusted
until it is tangential to the grid voltage lines £, = — 2 and — 4 volts
as shown in Fig. 2.11.¢ A similar combined locus curve is obtained
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Fie. 2.11c.—Locus Load Curves for Series or Parallel Circuits of Resistance and
Reactance.

for a series combination of R, and C,, but the direction of vector
rotation is anti-clockwise. We cannot transfer the series R,(C, circuit
load curve directly to Fig. 2.1la because it has no p.c. path for
the anode current. If, however, we assume the D.C. component to
be carried by a choke of very high inductive reactance and zero p.c
resistance, the combined locus is centred immediately above E,
(200 volts) at the intersection of £, = 200 volts and £, = — 3 volts.

When the anode load is a parallel circuit of R, and L,, we must
take some arbitrary value of voltage E,, OH in Fig. 2.11¢, and draw
the straight line for R, a.nd ellipse for L,. The maximum value of

current I, through R, is OL in the figure, and the maximum

R H
value of current I, through L, 19 B, , OF in the figure. Since the

circuit is a parallel one we must a.dd currents. When F, is zero,
I, = zero and I, = OG, so that G is a point on the combined locus ;
for £, = OH (its maximum positive value) I, = OL but I, = zero,
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hence J is a point on the combined locus. When E, is negative,
equal to OX and decreasing to zero, I, = XY, I, = XZ and V is
a point on the combined locus where XV = XY 4+ XZ. Continuing
the process gives the ‘“ sheared ™ elliptical shape, JFV(, and this
is increased or decreased in size, so that when transferred to Fig. 2.11a
it becomes tangential to the B, = — 2 and — 4 volt lines. The
load curve for R, and C, in parallel is similar, with the direction of
vector rotation in an anti-clockwise direction. The D.c. resistance
component decides the position of the load curve above the E, axis
on Fig. 2.11a. The parallel R,L, load curve is centred above the
H.T. voltage E, if L, has a negligible D.c. resistance, and the
R,C, curve about the intersection of the R, line with the
E, = — 3 volt line if the D.c. resistance of R, is the same as its
A.c. resistance.

2.7. Equivalent Circuits for a Valve. A valve may be
represented by a constant voltage or a constant current generator ! ;
the former representation is most suitable for a triode valve, which
has a comparatively low resistance, whilst the latter is more useful
in analysing the action of a tetrode or high resistance valve. The
two circuits are shown in Figs. 2.12¢ and 12b; coupling between
the anode and grid circuits has been assumed to be negligible.

- —7

E, @9 Ra Z jo

("> 1
I .‘ZIS-J -1 -
Fi1c. 2.12a.—The Valve as a Constant Fia. 2.12b.—The Valve as a Con-
Voltage Generator. stant Current Generator.

The voltage developed across the external load Z, in Fig. 2.12a is

— IquZOA 2
0 = R——a+ Z, . . . . 2.5a
whilst in Fig. 2.12b.

E, =

IR,Z, g9.,E,R,Z, uE)Z,
R,+Z, R,+Z, R,+Z,

The two circuits are therefore identical. Fig. 2.12b is very
helpful when Z, is a tuned circuit, for it shows the desirability of
having R, as large as possible in order that the overall gain may be
high and the maximum selectivity of Z, realized.

. 2.5b.
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Sometimes an impedance is connected in the cathode-earth lead
of a valve, notably for providing negative feedback ; the circuit of
Fig. 2.12a is modified by the inclusion of the dotted impedance Z,,
and the effective grid input voltage becomes that between grid and

cathode, E,. The output voltage is
B, = - tEabo
T R+Z, + 4
where E, = E;, — E,
/"Eﬂgzk
o = RTLA L,
. 1By 2,
.E, =E,— _"9%"
* R,+Z,+2,
— Eg(Ra+ZO+Zk)
R, +Zy+(u+1)Z,
#BoZ, . . 2.5¢c.

E, = .
* " RytZo+(p+1D)Z,

Hence the inclusion of the cathode impedance has had the effect
of increasing the equivalent valve impedance by (u+1)Z,. For
high slope resistance valves, such as screened-grids or pentodes,
g, is the important parameter and expression 2.5¢ is modified as
follows :

E, — — InFabdlo ImE 2o ~ InBe 4 o

R,+Ro4-(u+1)Z; 1+%+(gm+‘§1)zk 1 +-gmZy
a a.

when R, > Z,. Thus the equivalent mutual conductance of the

valve is reduced in the ratio Expression 2.5d assumes

1 +g mZk.
that the screen is decoupled to cathode by a large capacitance and
that there are no voltage changes across Z, due to change of screen
current. When the screen is decoupled to earth, a voltage is
developed across Z, due to screen current changes, and the following
current voltage equations result.

Ey= (I,+1,)Z,
Ia — ”Eﬂh Fay ngUk
Ra +Z0 +Zk

Is — ;uSEUk
Ry+Zy+2;
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AE
where 1y = —=5(I, constant).
s AEg 8
R, = slope resistance of the I.E_ curves.
Generally R, > 7, and
Is = gsEg,‘
Al
where gs = > (E, constant).
s AEg 8§
S By = (Gnt9) 24 E,,
But E,=E,+E, =[1+(9n+9,)Z,]E,,
E
Ey=gB, =—3Im% ___ 95,
B TR AY A
_ _9nBy
(1+9xZy)

Usually g,, o I, and g, « I, so that
I

= l—{—_f .

p gm( Ia>

In non-aligned grid tetrode valves II~" is about 0-25 and in aligned
a

grid valves it is about 0-1.

2.8. The Grid Input Admittance of a Valve.8

2.8.1. Introduction. The grid input ecircuit of a valve can
usually be represented by a resistance and capacitance in paraliel.
The magnitude of both components depends on the construction of
the valve, the potentials applied to the electrodes, and the im-
pedances in the external circuits connected to the electrodes.

The input resistance can be due to four causes :

(1) Leakage current between the grid and other electrodes.
This can be measured when the valve heater or filament is cold,
but it may change when it is hot.

(2) Electronic and positive ion current. The first may be
produced by grid collection or emission of electrons. Collection of
electrons by the grid may generally be prevented by applying
sufficient negative bias. Emission from the grid is usually due to
the volatilization of active material from the cathode and its
condensation on the cooler grid. It can be reduced by preventing
cathode temperatures in excess of that required for satisfactory
operation, and by maintaining the temperature of grid and anode
at as low a value as possible. A high temperature for the grid
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electrode encourages emission from any material which has con-
densed upon it. Cooling fins are often connected to the top of the
grid support wires of h gh current valves, and the anode is carbonized.
Grid emission causes current in the opposite direction to that from
electron collection, and produces across a grid leak resistance a
positive bias on the grid. Positive ion current has this same effect
and is due to the collection of positive ions—positively charged
atoms of residual gas, which have been robbed of electrons by
collisions with the primary electrons—by the negatively biased
grid. Grid emission and positive ion current are more likely to
occur in high current output valves, and the effect may be cumula-
tive if a high grid leak resistance is employed. The positive bias
caused by this grid current increases the anode current, thus raising
the temperature of the anode, causing it to release absorbed gases ;
at the same time the grid temperature increases because of greater
radiation from the anode, and grid emission current increases.
A high grid leak may therefore quickly produce destruction of the
vacuum and ¢ softening  of the valve, and it is the probability of
‘ goftness ”” which limits the grid leak in output valves and most
types of voltage amplifier valves to maxima of 0-5 and 2 MQ
respectively.

(8) Coupling between the grid and any other electrode containing
an impedance to the input frequency. Anode-grid capacitance is
the more usual source of this defect, but capacitance between the
grid and cathode or screen can also contribute. The equivalent
input resistance from this cause may be positive or negative,
resulting in degeneration or regeneration of the input voltage, the
sign depending on the sign of the particular electrode circuit
reactance. The magnitude of this resistance is inversely pro-
portional to the gain of the valve and directly proportional to the
ratio of resistance to reactance in the given electrode circuit, zero
reactance giving infinite resistance.

(4) Transit time of the electrons between the cathode and grid.
When the time of flight of the electrons between grid and cathode
becomes comparable with the reciprocal of the input frequency,
electrons may be accelerated away from the grid in the direction
of the cathode as well as in the direction of the screen of the r.F.
amplifier valve. The negatively charged cloud of electrons moving
away from both sides of the grid constitutes an A.c. current having
a resistive and a capacitive component. The effect is dependent on
the total electron flow and is greatest for high space currents,
i.e., low grid biases.
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The input capacitance is also dependent on four factors:

(1) The grid size and proximity to other earthed electrodes such
as the cathode and screen. This capacitance can be measured
when the valve is cold.

(2) Space charge. The negative charge due to the electrons
clustered round the cathode is equivalent to a reduced distance
between the cathode and grid, and the capacitance between the
two electrodes is therefore increased upon that of the cold value.
The increase is dependent on the grid bias and has a maximum of
about 2 uu¥ at the minimum negative grid bias. It causes mis-
tuning of the signal circuit when the gain of the valve is varied
by changing the signal grid bias.

HIT+
}
20 Eg zl
L L4
A
qq"'-r """ - C
— LU A .f_: s
[-q Cﬂ]("f' 2
=1 g
7 X
ED ? Lzl
K| <K
'
—OH.7~

Fie. 2.13.—A Circuit showing Coupling to the Grid by Interelectrode Capacitance.

(3) Coupling between the grid s d any other electrode, having
an impedance to the operating frequency. This reflected reactance
is always capacitive irrespective of the sign of the reactance in
the other electrode, and the equivalent capacitance is a maximum
for zero external circuit reactance and minimum grid bias, i.e.,
maximum valve gain.

(4) Transit time of the electrons as set out above.

We will now consider the resistance and capacitance reflected
into the grid circuit due to coupling between it and other electrodes.
A circuit showing coupling between the grid and other electrodes
is given in Fig. 2.13.

2.8.2. Grid Input Admittance and Anode-Grid Capaci-
tance Coupling. Assuming that Z, = Z, = C,, = C, =0), the
equivalent circuit for a valve having anode-grid capacitance coup-
ling is shown in Fig. 2.14. Using the constant current generator
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circuit and replacing the resistances and reactances by their equi-
valent conductances and susceptances, viz.

1 1 1
— — = ] d
z by G, Z by Y, = G,+jB, an XC% by Bg',
the voltage and current relationships may be written as follows :
I, = 9B, = Eo.[Gy+Go+jBo]+[Eo+E).jB, . 28.

Ea
Lo,

}; =thljﬁo Ea
[‘q i

F16. 2.14.—The Equivalent Constant Current (I, = g.E,) Generator Circuit for
Anode-Grid Capacitance Coupling.

Note.—E, and E, are in the same direction as regards C, and
therefore additive.

I, = (Eo+H,)jB,, . . . .27,
From 2.7 the admittance of the grid circuit is

1, _ E,] .
Y, = z, [1+E';]"7B”'

and from 2.6
By_ __ 9n—JBs, 2.8
E, (G.4+G)+jB,+B,) -~ =~ T
. Y =nga[Ga+Go +9m+]Bo]
T 7 (GatGy)+Hi(By+B,)
Rationalizing
Y — jBa,[Ga‘*‘Go +9m+iBy)[Ga+Gy — §(B, +Ba,)]
g (G4 +Go)*+(By +B,,)?

Baa'[[Ga_*-Go +gm][B0 +'Bg¢] - -BO[Ga +G0]]
+ng,[(Ga+Go +gm)(Ga+G0) +B0(B0 +Bg_,l]
(Ga+Go)*+(Bo +B,,)*
= G, +jB,
2 2
o =)o (GadCrtBtE,) .. 29
By.[gm-Bo +Bg,(Ga +Go +gm)]
B Col(Ga 4Gy +9m)(Go+Go)+By(B, +Bq€);|7
w (G.+Go)®+(B, +B,.)’

Q

®
3
a
Q
1

I
5
I

2.9b.
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These expressions show that when B, is positive or negative
and infinite, R, is infinite and C, = C,. This is to be expected
since B, = co means zero anode reactance and the anode is virtually
connected to earth, leaving only the anode-grid capacitance across

the grid input circuit. R, is also infinite when B, = — B,
w). For values of B,> — B, w), R, is
9Im Os Im
positive and for B, < — B, (G il ”+g'") R, is negative. Thus
Im

anode-grid capacitive coupling with an inductive anode load can,
and usually does, provide regeneration, whereas with a capacitive
anode load, degeneration always occurs. There are two minima
for R, one positive and the other negative, and they are found by
differentiating 2.9a, with respect to B, and equating to 0. The
resulting equation is

(Bo+B, )% +2B; (Bot+ B, )(Gy+Go) — gu(Ga+Ga)® =

Hence B, = — B, +(G,+G, )[ o0y /1+< a)]

The maximum value of C, can be found in a similar manner from
2.96 and the resulting equation is

B, (Bo+B,)* — 2BatB, )Gt G, — B, (4Gt =
B," = — B, + gmi\/;]gm +5s, ](Ga+G

9s
the maximum condition is given from

By = — B, +| " \;f"‘2+3”42:|<Ga+Go) . 2.11a.

L Oa

Generally, B, <g, and (G,+G,) so that 2.10a and 2.1la
reduce to

By =4+ (G, +6G). . . . 210
and B, = — Bﬂ.' . . . . 2.116.

Combining 2.10b and 2.9¢ and neglecting B, in comparison with
the other factors
2(Ga+Go)

2.12.
gmB

R (min.) =4
9a
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Combining 2.115 and 2.96 and again neglecting
GotGotgn

Ya
L

C,max.) =C

=C

Ta
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G.+6G,
+ gm
1+g

uR, -
R,+R,

_1+

+Rg
G

Qo+Gy_
R Ry
R,+R, |

—

9 =C.9a 7+

[cHAPTER 2

9

2.13a

. 2.13b.

J2.2)

)

R +R,

[}
i
by
1
¥ :
i J‘ r
i o T +2(Ga+Go)
-Bo {‘3’“ Por (GarGo) 1 R T onBea B
N 4 Capacits)
(Inductive) 2! T Z(Ga”'Go)E\ By +(Ga+Gy) (Capacitive)
Iy gm‘gya ! By=~Byq
e N B, -5 (gm+Ga+Go)
P A 0" “Ya 9m
s A
g v
7 \y
L
‘i

Fio. 2.15.—The Effect on Input Capacitance (C,) and Input Resistance (R,) of
Varying Anode Circuit Susceptance (B,).

Expression 2.13b is in the well-known form illustrating the
Miller effect.

The changes of B, and C, for values of B, varying from + oo
to — oo are shown in Fig. 2.15. These effects have a very important
bearing on the frequency response of an B.F. amplifier and they are
fully discussed in relation to this problem in Section 7.8.

In many practical examples ¢, € G, and B, < B, so that the
expressions for £, and C, can be simplified to
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G02+Boz

= 2.14a
gmBUGBO

when @, B,
g mB 7, <

= s 22 a, when B, is inductive.

— % hen B, is capacitive.
gmog,

(G +gm)G +B 2 gmG
¢, =0, OGOZHEJ oM — [ il I 2.14b.

A valve may have an impedance in its cathode circuit (inten-
tionally as in a negative feedback amplifier or unintentionally due
to inductance of the lead from cathode to valve-pin) and the current-
voltage equations are modified to (Fig. 2.13 with Cy,=0,2,=0,
I, =1)

Ig = (Eg_*_Eo)ng“

E,7.

Y, = |:1+E—:]]Bg' N 313

E, — (E,+E
Ia ='[ o Ie(“o k) = gm(Ea - Ek) - (Eo +‘Ek)Ga
Ia = nga - l?k(gm-*_Ga) - EOGa
= E (G, +iBy)
Ek(Ga+Gk+gm+jBk)+E0Ga = ngg . 2.16a
(Ia - Ig) = EO(GO+JBO) = Eg(gm _jBad) - Ek(gm_*_Ga)

— Ey(@, +jBa,)
VB9, +G) +Eo[G,+Go+j(B, +Bo)] = E (g, —jB,) 2.16b.
Combining 2.162 and 2.16b6 to eliminate E,
By, _ (Gm — JB N Ga+Gr+9m+3iBi) — gun(Gatgm)
E,  [Ga+Go+j(By,+Bo)l(GatGr+gm+iBi)] — (Gatgm)Ga

It will be noted that when G, and B, are infinite, i.e., the cathode
impedance is zero, 2.17a reduces to 2.8. Normally B, and G, can

be neglected in comparison with the other components and so

B, _ Im(Gr+JBy) L . 2.17b.

Ea (Go +.7B0)(Gk+gm+.7Bk)

2.17a.
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From 2.15 and 2.17b

Y, — jB [(Gg +iB NGk +gm +3Br) +gm(Gr +JBk)]_
e Ya (G +JBo)(Gr+gm+JBy)

Rationalizing

3B [(Go +5Bo)(Gr+9m+iBi) +m(Gr+iBi)]
UGy — jBoNGx+gm — JBy)]

Y, = - )
’ @ F By (Gt 9m)? + BY)
R =1 (Go*+Bo®)((Gx+9m)?+Bi)
! Gﬂ gmBga[Bo(sz-i-Bk”)—I—gm(Bon — BkGo)]
Go*+Bo'[, | Imlgm+2G)
= 1 ) ) ] . Y
gmBg.Bo [ + G.*+B,? 2.18a

when B,G,, — B,G, is very small,

Comparing this with 2.14a we see that the reflected resistance is
increased, i.e., the anode damping is reduced. The result was to
be expected because the voltage across Z, is a negative feedback
voltage reducing the gain of the valve.

[(Go +9m)Go + By 2N (G +Gm) 2+ By
¢ =Dr=0 0 (BLBy — Gio) — 476"
‘o " (Go®+ B (G +gm)t + By 2]

=C (Go +gm)Go "}"Bo2 . gm[gm2G0 +gm(GkGo - BkBo):I . 2.18b.
Go*+B,? (Go®+Bo)[(Gr+gm)*+Bs?

This is identical with 2.14b when G, and B, are infinite. The
effect of Z, is therefore to reduce C, and this also agrees with the
reduced valve amplification due to the negative feedback voltage
across Z,.

The above expressions assume that the screen voltage is de-
coupled by a capacitance to the cathode, and when it is decoupled
to earth the following formulae are valid for B, and C,,.

G 2

_ﬁ*f_l_go l: +g’éi:iBf"] . . . . . 2.18¢
C = C [G0+gm)G0+B 2 gm[gsz +gk(GkG0 i BkB )] . 2.184

e ba G2+ B,? (G +BA)[(Gr+90)*+Bi]
where g, = mutual conductance with reference to
the cathode voltage
I,+1,
=Ggm +

and I, and I, are the anode and screen currents respectively.
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2.8.3. Grid Input Admittance and Grid-Cathode Capacit-
ance Coupling. The grid-cathode capacitance of a valve is often
comparatively large, about 3 uuF, but it acts only as a capacitance
in parallel with the grid input circuit if there is no impedance in
the cathode circuit of the valve. At high frequencies (from about
20 Mc/s) the inductance of the cathode lead can provide sufficient
impedance to modify to a very great extent the grid input admit-
tance. Fig. 2.13 shows the circuit (C,, C, and Z, are assumed

to be zero, and I; = I,) and the equations are given below
Ig = (Eg - Ek)ngk

I E
Y=_”=[1——".'B R AT
*= B, B, |77
E,— E,) — (B+E
1, = 4B =2 2 Bt _ g (B, — By) ~ B+ G,
= Eo(Gy+jBo)

I,+1, = E\(Gy,+jBy)
from which E(G,+G,+jiBy) +E,(G,+9,) = 9.5,
and
EGy+E\[Go+ G+ gn+i(B,,+BY] = B (g, +iB,).
Combining the above equations to eliminate &,
E, (@n+3Bo)(Ga+Go+iBo) — guGa

= = - . 2.20a.
Ea [Ga+Gk+gm+.7(Bak+Bk)][Ga+G0+JBO] - (Ga+gm)Ga
If G, can be neglected

Ek gm+jBﬂk 2.20b

B, GuHgnti(B,+Bi)
and we see that the anode impedance (Z,) has practically no effect
on the result. Combining 2.19 and 2.20b
. (GBI Grtgm — J(By,+Bi))

Y =4B
¢ T G gm)* (B, + By)?

1 _ (Grtgm)®+(By,+By)? 0 91a
7 Gg Bak(GkBa,‘ - gmBk) ’ ’ .

B, _ Cy[GK(Gi+gm) +Bi(By,+Bi)] 2.91b
! o (Gk:"I'gm)z"*‘(-Bg,"i'-Blc)2 S .

These two expressions are similar in form to those for anode zrid
capacitance coupling.
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Differentiating R, with respect to B, gives the following con-
dition for minimum R,

B, = +Gk+gm[ iJ1+< ”*)] . 2.22q.

C, has a minimum value at

— Vg.*+B,*
[9'" ; + ”"](Gk—}—gm) . 2.9%

173

Bk” = - Bak -

and its maximum value is C, for B; = oo.

This is the reverse of anode-grid coupling, but is to be expected
since the voltage developed across a given impedance in the cathode
circuit with regard to earth is 180° out-of-phase with that developed
across the same impedance in the anode circuit. In the same way
it is found that the sign of B, is reversed, i.e., a positive or capacitive
B, gives a negative B,. This is clearly shown below in the simplified

g
expressions for B, and C, obtained by assuming B, <g,,. Thus

2.22a and 22b become

and R, (min.) = 797m —E— . . . 2.23
and Cy(min.) = Cp ——"— G +g
=C Im ] 2.24
Gk+gm

The general shape of the variations of B, and C, for changes
of B, from — o to+ oo is shown in Fig. 2.16. R, is infinite when

G

m

B, =+B,

Many practical cases allow simplification of the general expres-
sions 2.2la and 216 for B, and C,. Thus if G, < B, and g¢,,.

gm2+(Ba +Bk)2
Ry = — " T 2.21c
g gmngBk
By(B, +B
and C, = ngm-’f(—it—kL C . L2214

9m®+(Bg, +By)?
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Often B, can be neglected in comparison with B; and then
.R —_ gm2+Bk

9.5, Bk 2.21e
B
&nd 0” = Cﬂkm 2.2lf.
In the simplest case when g, < B,
B 1 C
R = — "k —4 - =Tk
7 gmBg N Imw 2Lk00, gmoﬂk

when B, is respectively inductive and capacitive.

+Ry
{

Wl
“Bx L-2Gx+9m) *8x
(. Induct/ve)%x ==(Gx*9,4) / fﬂ — _9mBg; (Capacitive)
Ry = 2 (GI( +.9 m) ~ ~
ImBax
BK = '.BgK

F16. 2.16.—The Effect on Input Capacitance (C,) and Input Resistance (R,) of
Varying Cathode Circuit Susceptance (By).

(Note that when the screen voltage is not decoupled to cathode, g, in all the above
expressions must be replaced by g,, the mutual conductance referred to the cathode.)

In all the above expressions we have assumed that the screen
is decoupled to cathode, and if it is decoupled to earth g, must

everywhere be replaced by g,, where g, = gm(l +%) When the

a
effect of cathode lead inductance is considered, g, must replace g,,.
To illustrate the influence of the cathode lead inductance in an
R.F. amplifier valve at high frequencies, let us consider a valve
operating at 30 Mc/s. and having the following constants

9 = 8 mA/volt, C, =3 uuF, L, =02 uH.
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Using formula 2.21¢
g _ (83X 10-3)24(0:0565 x 10~* — 2:65 x 10~%)?
97 3 x 103 x 565 x 10-4 x 2:65 x 102
= 15,2000
C,=0C, as g, < B;.

This result shows how serious an effect even a small cathode
inductance can have when amplification at comparatively high
frequencies is desired. Since R, is inversely proportional to g;, the
amplifying properties of a high g, valve may be completely nullified
unless L, is made very small. To reduce additions to L, from
external wiring, leads from the cathode decoupling capacitor to
earth should be as short as possible and the capacitor itself must
be non-inductive. The part contributed to L, by the valve internal
wiring may be reduced by bringing out by separate leads more
than one connection from the cathode.

If the frequency is raised to 60 Mc/s, the resistance E, falls to
the very low value of 3,500, i.e., almost in inverse proportion to
the square of the frequency ratio change, 4 to 1.

It is possible to increase the input resistance of a valve by
inserting a resistance R, in the cathode lead, but this entails loss
of amplification in the valve owing to the degenerative effect of
R.F. voltages set up across R,. Under certain circumstances the
increase in input resistance may be greater than the decrease in
valve amplification, and a net increase in overall amplification may
result. An example in Section 4.10.3 illustrates this.

The formula for input grid resistance when R, is included is
that given in expression 2.2la.

(Gr+91)*+(Be+B,,) .
B,,(GBy, — giB)

To have any appreciable effect R, must be comparable with the
reciprocal of mutual conductance, so let us assume that B, = 3002,
other components remaining as in the example quoted above.
Converting the cathode impedance to an admittance

R, =

yoo Ll _ 1 30 317
k= Z. 300377 300°1+37-77 300°+37-7%
s G, = 328 x 1073 mhos and B, = — 0-412 X 1072 mhos.
R _ (628 x 10-3)24(1-53 x 10—¢)2

77 5656 x 10-4185 x 10~7+412:36 x 10~7)
= 22,7008.
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The inclusion of R, has, however, reduced the equivalent mutual
conductance of the valve to (expression 2.5¢).

’ gm g;-;;,
- ~ = 0-526 g¢,,.
Im = 1492, 143 x 10-° x 300 Im

This is a serious reduction and the increase in E, could not be
expected to offset it. However, in this example we have not taken
into account the probable value of stray capacitance across R,
and we shall see in the next example that even a small capacitance
value can have a profound influence on the result. Let us consider
R, as paralleled by stray capacitance of 5 uuF. The cathode

impedance Z;, now becomes

R
Z, = "% 44
= THjwCR, el
‘Rk . wC R 2
_ B L, — @0k ,k_]
I+ (OB [“’ kT T {00 R,)?
= 278+j(37-7 — 78-5)
— 278 — j40-8
and Y, = 352 x 10244517 x 10-¢
= Gk+jBk‘
6-52 x 10-%)24(1-082 x 10-9)3
P
Hence Ry = 5% 10-4(199 x 10-7 — 1551 X 10-7)
— 176,0000 (G, =1 568 mhos).
Rﬂ

This represents a very big improvement in input resistance, though
the actual value of B, is now much more dependent on frequency,
and the application of this principle will clearly be more satisfactory
in receivers operating at a fixed frequency (e.g., for television
reception) or over a restricted tuning range.

One result of including R, must not be overlooked ; R, is no
longer infinite when g, = 0. In the above example it has the com-
paratively low value of 12,050 ohms, steadily increasing as cathode
mutual conductance is increased, to 176,000 at g, = 3 mA/volt.
This particular property may be used to reduce input resistance
variations under A.G.c. conditions, for by a suitable choice of R,
it is possible to make R, almost independent of changes of g,.
This can be illustrated by taking B, = 120%, all other components
being as before :
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7, = 118-3-+524-32.
G, =811 x 107%; B, = — 1665 x 1073

(11-11 X 10-3)24(1-1x 10-3)2

R, =
97 565% 10~ 45:65% 10-4x 811X 10-3+3x 10-3x 1-665 x 10~

= 23,0502 (G, = 43-4 micromhos)

for g, = 2 mA/volt, B, = 23,1002, ¢, = 43-2u mhos
3 1 99 3y 23,8009, 3y — 42'0 ”
’» O ’ s = 25,900.{2, 4y = 385 sy

I

The use of a cathode resistance may increase or decrease the
variation of input capacitance when g, is varied. From expression
2.21b.

C, = Aoa,,
where 4 _ GGt +BuB, +By)
(G +91) +(By, +By)?

Least variation of 4 is obtained when (B, + By) is large compared
with g,, and under these conditions increase of G increases the
variation of C;. In the examples given above for @, = 0, 4 varies
from 101 (g9, =3 mA/volt) to 102 (g, = 0), whereas when
R, = 12082, C, = 5 puF, it changes from 0-74 (g, = 3 mA /volt)
to 1-01 (g, = 0). The inclusion of R, therefore increases the varia-
tion of C; as g, is varied. If (B, +B,) is comparable with g,,
increase of G, generally reduces the capacitance variation, so that
as the operating frequency increases (B, and B, decrease) we find
that a cathode resistance can be used to advantage for reducing
input capacitance variations.

2.8.4. Grid Input Admittance and Combined Anode-Grid
and Grid-Cathode Capacitance Coupling. The circuit for this
coupling is shown in Fig. 2.13. [C, =0 and Z, = 0] and the

equations are

I, =g.(E, — E,) — Q(E,+Ey) . . . 2.2

Is = (Eg —_ Ek)jBak . . . . . 2.26.

I, = (B,+EJ)jB, . . . . . 221
L+1I, = E(G,+jBy) . . . . . 228
I, —I,=E(Go+jBy . . . . . 299

I, IL,+I, _ __E’k . B\ .
Y"—E_— E, __< l»a—a)ngk+<l+Ea)jBa. 2.30.

g
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Combining 2.25, 2.26 and 2.28
EG,+G i+, +i(B+ By )+ EG, = EJg,+jB,] 23la.
From 2.25, 2.27 and 2.29
EO[G0+Ga+j(B°+Ba¢)]+Ek[gm+Ga] = Ea(gm _ng‘) 2'31b~
Eliminating E, from 2.31la¢ and b
&c _ [gm+ngk][Gu+G0+j(B0+Baa)] - [gm —ng,‘]Ga
Ea [Ga+Gk +gm+j(Bak+Bk)]
(G +Go+i(Bot+B,)] — [9m+G41G,
If B, can be neglected in comparison with its associated factors,
2.32 reduces to 2.20a, so that the part contributed to Y, by the
grid-cathode capacitance is the same as that given in Section 2.8.3.
Combining 2.31la and b to eliminate E,
[gm - nga][Ga+Gk+gm+j(ng+Bk)]
Lo - [gm+]qu][Ga+gm] 233
E, [G,+G,+j(B.+B,)] R
[Ga+Gk+gm+j(ng+Bk)] - [gm+Ga]Ga
Again, if B, can be neglected in comparison with the other factors,
2.33 reduces to 2.17a, and its contribution to Y, is as calculated in
the second part of 2.8.2. We may therefore take the values of
G, and C, calculated in Sections 2.8.2. and 2.8.3, and obtain the
combined effects of anode-grid and grid-cathode coupling by
adding them.
Thus, from the modified expression 2.182 and from 2.2la
(neglecting B, in comparison with other factors)
. grriBguBo(sz"}_Bkz) _ gmngBk
TGP+ BA(Grtgn)?+ Bl (Grtgm)®+ B

2.32.

by

B I G tB*1 _ p p
% = f@ g +Bk2][ [Go2+Bo” e
__ [(Gk+gm)2+Bk2][G°2+B°2] . 2.34a.

R =
g gm[BgaBO(Gk2+Bk2) - ngBk(G02+B02)]
Neglecting B, and the second part in 2.18b, and also B, in 2.21b.
Go+gm)Go+Bo* (G +gm)Gi+ By
0, =, [ ot gl m 2.34b,
WL Gt By ]+ "*[ (Gr+9u)*+ B }
Examining 2.34a, we see that it is possible to make E, infinite ’

and therefore independent of the mutual conductance of the valve
if the denominator is zero, i.e.,
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Bg“Bo-(sz‘*‘Bkz) = ngBk(Goz‘}‘Boz)

B,
B GTETJ!__B"z
or % Tk Tk 2.35a.
ng B,
G2+ B,?

B, . N
t GiirB: is the reactance of the cathode circuit viewed
a8 a series circuit consisting of R, and L, (or C,, though this is less
likely to be realized at ultra high frequencies), and similarly

[+] - - .
GiiBs is the equivalent series reactance of the anode. Hence
2.35a¢ becomes
B C
o _ Yo _ Ly .. . 2.35
Ba,, C,, L,

It will be noticed that B, and B, must have the same sign (B, and
ng are always capacitive and positive), i.e., they must both be
inductive or capacitive. Thus in satisfying expression 2.356 by

including an inductance L, = L,—— z, % between the anode load imped-

ance and the anode, it is poss1ble “to raise the input resistance to
a very high value. Just as for the added cathode resistance method,
there is loss of valve amplification due to the added anode induct-
ance, which may need to be as much as fifty times that of the stray
cathode inductance. Input resistance neutralization is also possible
by means of an inductance in the screen electrode of the valve.
Expression 2.34b for input capacitance may be rewritten as

_ gn@ (G +gm)gm
G = C‘,‘_[ +G02+B 2]_{_0"'[ (Gk+gm)2+Bkz:|
0 GO Cg,‘(Gk_{"gm)
= CotCutonl gy 5~ @, o B+ 2

If g, <€ @G, it is also possible to prevent change of input capacitance
when g, is varied (under A.g.c. conditions); this is achieved by
making

Gy
Cy, = w - Iﬁc 2.36
c, @ R, . . .2
Go* 4B,

* See Appendix la.
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where R, and R, are the equivalent series resistance components
of the cathode and anode circuits.

It will similarly be found for capacitance coupling between the
grid and other electrodes that each coupling can be treated inde-
pendently of any other, and the resultant input conductances and
capacitances can be added to obtain the combined effect.

2.8.5. Grid Input Admittance and Grid-Screen Capacit-
ance Coupling. The equations for grid-screen capacitance coupling
are identical with those for anode-grid coupling if G, is replaced

8

by G,, the screen conductance glf (this is the slope of the I.E,

curve), ¢,. by g,, the screen mutual conductance, %, Q,, B, and
g

Bﬂ. by @,, B,, the conductance and susceptance of the external

impedance of the screen circuit, and Bg‘, the screen-to-grid

capacitance.

2 B 2
Thus R (G, +G)' +(Bi+5,)

“ = B,[9.B:+B, (GG +g)]
(G3+G1+gs)(Gs+Gl)+B1(Bl+Ba.)] 2.3
(Gy+G,)*+(B,+B,)?
In an R.F. amplifier, having undesired inductance in the screen

lead, B, and (G,+@G,) can usually be neglected in comparison with
B,, so that

2.37a

C, =0C,,

B, 2.38

1

=~ — ____ _ when B, is inductive
gsszng' !

~ O when B, is capacitive.
9:C,,
As for combined anode-grid and grid-cathode capacitance coupling,
so for combined grid-screen and grid-cathode coupling it is possible
to raise the input resistance to an infinite value ; in this instance
the condition is that
Cy, Ly

c

2.39.
O s

Since C, and C, are comparable in value it means that L, is
approximately equal to L.
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2.8.6. Grid Input Admittance and Electron Transit Time.?
Over the medium and long wave ranges the time taken for a
given electron to travel from the cathode to the anode is a very
small fraction of one period of the input voltage wave. Conse-
quently the a.c. current flow in the grid circuit, due to the passage
of electrons through the grid wires from cathode to anode, is almost
entirely capacitive and leads the grid voltage producing it by 90°.
Hence there is no absorption of power in the grid circuit and grid
input resistance is very high. At the high-frequency end of the
short wave range (from about 15 Mc/s upwards), the transit time
of an electron between cathode and grid becomes an appreciable
fraction of the grid voltage cycle. This causes the current action
in the grid circuit to be delayed and grid current leads upon the
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Fi1e. 2.17.—Grid Current due to Electrons Passing from the Cathode to Anode.
(0 is the angle of lag due to the transit time of the electrons.)

grid voltage by an angle less than 90°; i.e., a conductance com-
ponent is introduced into the grid input admittance. This con-
ductance component increases as the frequency of the grid voltage
input increases and in general-purpose valves is quite marked
at 20 Mec/s.

Ferris 2 has explained the action as follows. In Fig. 2.17 is
shown a cathode, grid and third electrode with electrons passing
through the grid mesh. The approach of the negatively charged
electrons, to the grid from the cathode, induces a charge on the
grid which is equivalent to a current I, flowing into the grid circuit.
Similarly as the electrons progress from the grid towards the third
electrode they induce a charge on the grid mesh, which is equivalent
to a current I, flowing out of the grid circuit. When there is no
A.c. voltage on the grid and sufficient negative bias to prevent the
collection of electrons, the grid current due to the approaching
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electrons is completely neutralized by that due to the departing
electrons. If an a.c. voltage is now applied to the grid, the distri-
bution of the electrons is modulated by this voltage so that as
E, is increasing negatively the density of the electron stream is
greatest on the cathode side, and there is a net current into the
grid, i.e., I, is negative. The reverse is true when E, is decreasing
and the density is greatest on the side opposite to the cathode,
giving a net current out of the grid. The magnitude of the net
current is dependent on the rate at which the electrons are being
accelerated or decelerated, and is & maximum when this is maximum
(provided there is no delay between the voltage E, and its effect
on the electrons), i.e., when K, is changing at its greatest rate.
This occurs when the A.c. component of E, is passing through zero.
The net current I, (see Fig. 2.17) therefore leads £, by 90°, being
zero when E, is maximum or minimum, increasing positively as
E, increases from its minimum value, and reaching a maximum
when the A.c. component of E, is zero. Thus the input admittance
has no conductance component. If the time taken for electrons
to travel from the cathode region to the grid is an appreciable
fraction of the input voltage cycle, the effect of E, on the electron
stream distribution is delayed and the net current leads E, by
less than 90°. The new phase relationship is (90° — 6), where
6 is the angular lag caused by the electron transit time from cathode
to grid. The input grid admittance Y, is

I

Y”=E—,"=|Y‘,]/90—6. . . 2.40.
g
and it has a conductance component
G,=|Y,|cos(90 —0) =|Y,|sinf . . 241
Ferris suggests that the value of G, is given by
G, = Kg,, f*r?

where ¢,, = mutual conductance of the valve
K = a factor dependent on the ratio of the electron transit
times in the cathode-grid and grid-third electrode
spaces
f = frequency
7 = electron transit time to an arbitrary point in the system.
Electron transit time is reduced by using smaller electrode spacings
as in the acorn type valve.
In the above description of electron transit time effects it is
assumed that the valve is operating under space-charge current



56 RADIO RECEIVER DESIGN [CHAPTER 2

limitations, i.e., the total current is far below its saturation value.
If the current approaches its saturation value (due to reduced
cathode temperature, or to a positively biased screen between
the signal electrode and cathode as in the heptode frequency
changer), current due to the flow of electrons past the grid wires
may lag behind the voltage controlling the electrons, i.e., the input
susceptance of the signal electrode is equivalent to a negative
capacitance. Electron transit time causes the current to lag by
more than 90° so introducing a negative conductance component.
This feature is discussed more fully in Section 5.8.3., where an
alternative explanation of the positive conductance component
under space-charge limited conditions is also given.

There are other forms of electron transit time effects in multi-
electrode frequency changers, such as negative resistance ¢ coupling
between the oscillator and signal grids of a heptode (Section 5.8.3.),
and the high negative bias start of grid current on the signal grid
of & hexode valve (Section 5.8.2.).
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CHAPTER 3
AERTALS AND AERIAL COUPLING CIRCUITS

3.1. Introduction. The difficulties presented by the design
of the aerial circuit of a receiver are very largely due to the fact
that the type of aerial with which the receiver will operate is un-
known. For example, the aerial may be erected indoors, where
it will have poor pick-up qualities and large capacitive and resistive
components in its terminal impedance. (The terminal impedance
is defined as the impedance between aerial and earth looking into
the aerial from the receiver.) On the other hand, it may be erected
outside, as a horizontal wire with perhaps a long lead-in, or as a
short vertical wire at the highest point in the building and connected
to the receiver by a screened cable. The characteristics of the two
outside aerials are widely different, the former may have a terminal
impedance with a low resistive and high reactive component vary-
ing appreciably over the tuning frequency range, whilst the latter,
owing to the predominating effect of the screened cable, presents
to the receiver a mainly resistive impedance less dependent on
frequency. If the terminal impedance of the aerial is known over
the tuning frequency range, the aerial may be replaced by a
generator having an internal impedance equal to the terminal
impedance of the aerial and an open circuit voltage equal to the
effective pick-up voltage in the aerial. The problem then becomes
one of matching aerial terminal and receiver input impedance, if
maximum voltage transfer is desired. Before dealing with the
aerial connection it is essential to set out briefly the chief features
of electromagnetic wave propagation through space.

3.2. Propagation of Electromagnetic Waves. An A.c. cur-
rent flowing through a wire produces a circularly disposed magnetic
field about the wire in a plane perpendicular to the wire. The
alternate collapse and reversal of the magnetic field due to the
A.0. variation of current induces across the ends of the wire a
voltage which is equal to the rate of change of the magnetic flux
surrounding the wire and is in opposition to the applied voltage.
The latter has, therefore, to overcome not only the resistance of
the wire but also this induced component from the magnetic field

and the voltage equation is represented by
57
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E=RI+S? . . . . 3
dd _dod dI -7 dl

d dl'dt  Tdt

where L is the inductance of the wire. Expression 3.1a thus
becomes

but

E= RI+Ld—I. ... 3.ab

If I = I sin wt and we assume that there is no time lag between
the appearance of the magnetic flux and the current producing it,
the expression is again modified to

dl sin ot

E = RI sin wt+L 7
E = RI sin wt+wLl cos wt . . . 3.l

The power absorbed in the wire = ——I EI sin wt dt

]
® [RI? sin® wt+wLl? cos wt sin wt]dt.

‘S"IS

-J

= _“i [Rf 2[ — cos 2wt:| +wLi2.sin 2wt]dt
2n_ 2

o sin 2wt o €08 20t 2;"

_2_7;_32( : ) wLfs, %% 2 ]0

_RI*

==

Hence there is no loss of energy when the magnetic flux is
produced instantaneously, because the energy required to produce
it is reabsorbed into the wire when the flux collapses again. This
conception of instantaneous flux changes is largely true for low
frequencies, such as 50 c.p.s. At much higher frequencies we
would expect to find some time lag between the establishment of
the magnetic field, especially at some distant point, and the current
producing it. The expression for the flux is therefore modified to

@ = LI sin (ot — )
and equation 3.1 to
E = RI sin wt+§t(Lf sin (wt — 0))

E = RI sin wt+wLI cos (wt — )
= RI sin wt+wLI (cos wt cos O+ sin wt sin 6)
= (Ri+wa sin ) sin wt+wLl cos 0 cos wt . 3.1d.



3.2] AERIALS AND AERIAL COUPLING CIRCUITS 59

The time lag in @ has increased the resistance term by wLI sin 6,
and it is this energy component which is radiated into space and
part of which is picked up by any suitably disposed conductor.
It is known as the radiation resistance of the aerial, and it increases
as the frequency increases (this explains the high radiating efficiency
of the short wave aerial) and as the magnetic field is more spread
out. The latter is achieved by the use of a straight 6pen-ended
wire. The magnetic field from a vertical open wire is best imagined
in the form of concentric circles in a horizontal plane as shown in
Fig. 3.1, and these circles grow in diameter, spreading outwards at
the speed of light. The motion of the magnetic field automatically
produces an electrostatic field at right angles to it in space but in
phase as regards time. The electrostatic field is considered as a
series of semicircles (if one end of the aerial is connected to earth)
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F1e. 3.1.—The Electrostatic and Electromagnetic Fields Developed by an Energised
Vertical Aerial.

in a vertical plane (the dotted lines in Fig. 3.1), again moving
outwards at the speed. of light. The densities of the two fields
vary together, i.e., when one is maximum so is the other, and
sinusoidally if the current in the vertical wire is sinusoidal. At
some distance from the wire (aerial) the magnetic and electrostatic
fields are respectively horizontal and vertical, and they may be
represented by two vectors at right angles to each other in a plane
perpendicular to the direction of travel of the wave front. The
horizontal magnetic vector is OM and the vertical electrostatic
vector OE in Fig. 3.2a. Apart from the simultaneous sinusoidal
variation of amplitude with time, the peak value of each vector
decreases as the distance from the aerial increases (see O'M’ and
O’E’ in the figure). When the electrostatic vector is vertical as
in Fig. 3.2a, the wave is said to be vertically polarized, whereas if
the electrostatic vector is horizontal (Fig. 3.2b), the wave is said
to be horizontally polarized. The first condition is realized at some
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distance from a vertical aerial if the earth over which the wave
passes is a perfect conductor, whilst the second condition occurs
by radiation from a horizontal aerial over a perfectly conducting
earth. No voltage is induced in a horizontal wire by a vertically
polarized wave because a voltage can only be induced in a con-

vy
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Fie. 3.2a.—The Representation of a Vertically Fic. 3.2b.—A Horizontally

Polarized Wave. Polarized Wave.

ductor which is at right angles both to the magnetic field and the
direction of motion of the magnetic field.* Similarly a vertical
aerial could not be employed for picking up horizontally polarized
radiation. Radiation from a vertical aerial does not =lways result
in vertical polarization, for the plane of polarization is tilted forward
when the wave passes from a good to a poor conducting earth
surface ; the electrostatic vector is tilted forwards and the wave
is known as obliquely polarized. Radiation from an aerial at an
angle (8) to the vertical results in an obliquely polarized wave with
the two E and M vectors at an angle between the vertical and
horizontal polarization positions. Such radiation has vertical and
horizontal components of electrostatic and magnetic field, and
pick-up is possible with vertical or horizontal aerial. Close to a
transmitting aerial, where radiation is mostly by direct ray, the
wave is polarized in the plane of the aerial, i.e., is vertically polarized
with a vertical aerial, but outside the area of direct ray trans-
mission, where reception is mainly dependent on the indirect ray
reflected from the ionosphere (a series of semiconducting layers
round the earth), the wave may have any angle of polarization
from vertical to horizontal and it may not even be plane polarized,
i.e., the vertical and horizontal components of the electric or mag-
netic field may be out of phase with each other. For example, if
the maximum amplitudes of the vertical and horizontal components
are equal but have a 90° time phase difference—when the vertical

* This is the basis of Fleming’s well-known Right Hand Rule as used
in the theory of electrical machines.



3.2] AERIALS AND AERIAL COUPLING CIRCUITS 61

is maximum the horizontal is minimum—the wave is said to be
circularly polarized. Elliptical polarization is produced by unequal
maximum amplitudes with a 90° time phase difference. From the
point of view of reception, polarization of the wave front is im-
portant in deciding the best orientation of the aerial. For a plane
polarized wave, pick-up is maximum when the aerial is parallel to
the electrostatic field vector and it is zero at right angles to this.
For a circularly or elliptically polarized wave pick-up is possible
for any direction of the aerial ; this form of polarization is actually
undesirable as it is often produced by conditions (liable to rapid
variations) in the earth’s upper atmosphere, and distortion of the
modulation content of the wave is often severe.

The voltage generated in a receiving aerial may be due to direct
or indirect rays from the transmitting aerial, which can be con-
sidered as projecting rays in all directions between the horizontal
and vertical, though propagation is normally greatest in a horizontal
direction or at some shallow angle to this direction. The direct
ray travels parallel to the earth’s surface, is vertically polarized
and is attenuated as it travels away from the transmitting aerial
due to the production of eddy currents in the earth. This attenu-
ation increases rapidly as the frequency rises, and for short waves
the radius of operation of the direct ray is very limited. An in-
direct ray is a ray projected at an angle to the earth’s surface such
that it would ordinarily be lost in space. Owing to the presence
of semiconducting layers in the earth’s upper atmosphere the ray
may be reflected or refracted back to earth. Since the earth itself
is a conductor the ray is reflected upwards and is again returned
to earth at some distant point. Rays projected at a high angle
to the horizontal may make several ricochets between the ionized
layers and earth before they reach the receiving aerial.

The semiconducting layers, which return the indirect rays to
earth, are caused by ionization of the upper atmosphere from solar
radiation. Electrons have been detached from the neutral atoms
of the gases in these layers so that besides neutral atoms there are
free electrons and positively and negatively charged ions (atoms
with a deficiency or excess respectively of electrons in their outer
rings).

Subjecting a gas to ultra-violet light or bombardment by a
stream of electrons are two methods of producing ionization, and
these (due to radiation from the sun) are presumed to be the main
causes of the ionized layers surrounding the earth. Pressure plays
an important role in ionization and gases at low pressure can



62 RADIO RECEIVER DESIGN [cBAPTER 3

generally be ionized fairly easily and recombine slowly when the
cause of ionization is removed. On the other hand, high pressure
makes ionization difficult, and recombination is rapid when the
ionizing agency disappears. The exact number of ionized layers
surrounding the earth is a matter of conjecture, but there are at
least two important layers, called the £ and F layers, located at
heights of approximately 100 and 250 km. respectively. The lower
E layer is in a region of comparatively high pressure, so that ionio
density is not so high and recombination is rapid when the ionizing
agent is removed, i.e., during the night the E layer is practically
non-existent. The F layer, on the other hand, is in a region of
lower pressure, ionic density is high and recombination is slow.

The effect produced by these ionized layers depends on their
ionic density, the frequency of the transmitted wave, and the angle
at which it strikes the layer. The latter may serve as an almost
complete reflector, it may allow penetration followed by absorption
and/or insufficient refraction for a ray to be returned to earth, or
it may allow penetration with little absorption but sufficient refrac-
tion to cause the ray to return to earth.

For low frequencies (in the long wave range from approximately
20 to 600 ke/s) the ionosphere acts as an almost perfect reflector
and the wave is propagated as if between two concentric reflecting
shells formed by the earth and ionized layer. Practically no pene-
tration occurs, and long distance transmission is obtained with
steady reception. Direct ray attenuation is not very considerable
and this, together with reflected indirect rays, causes the received
signal strength to vary in a series of maxima and minima as the
distance from transmitter increases. Since these frequencies do not
penetrate the ionized layers to any great extent, the indirect ray
is less susceptible to variations of ionization, and fading, which is
seldom observed, is relatively slow. Owing to the concentric re-
flector characteristic of the ionosphere and earth, long wave band
transmission is almost always vertically polarized at the receiver,
though the wave front may be slightly oblique due to earth losses.

Transmission in the medium wave band from about 600 to
1,500 ke/s is characterised by a comparatively limited area of day-
light reception ; the useful service area, however, is considerably
increased at night time. This is due to the fact that the direct
ray is fairly rapidly absorbed, due to earth losses, whilst indirect
rays penetrate and are absorbed by the lower E layer. Indirect
rays striking the F layer at a shallow angle may be refracted back
before penetrating to any depth, and the signal may therefore be



3.2] AERIALS AND AERIAL COUPLING CIRCUITS 63

received at some considerable distance from the transmitter. At
night when the E layer has disappeared, the ¥ layer, of much
greater ionic density, acts as a reflector for the indirect rays, which
are thus returned to earth. High-angle radiation from the trans-
mitting aerial is small, so that the signal from the indirect ray is
negligible close to the transmitter ; as the distance from the trans-
mitter increases, lower angle radiation contributes to the indirect
ray, the field strength of which increases and remains comparatively
high over a considerable distance. The increased power in the
low-angle radiation more than compensates for the attenuation in
the transmission path. At some point the direct and indirect rays
will have comparable field strengths, and in this region night recep-
tion is generally unsatisfactory with rapid fading and distortion.
This is due to variations in the ionized layer causing variations in
the amplitude and phase of the indirect ray so that at one moment
it may add and at another subtract from the direct ray. The
refractive properties of the ionosphere vary according to frequency,
and the phase and amplitude of the modulation sideband frequencies
may be independently varied during refraction so that some side-
bands may add to those of direct-ray sidebands whilst others
subtract. The balance of the modulation frequencies may there-
fore be completely changed, resulting in severe distortion. The
term selective fading is applied when the modulation sideband and
carrier frequencies fade independently of each other. Beyond the
area of equal direct and indirect ray reception, the signal may vary
in strength, and distortion may be produced by the arrival of two
indirect rays by different paths, but the resulting signal is generally
very much more constant than that obtained in the intermediate
area.

Over the short wave band, 2 Mc/s to 25 Mc/s, the direct ray
is very rapidly attenuated as it travels over the earth’s surface,
and long-distance reception is entirely dependent on the indirect
ray. The indirect rays penetrate the E layer but are refracted
by the F layer of higher ionic density. If the angle of incidence
of the ray is less than a certain critical angle, which falls as the
frequency rises, the ray is completely refracted and returned to
earth. Above a frequency of about 30 Mc/s, it is almost impossible
to obtain a shallow enough critical angle for complete refraction
but special freak conditions may produce occasional refraction to
earth. Owing to this critical angle effect there are areas, beyond
the range of the direct ray, over which no signal can be received
except from scattered radiation very erratic in character. The
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distance over which reception is almost impossible is known as the
skip distance. This distance increases as the frequency increases
and varies in length according to the time of day and year. For
example, the skip distance at a given frequency is less over a day-
light area in summer than over a night area in winter, i.e., refraction
is greatest for greatest ionic density. The attenuation of the in-
direct ray by absorption in the ionized layers is inversely propor-
tional to the square of the frequency (high frequencies in the short
wave range are less attenuated than low) and is proportional to the
ionic density (high ionic density causes high absorption). Attenu-
ation is therefore greatest over a daylight path in the northern or
southern hemisphere during summer.

Short wave reception may suffer from slow or rapid fading due
to the arrival of several indirect rays by different paths, some after
several ricochets between ionosphere and earth. Selective fading
with distortion occurs, and occasionally reception may completely
disappear for some hours, especially if the ray path runs close to
the earth’s magnetic poles. The latter effect normally only occurs
during periods of intense solar activity. Another form of dis-
tortion sometimes met in short wave reception is that known as
the echo effect which may result in either blurred or echoed reception.
It is due to the time displacement between the arrival of indirect
rays by different routes. The echo effect is often due to the com-
bination of a ray by a more or less direct route and a ray which
has made a complete circuit of the earth; a delay of about
1 second occurs between the time of arrival of the same modula-
tion cycle on each wave. It is more commonly noted close to a
local short wave station rather than at normal distance operation.

3.3. Types of Aerials.

3.3.1. Introduction. Receiver aerials may conveniently be
divided into open and closed (frame) aerials. A wire with an open
circuited end is a good example of the former, whilst a frame aerial
consisting of closed loops is an example of the latter. The open
aerial is the more efficient collector and has maximum pick-up
when it is perpendicular to the direction of travel of the wave and
parallel to the electric field vector, e.g., with vertically polarized
transmission (the electric field component is vertical) in a direction
parallel to the earth’s surface, an aerial perpendicular to the latter
gives maximum pick-up. The voltage generated in the wire is
proportional to the height of the wire, but is also considerably
affected by the proximity of earthed objects, which tend to distort
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the transmitted electric field. A frame aerial is a comparatively
inefficient collector and maximum pick-up is obtained when the
plane of the frame is that of the electric field and the direction of
motion of the wave. The voltage generated is proportional to the
area of the loop and the number of turns comprising it.

The open aerial can itself be further subdivided into the vertical,
inverted L, the T, and the dipole aerial. The T and inverted L
aerials are used principally for long and medium wave reception.
They are less satisfactory (especially if they are long) for short
wave reception, because the aerial becomes a resonant circuit when
its length is approximately one-quarter of the wavelength of the
desired transmission. This has a serious mistuning and damping
effect on the first tuned circuit unless coupling is very loose. The
dipole aerial, consisting of two symmetrical open aerials connected
to the receiver by a feeder, is mainly employed for short wave
operation, and its particular advantages are that it has directional
pick-up and can be conveniently connected to the receiver by a
balanced feeder, so reducing interference pick-up. For long and
medium wave operation the inverted L aerial having a long hori-
zontal top and vertical lead-in has been extensively used. Its
horizontal top !® enables the voltage picked up in the vertical
limb to be used more efficiently, and the equivalent open circuit
voltage generated in a given length of vertical is increased by the
addition of a horizontal top. It has, however, the disadvantage
of collecting vertically and horizontally polarized components of a
transmitted wave. These components, having a random phase
relationship, tend to cause fading and distortion. The vertical
aerial is slowly superseding the inverted L aerial because it responds
only to vertically polarized transmission, thus minimizing fading
and distortion due to obliquely, circularly or elliptically polarized
transmission. It is also simpler to construct and erect.

3.3.2. The Vertical Aerial. As far as reception is concerned
there are two important aspects of the aerial connection, its voltage
pick-up and its terminal impedance. The vertical aerial may be
regarded as a network of series inductive and shunt capacitive
arms distributed along its length, with a generator in series with
each inductive arm as shown in Fig. 3.3a. Owing to the open
circuited top the voltages generated in each section cannot be
equally effective in driving a current through the receiver imped-
ance. It is clear that the voltage generated at the top has no
complete circuit and can therefore contribute nothing to the output,
whilst the current sent to the base of the aerial by the second
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generator is small because the return path provided by C, has a
high reactance. The lowest generator is, however, working under
most efficient conditions.

This means that standing waves of voltage and current are
produced along the aerial as shown in Fig. 3.35. Maximum voltage
occurs at the top of the aerial and minimum at the base, whilst
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F1e. 3.3a.—The Equivalent Generator Fi16. 3.3b.—The Distribution of Current
Circuit for a Vertical Aerial. and Voltage in a Vertical Aerial.

current is maximum at the base and minimum (in the special case
of the vertical aerial it is zero) at the top. The shape of the
standing waves is sinusoidal, but if the height of the aerial is much
less than one-quarter of the wavelength the shape may be taken
as triangular. Hence the equivalent generated voltage is the average

voltage of the whole length of aerial, i.e., is %é, where E is the

voltage pick-up per unit length and % is the total length of the
aerial. It is more usual to associate the { with A than with F and

g is designated as the effective height of the aerial. Thus if we

have a vertical aerial 3 metres (9-8 feet) high in a field of 20 uV
per metre, the generated voltage is 20 X 3 = 30 4V. In this cal-
culation we have assumed that the transmitted electromagnetic
field is uniformly distributed from the earth upwards. Changes in
earth conductivity and the presence of earthed conductors near
the aerial distort and weaken the field. The effective height of

low aerials 18 therefore usually less than }él
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The analysis of aerial terminal impedance has been made by
Howe,! who treats the aerial as an open-circuited transmission line.
Neglecting end effects, he shows that the inductance and capacitance
per unit length of a vertical wire close to earth are given by

Ly = 2<log,2 — 1) x 10~3 4H per cm.

3.2

C, = ) uuF per cm.

1-8<loge% — 1

where h = length of aerial in cms.

and 7 = radius of wire in cms.

The characteristic or surge impedance of the aerial acting as a
transmission line 18

Ro+]wLo
Go+iwC,
where B, and L, are the resistance and inductance per unit length,

and @, and C, are the conductance and capacitance per unit length.
Generally wL,> R, and «wC,> G, so that

3.3a

Z, =

Z, = % = 60 (loge,_" - ) — 138 (logm '_r" - 0-435) . 3.3
1]

(note that C, must be in uF per centimetre when L, is in uH per
centimetre in the above formula).

Applying normal transmission line procedure, we have for the
terminal impedance Z_, of the aerial

Z o = Z, coth V/(Ry+joLe)(Go+joly) X b

= Z, coth (a+jf)b . . . . 34a
where « = attenuation constant of the aenal

= \/%[\/(_Roi!..'.szoz) (Go2+w?C2) +(GoRy — w2L,Cy)]
and f = phase constant of the aerial

= \/%[\/(Roz‘*‘w’Loz) (Goz_*_wzooz) - (GoRo - szooo)]
when wl,> R, and oC,> G,

= VHQ.R,) . . X . 3.5a

and ﬁ = wVLoCo . . . . 3.5b.

Since the voltages and currents induced in the aerial by the trans-
mitted wave themselves produce electrostatic and electromagnetic
waves in space, the resistance term in the above formulae must
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include the effect of the radiation resistance noted in expression 3.1c.
In a well-constructed aerial R, and G, of the aerial and its insulators
are negligible in comparison with the term due to radiation. The
method of incorporating radiation resistance is illustrated in a later
example. If we neglect the resistance and conductance com-
ponents, the aerial terminal impedance has only a reactive com-
ponent which is determined by combining 3.4a and 3.5b.

Thus Z,, =X, = Z, coth joVLC, X h
= —jZ, cot wV(L,LC,) X h
" Xp= — Zycot whVLLC, . . . . 3.6a.

If we assume that there is no retardation of the wave along the
wire, the velocity of propagation (the speed of light) v cms. per

second is related to V' L,C, as follows

v = ——— == wavelength X frequency = Af =~ . 3.7
Vie, gt quency = Af = 5
X,,o_—zocotz_;ﬁ ... ... . 3sb.
From 3.6b6 we note that X, is 0, i.e., the aerial is resonant, when
27h 2nh _n 3n
t ™ — 0 ST ote.
co 7 nd =9 5 ete.,
or h=2 y ete. = ’_?

where n is an odd pos1t1ve integer.

Similarly X, is — o when b =0, 4, 24, etc., and is 4 o0 at
h = > 321 , etc. Generally we shall not be interested in the varia-
tion of X,, for varying heights of aerial but for a fixed height &,
and varying frequency. Expression 3.6b therefore becomes

X,y = — Z, cob 2"77“'
where ho, = actual height of the aerial,
27he _2m Ay _ 7 A _ 7 f
but T - ia-z i %S
where A, = natural wavelength of the aerial
and fo = natural frequency of the aerial.

. Xao = - Zo cot 72t.ff . . . . . 3.6¢
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which is negative, ie., capacitive, when *

The equivalent terminal capacitance C,, is

Coo = 1 _ tan (/2.f/fo) . 38a
wZ, cot (/2. /fs) wZ,
but from 3.3b and 3.7
Zy = E=L=_"1_i_’1°_ 1 33

C, vC, vC, f Y RON 4focx
where C;, = C4h, = total electrostatic capacitance of the aerial,
measured when f is very much less than f,.

*e _Cao ] ]

+4 Cstatic 7

+31C s
Ls_tat/c // Z.ﬂ_q
+2 = Zo v4
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F1a. 3.4a.—The Variation of Aerial Terminal Reactance and Capacitance of a
Vertical Aerial with Frequency.

Replacing Z, in 3.8z by 3.3¢
Cp = 4f,C, tan (:rz/2 J/fo) _ 4:Cs tan ( f>

2nf 2'fo
‘.f; tan ( 5 }; ) . . . . 3.8b
when %o is small, tan (2 fo) == sin (g%) Eas (7—2:%) and
C,; = C,, the electrostatic capacitance of the aerial.
The variation of the ratio of g‘flg a,ga.mstz) is shown by the
dotted curve in Fig. 3.4a over the range S 0 to 0-8, and the

variation of —X~ = (calculated from 3.6¢) is the full line curve in the
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same figure over the range - = 0 to 3. We note that for aerials
0

short compared with the wavelength of the received signal
(}t < 05, i.e., hy < %1’

, 8) the terminal capacitance of the aerial is
[

practically its electrostatic capacitance. Thus over the long and
medium wave ranges most aerials can be replaced by a generator
having an internal impedance consisting of a resistance (as yet
unspecified) in series with the electrostatic capacitance of the aerial.

ForjfTo>land <2, COtE}‘Z

and therefore inductive. It can be shown by a method similar to
that used for calculating C,, that.

-t )

is negative so that X, is positive

= L, when % approaches 2.
[}
where L, = L4 = total inductance of the aerial.
From % == 2 to 3, the aerial is again capacitive and the curve
0
of Cao is a repetition of that from S =0 to 1. It is inductive
1 o

from S = 3 to 4 and the process is repeated as f is increased. The

Jo

variation of X, with frequency is that of a cotangent curve and

it is plotted in Fig. 3.4a as a ratio of Za agalnst}f Reactance
0
f

is infinite at = 0 and 2, corresponding to &, = 0 and > between

“=0and 1 {h, = 0 and A, =} it is capacitive, being zero at
i P g

A S A, A\, ..
= 1<h0 = Z) whilst from f; =1to 2 (h =3 to 5) it is induc-
tive. Above f_ = 2 it repeats itself periodically between S = 2n
o [

and 27+2. If we neglect end effects the primary fundamental
frequency, at which an aerial acts as a series resonant circuit
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(X4 = 0), occurs when its height A, is equal to a quarter of the
wavelength of the exciting frequency, and under these conditions
standing quarter waves of £ and I are produced on the aerial
with maximum current at the base and maximum voltage at the
top as shown in Fig. 3.3b. In the practical case the electric and
magnetic fields do not cease abruptly at the end of the aerial but
are projected for a short distance beyond, so that the equivalent
electrical height as far as the resonant condition is concerned is
rather greater than the actual. A more correct formula for the
resonant wavelength and frequency is

v

20 = 4‘2’1:0 y fo = ‘E-h—o 3.9

and in determining the resonant frequency of any aerial the above
formula should be used in preference to f, = ‘%
0

So far in our discussion we have neglected the resistance com-
ponent in the aerial terminal impedance. It is not easy to assess
because of its dependence on a number of factors, the resistance
and conductance characteristic of the aerial, the radiation resist-
ance, and the earth loss due to circulating currents in an imperfectly
conducting earth at the base of the aerial. The former, except in
badly-erected and indoor aerials running close to earthed conductors,
or semiconductors are not often very large and may be neglected,
the earth losses are difficult to estimate and depend on site con-
ditions, but the radiation resistance (assuming a perfect earth) has
been calculated.

Thus a quarter-wave resonant aerial above a perfectly conducting
earth has a terminal impedance which is non-reactive and equal
to the radiation resistance, i.e., 36:62. The radiation resistance 2!
for a given height of aerial varies approximately as the square of
the signal frequency up to A = 0-44, reaches a maximum of 10802
at & = 0-451 and then falls to about 4602 at A = 0-6754, passing
through 1002 at A = 0-54. To simplify the analysis let us assume

that the radiation resistance is 4082 at A, = Z}% (where &, is the
physical height) and that radiation resistance is directly proportional
to frequency up to k, = % The errors introduced by this simpli-

fication are not excessive. We can now illustrate the method of
calculating terminal impedance in respect of an aerial of No. 12
S.W.G. copper wire 10 metres (30 ft. approx.) height.
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From 3.9 the fundamental wavelength = 4-2 x 10 = 42 metres.
» frequency = 7-14 Mec/s.
Radius of No. 12 S.W.G. wire = 0-132 cms.
From 3.2 the capacitance per unit length is
1
X 1000
1- Buhdeh g |
S[k’g‘ 0132 ]
= 0-0705 yuF /cm.

The electrostatic capacitance is Co = 70-5 uuF.
From 3.3b

C, = uuF fem.

Z, = 138 (3-445) = 4750.
Combining expressions 3.4a, 3.56 and 3.9

Z,y = Z, coth (a+_7 ) J{ ... 3.4
0
For the quarter wave resonant condltlonj‘.f = 1 and Z,, == radiation
]
resistance = 40Q.

40 = 475 coth (oc +j’—;)

= 475 tanh «
or o = 0-0843.
*. Zg, = 475 coth (0 0843 +5= >7f14
Note that
coth (a+j8) = cosh (x+jp) _ cosh («+jp) sinh (x — jB)

sinh («+j8)  sinh («-+jp) sinh (« — j8)
_ sinh 2« — sinh j28 _ sinh 2« — j sin 28.
" cosh2x — coshj28  cosh 2a — cos 28

. inh 2« j sin 28
g _ si . J
a0 =Ra+5X Zol:c osh 20 — cos 28  cosh 20 — cos 28

3.10.

A graph showing the variation of R,, and X,, against frequency
ratio from 0 to 3 is shown in Fig. 3.4b. The curve from 2 to 3 is
calculated on the assumption that the radiation resistance falls
back again to 402 at $1, so that the value of R, is slightly lower
than would occur in practice. X, is not appreciably altered by

the radiation resistance except in the region of S = 2, at which
0

value it is zero instead of infinite as for Fig. 3.4a, and it has a finite
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maximum above and below f = 2. A vertical aerial greater than
[}
% long is seldom used for reception so that the curve from S =0
[
to 1 is the important part.
We see that this particular aerial would function satisfactorily

over the long and medium wave ranges because the highest received

f

frequency is 1,500 ke/s giving % = 0-21, and up to this frequenc
quency giving I P y

there is little difference between the terminal and static capaci-
tance. It would not be satisfactory on the short wave range as
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Fic. 3.4b.—The Resistance and Reactance Components of the Terminal Impedance
of a Vertical Aerial having a Quarter Wavelength Radiation Resistance of
40 Ohms.

it passes through resonance, and would therefore affect considerably
the performance of the first tuned circuit, causing large changes of
the resistance and reactance components reflected from the aerial
into this circuit. The need for keeping aerial resonance outside
the desired frequency range is made clear in Section 3.4.

3.3.3. The Inverted L Aerial. The inverted L aerial is
formed by adding a horizontal top to a vertical aerial. The addition
of the horizontal top affects both generated voltage and terminal
impedance : it is equivalent to adding a capacitance from the top
of the aerial to earth, see C, in Fig. 3.3a. With vertically polarized
transmission no voltage is induced in the horizontal top, but its
capacitance to earth makes the voltage induced in each vertical
section more effective, e.g., the top section generator is now opera-
tive because the horizontal top capacitance completes its return
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path to earth. Similarly, succeeding generators operate more
efficiently and the average effective voltage becomes greater than
Eh
'2—,
L aerial having a ratio of horizontal to vertical length of unity
has an effective height of the order of 0-6A.

The terminal impedance of an L aerial is calculated by con-
sidering vertical and horizontal sections separately. The horizontal
section is treated as an open circuited transmission line parallel to
earth, whilst the vertical part is treated as a line terminated by
the terminal impedance of the horizontal part. The characteristic
impedance Z, of this part is

Zy, = 60(log¢—2;' - 1> = 60(loge %—l—loge 2 — l) . 31

and if & > r we see that Z, is very nearly equal to Z,, (expression
3.3b) when the radii of the horizontal and vertical sections are
equal. The terminal or input impedance of the horizontal section
is

i.e., the effective height of the aerial is increased. An inverted

Z,, = Zy, coth (a, +jBp)l = Z,, coth y,l
where I = length of horizontal section
o, and B, = attenuation and phase constant of the section
and Vo = % +JBp-
The vertical section is terminated by Z, and applying the above
nomenclature with the suffix “v” replacing “2” we have, by

normal transmission line theory, for the terminal impedance of the
vertical part

_ Zy, cosh y h+2Z,, sinh y b 3124
Zay = Zov Z, sinh y,h+Zq, cosh yh o

where h = height of vertical section.

If «, < B, and o <K By
Z, = — jZ, cot Bl

. _ — JZop cot Byl. cos B h+jZy, sin B h 3.12b
and I Xag = Zy, Zy, cot Byl. sin B h+Z,, cos Bh S

For aerial resonance X,y =0

ie., tan f,l. tan b = %’—" . . 3.13.
Ov

If we assume Z,, — Z,, we have that L, = L,,, C,, = C,
and B, = B,.
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Hence expression 3.13 becomes

tan g,l. tan §.h = 1
sin B,1. sin B b = cos B,l. cos B.h.

or cos S (h+1) =0
giving (h+0p, =3
so that from 3.56and 3.7. (h+]) = ’%" A S 71

Similarly, expression 3.12a reduces to
X,y = — cot f.1. c08 Bk — sin k.
“ cot B,L. sin B h+cos B.h
— — 7, [cos Bol. cos b — sin Bh. sin f,1.7]
cos B,1. sin B b+ cos B,k sin f1.
= —ZycotBh+l) . . . . . B3I

We therefore see that an inverted L aerial erected well clear of
earth has practically the same terminal impedance characteristics
as a vertical aerial of height equal to the overall length of the
L aerial.

3.3.4. The T Aerial. There is little essential difference in
operation between the T and inverted L aerial. The split hori-
zontal section acts as a capacitance to earth, increasing the effective
height of the aerial. Terminal impedance is calculated in the
same manner as for the inverted L aerial, but we must note that

the impedance at the top of the vertical part consists of the imped-
. Zy,.
ances of the two horizontal sections in parallel, i.e., Z, = _ A Z"l .

Dy +Zpg
Generally Z,, = Z,,, and if the T top has the same wire diameter
as the vertical section and is not very close to earth

s Zoe oot (o, 118

Zy=

where [ is the total horizontal length of the T top.

3.3.5. The Dipole Aerial. The dipole (sometimes called the
doublet) aerial consists of two equal lengths of open-ended wires
connected at their near ends to a feeder balanced to earth. The
two wires are in the same plane and at 180° to each other. Such
an aerial is very suitable for short wave reception and it has the
advantage that if the aerial itself is balanced to earth, i.e., erected
horizontally, local interference effects tend to cancel out. Owing to
the use of the reflected ray for short wave transmission, the wave
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arriving at the aerial has an appreciable horizontally polarized com-
ponent and this is picked up by the horizontally disposed dipole.
The horizontal disposition gives the aerial a directive figure-of-eight
diagram in the horizontal plane with maximum pick-up in the two
directions perpendicular to the dipole. A vertically erected dipole
has no directional effect in the horizontal plane and is unbalanced
to earth so that local interference voltages are not cancelled to the
same degree.

The terminal impedance of a dipole aerial can be calculated
by the method employed for the vertical aerial. Let us assume
that we have a horizontal dipole aerial, split at the centre to form
two wires, each of 12 S.W.G. copper 7 metres long (Fig. 3.5 inset).

The fundamental Wavelength is 42 X 7 = 29-4 metres
' frequency is 10-2 Mec/s
whlch is in the centre of the short wave band (6 to 15 Mc/s).
The capacitance per unit length between each wire of the dipole

when the latter is at least % (14 metres) from earth (the image

effect can then be neglected) is *

C = ——*ll— puF /em.
3-6<loge; — l)
where !l = length of each wire

r = radius of wire = 0-132 cms.
1

C = ol 700 . = 0-0366 puF/cm.
8e 5132
700
Zy,=120{log,——— — 1) = .
( e 5133 ) 9100

The radiation resistance of a % dipole split at the centre is twice

that of the vertical % aerial, i.e., 72-202, and we will assume that the

terminal impedance under these conditions is 800.

Thus 80 = Z, coth (oc +j’_‘)

80
tanh & = — = 0-0878
anin o 910

o = 0-0880
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from 3.4b Z,3 = Z, coth AW
a0 = o (“ 193)102
= 910 coth { 0-0880 f
( 3 )10 5
The values of R,, and X, are plotted a,ga,instaji = 0 to 3 in Fig. 3.5
0
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Fi1a. 3.5.—The Variation of Terminal Resistance and Reactance of a Plain and
V Dipole having a Quarter Wavelength Radiation Resistance of 80 Ohms.

(The wavelength scale is referred to the length of one-half of the dipole.)

(curves 1). The variation of terminal impedance over the normal

short wave range from 6 to 15 Mc/s (approximately from;T = 0-6
0

to 1-5) is considerable, though its effect on the receiver is generally
reduced by the feeder connection, which is usually employed.
Mismatching between feeder and aerial occurs and there is loss of
efficiency in the power transfer at the junction. The loss of power,
or transition loss as it is called, is discussed more fully in Section
3.5.3. The variation in terminal impedance can be reduced if the
characteristic impedance ® of the aerial is reduced. A decrease in

f

Z, has no effect at "~ = 1, since the terminal impedance is deter-

0
mined by radiation resistance alone, but it has a large effect at
;- = 2. Then each half acts as a ?'2— aerial and
0
Zao(%> = Z, coth 2o == ?’ when « is small

o
i.e., Zao(g> = Zo .
2x,(%)
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Hence a small reduction of characteristic impedance reduces con-
siderably Z,,, e.g., halving Z, reduces Z,, to 25%, of its original
value. This reduction of Z, can be achieved by making each
half of the dipole into a V aerial 5 as shown by the inset in Fig. 3.5.

The capacitance uuF per cm. of this type of aerial is given by 2

C 1

1-8[loge; — 1+log, (14 V1 4(cosec §-+cot 0)2)
— log, (14+v/1<4[cosec (180 — 6)+cot (180 — 0)]2)]

where 0 = angle between the V.
If this angle is 20° and all other details the same as for the
single dipole, the V dipole has a capacitance per centimetre of

Co = 0-063 uuF.

and Z, = 5264.
Hence tanh o« = 80 _ 0-152
* =526
d - 153475
an Z,, = 526 coth (O 15345 2>10.2

R,, and X,, are plotted as curves 2 in Fig. 3.5, and the reduction
in terminal impedance variation is quite marked.
Since the curves in Fig. 3.5 are calculated on the assumption

f

that R, is directly proportional to frequency up to 7 = 2, the values

0
of R, are not strictly correct, though they form a useful basis for
the design of the aerial-to-receiver connection. The tendency is

for the curves of B, to be high for values of A <1 and low for
o

values of §— from 1 to 1-8. A more accurate method of calculating
[}

aerial terminal impedance for many types of aerial is to be found
in Bibliography 18.

The balanced horizontal dipole is an inefficient collector of
signals in the long and medium wave ranges, for which transmission
is mainly vertically polarized. If it is to be used for * all wave
reception, provision must be made to change its method of operation
at lower frequencies. A method 5 of realizing this is shown in
Fig. 3.6. The dipole is connected via a parallel wire feeder, crossed
over at intervals, to a transformer at the receiver. The centre tap
of the transformer primary is connected to earth by a series LOR
circuit. One end of the secondary of the transformer is connected
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to the aerial terminal of the receiver and the other to the capacitance
C of the primary centre tap earth circuit. Over the short wave
range the aerial acts as a dipole, the voltage being developed across
the primary. The filtering action of the LCR circuit prevents
voltages at short wave frequen-
cies (desired or local interference) ‘\J
from appearing across C. An §
electrostatic screen is included be- §
tween the primary and secondary

to prevent interference currents

passing to the unbalanced se-

condary. Local interference cur- R

rents developed in each side of L

the aerial and feeder system

cancel in the transformer primary

and flow to earth through the = _

LCR circuit. They tend to pro- F‘I‘)’{pgig'&AAE"%&*EEZUIRZ’{C‘;’;:&’;@
duce a voltage across C, but it is

reduced to small proportions by the addition of the inductance L.
As the desired frequency is decreased the reactance of C increases
and the system begins to function as a T aerial, the two halves of
aerial and feeder being considered as in parallel and the pick-up
voltage appearing across C. With this method of operation there
is practically no local interference protection at the lower fre-
quencies, and some improvement may be achieved at the expense
of signal strength by using a twin feeder enclosed in an earthed
shield.

More complicated methods of making the dipole an all-wave
collector have been employed, but the principle invelved is the
same, viz., the aerial acts as a dipole for short waves and then
changes to a T or L aerial for long and medium waves. When
a dipole aerial is intended for operation over a very limited range
of frequencies, e.g., for television reception, one arm of the dipole
may be connected through a parallel resonant wave trap circuit 1?
(tuned to the centre of the short or ultra short wave band accepted
by the dipole) to a long single wire, which acts as the aerial for the
longer short wave ranges and the long and medium wave bands.

If increased signal is desired from a given direction, a reflector,
often a similar dipole with the two halves either short circuited or
connected together with an inductance or capacitance, is used.

o A
Receiver
o K

. . . A
The inductance lowers and the capacitance raises the 3 resonant
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frequency. The reflector is placed parallel to the first dipole at
a distance of g to ‘% behind it, looking from the direction of the

desired transmission source. The effect of the reflector is also
to suppress reception from sources behind the main aerial, the
directional diagram being heart shaped with maximum pick up at
right angles to, and in front of the first dipole. If the reflector is
of different physical or electrical length (this is effected by induct-
ance or capacitance at its centre) compared with the main aerial,
a more constant response 2 can often be realized over a given
frequency range.

3.3.6. The Frame Aerial. The frame or closed loop aerial
is an inefficient collector as compared with the normal open aerial,
and its chief advantage is its directional property. Tt operates for
vertically polarized transmission only when there is a phase differ-
ence between the voltages induced in the two vertical sides. These
voltages are equal and cancel each other when the plane of the
loop is parallel to the electrostatic component of the transmitted
field and perpendicular to its direction of travel. When the frame
is not perpendicular to the motion of the field, there is a phase
difference between the voltages induced in the two limbs, that
induced in the limb nearest the source of the wave leading on the
voltage in the other limb. This means that at any given instant
the voltages are unequal and there is a net voltage to drive current
round the loop. The phase angle between the two voltages is the
distance in radians between the projections of the two vertical
limbs on to a plane parallel to the motion of the wave. If 1 is
the wavelength of the desired signal, b the breadth of the frame
and o« the angle between the plane of the frame and the motion of

the wave (Fig. 3.7a), the phase angle is 2Tnb cos o. The phase angle

is clearly a maximum when « is 0, i.e., when the frame is parallel
to the motion of the wave, and in this position the pick-up is maxi-
mum. The maximum effective voltage induced in the frame is
27h
A
field strength of the signal at the frame and % is the length of a

nEh sin where 7 is the number of turns in the frame, E is the

vertical side. When 2lib is small the induced voltage is

nEh2nb _ 27ankE
A T

X area of frame . . 3.16.
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Maximum |
Srgnal Direction

Aerial

Direction i . Mirimum
£ - » ‘—"';S/gna/
irection
of Wave
Maximum
Fie. 3.7.a—Plan View of a Frame F1a. 3.7b.—The Directional Diagram
Aerial. of a Frame Aerial.

The directional diagram of the frame is a figure-of-eight with
minimum from directions at right angles on either side of the
frame and maximum from the two end-on positions (Fig. 3.7b).

3.4. The Coupling between the Aerial and Receiver.3 17

3.4.1. Introduction. An aerial may be coupled to the first
tuned circuit of a receiver by inductance and capacitance, separately
or combined. Owing to this coupling, a resistance and reactance
component is reflected from the aerial into the tuned circuit ; this
reduces its selectivity and also requires the tuning capacitor setting
to be changed if resonance is to be maintained, a disadvantage
when the circuit is ganged with succeeding tuned circuits. The
object of the coupling is therefore to obtain maximum voltage transfer
with minimum effect on the tuned circuit. For any given aerial
and tuned circuit conditions, there is always an optimum coupling
giving greatest voltage transfer, and if coupling is increased beyond
this point voltage transfer falls and the reflected impedance effect
from the aerial increases. Hence it is most undesirable to exceed
optimum coupling, and indeed it is preferable to use couplings
much less than critical since voltage transfer falls at a much slower
rate than the reflected aerial impedance. For couplings less than
optimum, maximum voltage transfer is realised by adjusting the
tuning capacitance for resonance with the tuning coil and added
reactance from the aerial.

In the analysis, which follows, the aerial circuit is assumed to
consist of a generator of voltage E, with an internal impedance
equal to the terminal impedance Z,, of the aerial. This impedance
is considered as a resistance R,, in series with a reactance jX,, ;
for most normal aerials the reactance is capacitive on the long and
medium wave bands. The fundamental wavelength of an aerial is
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given by 4-2 X height, and at this frequency it is resonant and its
terminal impedance is resistive only. At frequencies greater than
this the reactance becomes inductive. For resonance in the medium
wave band (maximum frequency = 1,500 ke/s) the height or length
of the aerial would have to exceed 47 metres, a condition hardly
likely to be realized in practice. On the short wave range the
resonant point may be reached and passed.

The first form of coupling to be considered is by mutual induct-
ance, as it is possible to develop from this generalized formulae
applicable to all types of coupling.

3.4.2. Mutual Inductance Coupling. Coupling between the
aerial and first tuned circuit of a receiver is quite commonly effected
by mutual inductance between a primary coil, to which the aerial
is connected, and a secondary coil, which is the inductance element

R, 4
p—O
L—_Z
Lz ;QEZ
-
A B 3

F1c. 3.8a.—An Aerial Circuit with Mutual Inductance Coupling.

L,, of the first tuned circuit (Fig. 3.8a). Certain conventions and
terms are used and these will first be stated.

The aerial is considered as a generator of voltage E, of internal
impedance Z,, = R,,+jX, equal to its terminal impedance.

The series impedance of the aerial terminal impedance and the
coupling coil is designated as

Zy = Ry +jXa = By + Ry +j(Xgp+oly)

where R, and L, are the resistance and inductance of the primary
coil. Hence Z,; is the impedance looking from the aerial input
voltage E, with the tuning coil on open circuit.

The series impedance of the tuned secondary circuit with the
aerial disconnected is designated as

: . 1
%=&ﬂ&=&ﬂ@h_wﬁ
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Transfer Voltage Ratio 7' is the ratio of the voltage E, developed
across the tuning capacitance C, to the aerial generated voltage ¥,.
To express selectivity, we will use a term conveniently called
the Selectivity Ratio defined as
8. — R, 1
* T RARAER, +RC+R
2
where R, = resistance of the secondary coil
R, = resistance (if any) of the coupling element
R,, = resistance reflected into the secondary circuit from the
aerial.

It is very nearly the ratio of the @ value of the secondary circuit,
with the aerial connected, to that of the secondary coil alone. The
coupling circuit resistance R, (it is zero for mutual inductance but
not necessarily for other forms of coupling) is excluded from the
numerator since it can safely be assumed that the coupling element
would not be included unless the aerial connection were required.
The maximum value of selectivity ratio is 1, when the selectivity
is that of the tuned circuit alone, and for all couplings it is less than 1.

Mistuning is definable in two forms, both of which are useful ;
the first states it as the capacitance correction, AC,, required to
maintain resonance of the secondary circuit. It is the difference
in capacitance between C,, the final tuning capa.citance setting, and

Cy, the initial tuning capacitance satisfying C,, = ~;z- A know-

ledge of AC, indicates how far the ganging error can be corrected,
e.g., if AC, is constant over a tuning range and within the range
of the tuning trimmer capacitor, the ganging error can be reduced
ac,
Cy’
and from this the frequency mistune ratio, the ratio of the frequency
difference between the desired signal frequency and the actual
resonant frequency of the secondary circuit (coupled to the aerial
without correcting for reflected aerial and coupling reactance) to
the desired signal frequency can be calculated. If AC, <& C,,, the
frequency mistune ratio is half the capacitance mistune ratio, i.e.,
f—fr_ 4C, _ Mg
S 20, 2
where f, = desired signal frequency, i.e., the resonant frequency of
the uncoupled secondary circuit
fa = resonant frequency of the secondary coupled to the aerial

and My = mistune ratio,

to zero. The second defines mistuning in the ratio form of ——
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The sign of mutual inductance is given with reference to the
common limb of the equivalent T network in Fig. 3.85. Thus
positive M gives (L, — M) and (L, — M), whilst negative M gives
(Li+M) and (L,+M) as the series arms. Referring to Fig. 3.8a,
it means that M is positive if by joining 2 and 3 a measurement of

Fic. 3.86.—The Equivalent Circuit for Mutual Inductance Aerial Coupling.

total inductance across 1 and 4 gives Ly == L;++L, — 2M. Actually
the sign of M is only important when additional coupling, e.g., by
capacitance, is employed.
The current and voltage relationships from Fig. 3.8z, the actual
circuit, are
E, =1,[{Z,+R,+jouLl]+1,joM

. . 1
0= I,]wM—i-Iz(Rz +jwL, +jw02>

—_— Iz
P jeCy
Solving for the transfer voltage ratio
M
T, — E, _ __‘,,(i”_
RTE, ZpZ,+w?M?
M
C,

Bty — XX+ 0 M) T (KR 1 X B 01
Assuming L, to be fixed, there are two possible variables in
3.17, C, and M. In most practical circuits M is preset, but C,
is variable over a wide range. In the absence of ganging require-
ments C, would be adjusted for maximum 7T, and this occurs
when the total series reactance of the secondary circuit, including
that reflected from the aerial, is zero, i.e., when the secondary
circuit is resonant. If M also is variable, a maximum value of 7'y,
which we will call the optimum, is found.
To determine the resonant condition, the secondary circuit must
be opened at points such as AB and E, must be short circuited.
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The ratio of an applied voltage E (of any value) across these points
to the current I it produces gives Z,;, the secondary -circuit
equivalent series impedance.

2
Thus Zip = ¥ — RytjoL, +; +%
I O: al
*M2R, . wMX
_ B+ @M Eey I:X _ m_ﬁ'ﬂ] . 3.18.
T TZal LT TZa P
The resistance and reactance reflected from the aerial are
w*M2R, wiMX ,
WM Ba1 gnd — al pegnectivel
[ Z I [Za P
For secondary circuit resonance
_ wiMX,,
X, = TZal® . 3.19.
Replacing X, in 3.17 by this value
M
(max X
M2X R
R,R, — w a® +otM ]+ I:w al al-}-X,,R]
[ ' 1 Zy ] | 2o |2 o
C:
e . 3.20a.
tM2R
Z w al
n[na
For optimum % we must differentiate this expression with respect
1
to M and equate to zero. This gives
Zal/\/Tz-
=T j-2 . . 321
oN R,
E, M
and z (opt.) = %0,Z.R, 3.206
1
=_— 3.20c.
20C,VR,R,
.. . R
Selectivity Ratio = *a;_;m_ . 3.22a
max B, R, = "ol
: E—'l I Zal '2

E 1
t. 2} == . . . . 3.22b.
Sg (op Ex) 3 3.22b
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Mistuning is calculated from 3.19 thus
1 eMX,
wCy | Z, |?

wL coMX ]
wL,IZu1|2

Cso
*1_ S I ... 3.23.

ng l Zal lz
Capacitance Correction AC, = C, — C,,
C wiMX
— 20.WLI | Zy ‘2
_ wM 2Xal
wL, ' Zy ‘2
_ Cao
ols | Za |*
wM3X al
. . ac 1
Mistune Ratio Mp = ="' = . . 3.25.
B 020 ng ' Zal '2 -1
sz"Xal
From expression 3.23b it is clear that when X, is positive, i.e.,
inductive, C, is greater than C,,. The reactance reflected into the
secondary circuit from the aerial is equivalent to a negative induct-
— oM 2Xa!
| Zar I*
is true for capacitive X,,, C, is less than C,, and the reflected
reactance is equivalent to positive inductance. Over the long and
medium wave ranges, the aerial terminal reactance, X,,, is almost
certain to be capacitive, so that for X, to be inductive wL, must
be greater than X, i.e., a large primary coil is required.
For optimum coupling

AC’ =

Xg =ng -

3.23a

3.24a

. 3.24b.

-1

ance of in series with the secondary coil. The reverse

Cio
ng al
XalRl
Optimum coupling is rarely employed because M requires to be

. 3.24c.
—1

changed as the tuning frequency is varied (M ot = —= 11:’)
al
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unless Z,, is proportional to w (that is preponderatingly inductive)

and the ratio RR— is constant. An added disadvantage is that
al

selectivity ratio is halved and mistuning is large. The most
important case is for a fixed value of M, and the expressions 3.20a,
22a, 24b and 25 are more useful.

By combining 3.20a and 23z we have

oM (oL 0 M?X,,
TR =& = . |Za17|2 3 26a
7 IR . . 3.
: zal[R,+“’| 7
al
=E"Zjl[ s - . . . . 326b
al

where §,, = magnification of the secondary circuit when the aerial
is coupled to it
__coil reactance{reflected aerial reactance
" coil resistance +reflected aerial resistance’

A useful approximate formula is applicable when the coupling

. . Z
is loose, ie., M < ;al 1% for then @,, = @,, the magnification
a
of the uncoupled secondary coil and
oM coupling impedance
T,. = —Z—Qz = : n Iy

ol aerial circuit impedance

In a similar way 3.24a may be written as
C,,. reflected aerial reactance

coil reactance+reflected aerial reactance °

X @, . 3.26¢c.

3.27.

Let us now consider combined mutual inductance and resistance
coupling. Such a circuit (Fig. 3.9) is practically never used, but
it is valuable in studying the effects of a more general form of
coupling.

3.4.3. Combined Mutual Inductance and Resistance Coup-
ling. The coupling impedance is R+jwM and

B+joM
T — JoC,
R ZnZs — (R+joM)?
where Z, = Byy+R+R+j(X, 0 +oly)

. 1
and Z, = R,+R+j<wL, _ a:C_',>
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The impedance reflected from the aerial into the tuned circuit is
— (B+joM)* _ — (B+joM)¥ R, —jX,)

Zal I Zal |2
_ (@M — B3R,y — 2RoMX, _ j[Xuy(wM? — B?) 420 MRR,]
[Za |2 | Zay |2 )

Generally wM > R and X, ,wM > 2RR,, so that the reflected
aerial impedance is

Z | = (Dz.MzRal - 2RwMXa1 _ja)’MzXal'
¢ I Zal lz I Zal !2

F1a. 3.9.—An Aerial Circuit with Combined Mutual Inductance and Resistance
Coupling.

The resistance component is appreciably affected by the addition
of R, but the reactance is almost unchanged. This means that
Ty and Sp, but not AC, or My, are changed. The expression
for Ty, is

R+joM
Ty = ’ 3.28
. M2R 2RoMX
VA R R w al __ al

g Rt Ry et = S |
d Sp = 2 . . . 3.29,
an R R’+R+a)2.M2Ral . 2RG)MXa1 329

' Zal lz ! Zal |z

This analysis may be used as a basis for developing generalized
formulze applicable to any type of coupling which exists as, or is
convertible into, a T section network.

3.4.4. Generalized Formule for Ty, Sg, 4C;, and Mp. The
generalized form of T network for coupling common to aerial
and secondary circuits is that of Fig. 3.10, and it is identical with
Fig. 3.9, when

Za+Zﬂ = dg = Ra0+R1+R+j(XaO+wL1)

Zy = R+joM
Zy = By+jo(L, — M)
Z‘ = _ j

_.G—)E-
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By assuming that Z, = R,+jX,, etc., the generalized formula for
transfer voltage ratio is from 3.28.

ZsZ; 3.30a

TR=

Xp* (R, +Ry) 2R, Xp(X,+Xp)
Z,+Zg)| Ry+Ryo+R, 4 L s i . L
Bt 2o Bt Rt Bk S e
where | (Z,+Z;) |2 = (R, +R)* (X, +X;)?
and the formula for selectivity ratio is
R
SR = 2 . 3.310.
RBy) 2R Xy(X,+Xp)
R.+R.+R,+ X6 (Bs+ By X 8
B RA G Sh da

Al £z

F1e. 3.10.—A Generalized T Network Coupling Circuit.

To obtain the generalized expressions for capacitance correction
and mistune ratio we must return to 3.23a.

C, = ! _ 1
T WX\ XX, +X,)
L — 6i’__al) (X X 77@77777 77#,9)
“’(“’ P Zar) AT T4z
but! —]:' = wLQC’o.
w
" O =Cu sz( XX
X,3+XA g

«+Zig) Iz

(Z
AC == 0 bt Ozo = Ozo —1 . 3.32a
[Xﬂ“l'XA Xﬁ (Xzz+Xﬂ) J

1 (Z,¥Zy) |7
AC oL
M,=""= 2 —1 . . 3.33a.
R C.o [X s Xﬂ (X, +X;) ]
S VA ARE

Simplification of the above expressions is possible by combining
some of the terms into a single term as follows:
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Let R,, = E,+R; the series resistance of the aerial and
coupling circuit with the secondary
coil disconnected.

X =X +X; the series reactance of the same circuit.
R,, = R;,+R,+R, the series resistance of the secondary
and coupling circuit with the aerial

disconnected.
X, +X, = X;+X,+X, the series reactance of the same circuit.
X X,
and z = b =_ZF
[(Zat+2Zp)| | Za
1
Th Sg = 3.31b.
= "R, R
- _ wl,
4G, = Cs [X,, e 1] . L33,
L
My = 2 1
" n — 22X,
1
= oL, . . . 3.33b.

If R, <€ X, a further simplification is possible for z = ))(( £ and
al
1

SR = Ijﬂ+szal - 2xRﬂ . 3.31c.
R, R, R,
1
My = . 3.33c.
= oLl - 3.33¢
oL, — X, +2X,
If coupling is by mutual inductance X,, = wL, and
Mp= 1 .. . 333
wl, 1
xXﬂ
and often for other forms of coupling X,, = wl,4X,, hence
1
My = ’ . . . 3.33e.
R wL’ 33e

T Xl —x)
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Generally B, <€ X; and transfer voltage ratio may be written as

zZ,8p
Tr = z,
R, is usually very small so that
Z =X, = -3 = J
C, woso(l +A—O’)
Cs
_——J
wCso(1+Mp)
Gl = 25 330,

Tr = =
BT juCWB(1+Ms)  (1+Mg)

When z is much less than its optimum value /2% (see expres-
al
sion 3.21) Ty is very nearly zQ;; for x = 04 and 0-7.J§2
al
the approximate value of T is about 10%, and 259, high respec-
tively.

Let us now consider the values of R, X,, =, etc., for the
probable forms of aerial coupling circuit The couplings will be
designated as shunt, if the coupling impedance is common to aerial
and tuned circuit (this is the procedure adopted in network analysis),
and series when the impedance joins the aerial to the top or a tap-
ping point on the secondary coil. The formulae for the resistance
and reactance elements, together with selectivity and mistune
ratio, are given. The formulae for capacitance correction and
transfer voltage ratio are not listed since expressions 3.33a¢ and
3.30b show their direct connection with M, and Sp.

3.4.5. Combined Mutual Inductance and Shunt Capaci-
tance Coupling. The circuit for this type is shown in Fig. 3.11.

Ral = Ra0+Rls R, = R,

1 1
X = X+l — 070‘;; X = oL, — aTC—,
1 1
M- —oM — —
z = (a) “J} and (b) —w-———9—0—’
Zal Zal
where (@) refers to positive M

and ) , , negative M.
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1
x 2R(,1

1+

SR =

2

Fi1g. 3.11.—An Aerial Circuit with Combined Mutual Inductance and Shunt
Capacitance Coupling.

. . . . X
Approximate expressions for M, obtained by assuming z = ~_£, are
al

1
'MR = (a) L’
-1
1
Mx+co*0.(1 —2)
and My = (b) I 1 .

3 —1
1

— Mx_’_w”C’,(l — )

3.4.6. Shunt Capacitance Coupling. Shunt Capacitance
coupling is illustrated in Fig. 3.12.

F16. 3.12.—An Aerial Circuit with Shunt Capacitance Coupling.

Ral = Rao, R, = R,

_1__ Xglzzsz—i

Xal = Xao - wC’,’ wC’,



3.4.7] AERIALS AND AERIAL COUPLING CIRCUITS 93

wl,
z2X 1+——1-
T w

—1

~ 1 v = s
S wLl, 7 Xa)
l—=2

3.4.7. The Tapped Tuned Circuit. Coupling to a tapping
point on the tuned secondary coil is similar in form to mutual
inductance coupling, and the equivalent T section can be deduced
by analogy from Figs. 3.8a and 8b. The development is illustrated
in Figs. 3.13¢ and b. The mutual inductance between the coils
is such as to increase the total inductance between 1 and 4 and so
by definition in Section 3.4.2 is given a negative sign

Fia. 3.13a.—Tapped Tuned Circuit F1c. 3.13b.—The Equivalent Circuit of
Aerial Coupling. Tapped Tuned Circuit Aerial Coupling.

Ral = Rao +R1: R21 = -Rl +Ro,
X, = X+l X, = o(L;+Le4-2M)

= (L, +M)
Zal
1
S, =
R 14 2R,y R, 222X,

R1+R0 (R1+R°)‘Xﬂ
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1 z = X;
*R,;  22R, \" X,
R,+R, R,+R,

1
oLy +Le+2M)
x? al

1

T LI Lo
(L, + M)z

1+

My

1

3.4.8. Series Capacitance Coupling. Fig. 3.14 gives the
circuit diagram for series capacitance coupling.

L1

i

Fia. 3.14.—An Aerial Circuit with Series Capacitance Coupling!

Ral = Rao+Rz, sz = Rz,

1
X = Xa0+CULs - s 2 = wl,
wC;
z = wl,
Zal
1
S, =
R 1 ZRa 227Xy
R, X,
1
xR
1427 2
+ z, 7
1
M, =
R wL, 3
x2X,,
1
1.
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3.4.9. Combined Series Capacitance and Shunt Induc-
tance Coupling. In order to apply the generalized formulae the
7 section enclosed in the dotted lines (Fig. 3.15a¢) must be converted
into the equivalent T section. The necessary transformation is

I"‘_"-"Cy—"""}

Zao F———Fy———
; |
LR ar v
. v T
H ) 2
\ R, 2:

1 1 _
1
L

Fi16. 3.15a.—An Aerial Circuit with Combined Series Capacitance and Shunt
Inductance Coupling.

7= 2,2, 232,
A Z "'22"'23 ZI+ZZ+ZS

F1a. 3.15b.—An Unsymmetrical Fia. 3.16¢c.—The T Network Equivalent
= Section. of Fig. 3.15b.

illustrated in Figs. 3.15b and 3.15¢c, and the impedances of the
series and shunt arms of the T section are

. 1
(R, +_7wL1)jw o

T imy - a(;;‘z; = w(L1+L,))

Rationalizing

1
[(R1+R oLt Re{ gy —w(L1+Lg)> o0

o (R, + R, )=+[— - w(L1+L,)]

j[wL‘(wC,, o w(L1+Ls)) B RI(RI—*—Rz)]“’é‘

‘R*+R=”+[w—lo; — oLy +L.)]’
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[(Rl—}—R,)wL,-f—R ( _ w(L1+L,))

i
j[wL,( Cﬁ—w(L,—{—Lz)) l(R,—}—R,):IwIOS

(B, + B, +[ LI 1+Lz):|

1
C’s wC’§

Similarly Zp =
(By+R,)*

- [(«»*LlLa — RB)(Bi+By)+(RuwoLyt RywLy)

(o2
)]

—olLy +L,))+<RI+R.)(R1wL.+R,wL,>]

and Z, =
‘ (R, +Ry)?

. 1
i @ - R

<R1+Rs>*+[ﬁ - w(L1+L,>]’

In practice 5!0— — w(Iy+Ly)> B+ Ry, wL,> R, and ol,> R,
5
so that Z,, Zz and Z, can be simplified to

- AI:Ran:I +jdwL,

Z [stL1+R1WLz- w’Lle(Rl"*_R!)] anLa
c= — B +

1 1
where 4 = mn, and B = 20, (L, +L,).
Thus
Ra = R+ d[ Ry Rt Tloly] _ Rl Bl
_ W LLR,AR)

B2
— R, +AR,+405 (R1+R,)<1 __Ai) [szL1+R1wL]

R, = AR:+AwL2(R1+Rz)(1 — ___) [ swl, +R1wL]




3.4.10] AERIALS AND AERIAL COUPLING CIRCUITS 97

X = Kot doL, — 20
L L
X’l == AwL’ - @ _Bl *
_ wl, L,
BZ,,
8o — 1
B }E + x Ral + ngL1+R1wL,+ 2L, Ly(R,+R,) | (202X 5,
B2 X;
when 2z = {;‘“, the last factor in the denominator of S5 becomes
B
(22)
1
MR = wL’ —1
(1~ oL, +Zlry ax,
~ 1 _ X
I S— G .

(1— 4)+ 2L “’L* (1—2)

3.4.10. Combined Mutual Inductance and Series Capaci-
tance Coupling. The circuit is shown in Fig. 3.16a; the equi-
valent circuit is the same as that of Fig. 3.8b except that the capaci-
tance Cy joins the opposite ends of the resistances R, and R,. The

o= e s

¥1a. 3.16a.—An Aerial Circuit with Combined Mutual Inductance and Series
Capacitance Coupling.

part enclosed between the dotted lines can therefore be transformed
to the unsymmetrical bridged T network of Fig. 3.16b.

Zi= Ryt io(LF M), =R tjo(LyF M); Ze=jol+ ), Bi= wlc
&
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and this can in turn be changed to the T section of Fig. 3.16c.
After making the same simplifications as in 3.4.9 we have

77,7, & zl+zz+24

Fic. 3.16b.—An Unsymmetrical Fie. 3.16c.—The T Network Equivalent
Bridged T Section. of Fig. 3.16b.

Z, = A (R,+R,)§)(L1¥M)] +jwd(L,F M)

(R, +R=§)I(L=%C M )] +jwA(LyF M)
[[Raw(LuF M)+ Ro(LeF M)
B,

(L,:FM)(L,:FM R, +R,) . w*(L,F M)(L,F M)
B Ji[o - B,

ZB = Al Rz+

+

1 1
d B, =
wC.B, " 7t T 4C,
The sign taken by M when combined with L, or L, is negative
for positive M and positive for negative M. It may be noted that
when M = 0 the expressions for Z,, Z, and Z, are identical with
those in Section 3.4.9.

Ry = Rao+A,[R,+‘R1+R->§’<LﬁFM)]
1

where A, = — o(L,+L,F2M).

R,w(LIIFM)—}—le(L,¥M)+w2(Lﬂ:M)(L,3FM)(R,+R,)"
B, B,? i
. (R1+Rz)w(La:FM) R:w(Ll:FM)‘i‘le(Lz:F-M)
21 AI[R2+ Bx ] - I: Bl
’(L,q:M)(L,:FM)(R,+R,)'
B3 B
w*(L,F M) L. F M)

X =X+ AL FM)+0M —

1

Xy = Aol M)+l — “’”‘L‘”;"LFM )
1
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oL, F M) L, F M)
B +oM B,
L= Zos
1
SR =
__n_ xR, + R.ow(LyF M)+ R,o(LsF M)
® TR, B,

LT M )(LF M )(R1+R-)] ( x’Xal)

The last factor in the denominator becomes 2z when z = =£.

Xal
M. = 1
R wL, 1
~ 1
= i ,
1 — 4y LF M) | oLF L FUNL =)
X 2 Bl 2 Lz
= 28
when z = X,

3.4.11. Selectivity Ratio Variation over a Tuning Range.
From the approximate expression 3.31¢, we can estimate the trend
of selectivity ratio over a given tuning range. Neglecting the
variation of the resistance ratios (these are less affected by fre-
quency because numerator and denominator tend to vary together
in the same direction), we see that Sy is dependent on 2. When
z is independent of frequency so is Sk, and hence if X; and X,
are the same type of reactance, both inductive or both capacitive,
Sp is constant over the tuning range (see Curve 4 in Fig. 3.17a).

For X, inductive and X, capacitive, z is proportional to — f3,
hence Sy decreases as the tuning frequency rises (curve la in
Fig. 3.17a). The reverse is true when X, is capacitive and X,
inductive and Sy increases as the tuning frequency increases.

3.4.12, Mistune Ratio and Capacitance Correction Varia-
tion over a Tuning Range. An examination of Mistune ratio
is possible, from expressions 3.33d and 3.33e. For mutual induct-
ance coupling (3.33d) and X, eapacitive, z is proportional to — f2
and
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Hence M, is negative and it increases as f is increased. Since

40, = Cpo My = I—{—IMR, AC, is negative and tends to fall as

f2
f is increased. In practice 4C, tends to remain almost constant
(curve la in Fig. 3.17¢). 'When X, is inductive (large primary coil)

My = 7 is positive and constant,
2
Mz
L . . " .
because ﬂ%c > 1 and z is constant. AC, is also positive and it

decreases as the frequency increases (curve 1b in Fig. 3.17¢).
For couplings other than mutual inductance, expression 3.33e

indicates that if X, and X, are both inductive (z and a;}, are
B

positive constants) My is negative and independent of frequency.
AC, is negative, decreasing for increasing frequency. For capacitive

X; and X,,,  is a positive constant, but 9’X£2 is proportional to
B
— f2 Since X, is generally much less than wL, and x than 1,

wl,

increases. AC, is also positive and decreases (curve 4 in Fig. 3.17c).

> 1 and M, is positive, decreasing as the frequency

If X, is inductive and X,, capacitive, z is proportional to — f2

and _w_L is constant. Hence
Xp
1

—_ K, -1
1+K,f? ’
i.e., is negative and increasing with increasing frequency. AC, is

negative and increases slightly as the frequency rises.
When X, is capacitive and X, inductive

‘MR=

_ — K, oL, _ . . 1___
R e .
11K, f?

is positive and decreases as the frequency increases. 4C, is positive
and almost constant.
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3.4.13. Transfer Voltage Ratio Variation over a Tuning

Range.

Expression 3.30b shows that 7'y is almost proportional

to z and its variation over a tuning range is largely that of z.
The above conclusions are best summarised in a table.

TaBrE 3.1. Tu~NiNe FREQUENCY INCREASING
Xﬁ X,,l r SR M R AC, TR Af
L | L | constant | constant | constant — | decreases — | constant |increases —
C | C | constant | constant | decreases 4 | decreases -+ | constant | decreases +
L|C|— Kf? decreases | increases — | decreases — | increases | increases —
CIL|—-% increases | decreases - alr:tz‘sri;tcori decreases alr;ﬁtcin
M| L | constant | constant | constant + | decreases + | constant | almost con-
stant +
M|C | — Kf? decreases | increases — | slight de- |increases |increases —
crease —
— f=es /-0
-~ I~ '4 ot 75
J
S N N
N NN e
17\ \,\‘<‘“r~~\_ﬁ \~ “\
J X \“\-\ N
' \ \ ‘~\~Q6 *
’ N NI NN
7 AV AN N6 <
! \ \ e n
N <
N P 3
\\ 35N 2
h 3
§‘ 048
Y
\\ “
02
0
600 800 000 1200 1400
Frequency (kcfs)

Fi16. 3.17a.—Typical Selectivity Ratio Variations over the Medium Wave Range.

Typical examples of the variation of Sp, My, AC,, Ty and Af
are shown in Figs. 3.17a, b, ¢, d and e for the following types of

coupling.
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+0-1
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N DR IR
o 56’ 01
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F10. 3.17b.-—Typical Mistune Ratio Variations over the Medium Wave Range.

la. Mutual inductance, small primary coil, X, capacitive.

1b. ’ " , large » s Xa1 inductive,
3a. Positive mutual in-
+50 ductance, small pri-
4 mary coil, and shunt
N *40_ capacitance.
\\(3"' 130 1 3b. Negative mutual in-
N Q\ I ductance, small pri-
32 N\ +20.8 mary coil, and shunt
\"\{ \\\\k § capacitance.
ab\\\‘w\t\\ +10 § 4. Shunt capacitance.
S B B s e e =4, . 6. Series capacitance.
b Tt —Te—f=f==y=4=— § 7. Series capacitance and
R shunt inductance.
0 & 8a. Positive mutual in-
§1fal | | | | S ductance, small pri-
= -30 mary coil, and series
-g capacitance.
0 800 7000 200 7500 8b. Negative mutual in-
Frequency (kcfs) .
ductance, large pri-
F1e. 8.17¢.—Typical Capacitance Correc- mary coil, and series

tion Variations over the Medium Wave .
Range. capacitance.
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F1e. 3.17d.—Typical Transfer Voltage Ratio Variations over the Medium
Wave Range.
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Fia. 3.17¢.—Typical Frequency Error Variations over the Medium Wave Range.
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The curves follow the predictions of Table 3.1, except for slight
modifications due to an approach to aerial and coupling circuit
resonance. Thus mutual inductance with a large primary coil
(X; and X, inductive) shows a decrease of Sy and an increase in
M, and T’ as the tuning frequency falls, because X, is approaching
zero at the low frequency end of the range.

Combined couplings mainly affect =z and those reducing
the variation of z over the frequency range are advantageous
in reducing the variation of T, and Sz  For example,
negative mutual inductance and shunt capacitance (curves 3b) giving

1 . . . .
X, = — (wM + ) and positive mutual inductance with series

oCy
2 —_— J—
capacitance (curves 8a) giving X; =+oM — ¥ Ly ]‘Q(L’ )

show reduced variation of Ty, and S5 as compared with mutual
inductance alone. There is a disadvantage ; the average value of
Sgis reduced and damping of the aerial circuit is therefore increased.
Series capacitance coupling may be added to negative mutual
inductance with a large primary coil so as to raise T, at the high
frequency end (curve 8b), but the average Sy is reduced.

The variation of AC, over the frequency range follows Table 3.1.
For combined couplings it may change sign at some point in the
frequency range (curves 3a, 3b and 8b), and this is due to the fact
that the reflected aerial reactance x2.X,, is opposite in sign to
that of the coupling reactance. The most desirable curve of AC,
against frequency is that giving a horizontal line, i.e., 4C, is in-
dependent of frequency. Provided the constant value of AC, is
within the range of the trimmer across the tuning capacitance,
mistuning effects can be cancelled. From this point of view series
capacitance (6), mutual inductance with small primary coil (ia),
positive mutual inductance (small primary) and series capacitance
(8a), and series capacitance with shunt inductance (7) are satisfactory.

We may note that if B,; < X, and X, is capacitive, 4C, for
three of the couplings may be written

. —C..2
Shunt capacitance (4)AC, = 20
p (4)4C, 0iT0, — O
Series capacitance (6)AC, = —_ 470 CiCay (independent of f)
0‘ +0a0

Combined series capacitance AC, =
and inductance (7) 1] — P vs
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Shunt capacitance coupling gives a large variation of AC, and
it is not therefore desirable.

If no correction is made for coupling and reflected aerial re-
actance, mutual inductance with a large primary coil ® gives least
variation of frequency error (curve 1b in Fig. 3.17¢). Shunt
capacitance 4 is much better than series capacitance coupling 6.
When frequency error varies over the range it is preferable to
select a coupling giving least error at the low frequency end
where the selective properties of the secondary circuit are greatest.

It is important next to consider the effect of aerial terminal
impedance on Sp, My, AC, and T'p.

3.4.14. Aerial Terminal Impedance and Sg, 4C, and Tg.
—{(a) Increasing R,. With a high value of X, increase of R,,
increases R,;, but hardly affects Z, and . Hence My and 4C,
are almost unchanged ; Sp is decreased because the second term
in 3.31c is increased. If the aerial and coupling circuit approach
resonance in the tuning range, i.e., X,; — 0, the reflected aerial
reactance tends to disappear so that M5 and AC, fall. The second

ﬂ!
Rale
o> i€, R, increases. The general shape of S curve over

term in 3.31c approaches
R

a

and so S5 tends to increase when

a tuning range in which X, == 0 is shown in Fig. 3.18; it is a
Xar=0

condition rarely occurring in

practice, and increase of R,

normally decreases Sj,. 2
(b) Increasing X,. In- §

crease of aerial terminal re- >

actance X,,, provided it has 3

the same sign as X, increases 3

Z,, and decreases x. Hence ) . :‘;

Ty is decreased and Sy in- ?f,’::_‘z f“%g:‘ffg¢

creased. The statement with Tuning Frequency

regard to T, needs qualifica-  Fia. 3.18.—Selectivity Ratio Variation

tion if the coupling reactance over a Tuning Range passing through

C e s . Aerial and Coupling Circuit Resonance
X,s 18 lmtlauy greater than its for a Large and Small Value of Rgo.

optimum value, for increase
of Z,, then causes optimum coupling to be approached and Ty
therefore increases. The normal decrease follows when optimum
coupling is passed.
From 3.33b we see that M, is decreased if X, and X, are
negative, but is increased if X, is positive and X, is negative.
The following tables summarize the conclusions.
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TABLE 3.2a. R,, INCREASING
X, al X S R M B AC’ TR
Very large | little decreased | little little decreased
affected affected affected
Small and | decreased |increased |tends to |tends to |decreased
comparable decrease decrease
with R,
TaBLE 3.2b. X,, INCREASING
X al x S R M R a4 C’ TR
Same sign | decreased | increased | decreased | decreased |decreasedifinitial
as X, coupling ( opti-
mum incre
if > optimum
Opposite increased | decreased | increased |increased |increased if in-
sign to itial coupling
X { optimum
decreased  if
> optimum
10 F 50
~~q. b— la.
et S \"\‘ //
08 %1 R ’.a \\/ 40
R RV
"‘( NG A q 2
3 N L $
& 06 s o ,/\’530;’
D Y x\/ . \‘\ £
3 AT o~y
< 1 I AN %
S04 D Y20
< r’/ N e
“ /2 2 N §
72 N
L/ "
02} 0
g 0
600 1000 7200
Frequency (kc/s)

Fia. 3.19a.—The Effect on Selectivity and Transfer Voltage Ratios of a
Change of Rgo.

Full line, Rao

Dotted line, Reg = 42 ohma.

w= 15 ohms. Cqo = 177 pu F.
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The result that a decrease of X, (X,; of the same sign) tends
to increase Ty when coupling is less than optimum shows that the
addition of a horizontal top to a vertical aerial can not only increase
the effective generated voltage (Section 3.3.3) but also give a greater
transfer voltage ratio. The horizontal section reduces X, and X,
thus increasing z and T'p.

10
“*::j_ ‘1\ \4\\ I
\\‘ ~a i \h\i
08 \\ e ™
\ N
\ ~
° e
3 -~
So6 >,/, N
‘gj A 4K \\- §
3 / - \\ / &
§04 / /7/ r < 2 :?"
g}; /( 47 1 N %
-, A Ny
A e \ <
_ . 0%
OZV‘, 1~ S
L~ S
—
Freauency (kc/s)
0
600 800 7000 /200 00 S
I
—— 4 4 L -25%
] Y
—3==a-50.8
-7.5§
\ §
-;g.oe)

F16. 3.195.—The Effect on Selectivity and Transfer Voltage Ratios and
Capacitance Correction of & Change of Xz0 with Small Primary Coil.

Broken line, Cap = 104 uuF. R = 42 ohms.
Dotted line, Cao = 177 uuF. R =, .,
Full line, Ceo = 240 uuF. R=, .,

Typical examples of varying R, and X, are shown in Figs. 3.19a
and 3.19b over the medium wave range for mutual inductance with
a small primary coil (la) and series capacitance coupling (6) (X,
and X,, capacitive). It is seen that increase of R,, has greatest
effect at the high frequency end of the range due to an approach
to aerial circuit resonance (X, decreasing rapidly), and the variation
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of T, over the tuning range is reduced, though at the expense of
a reduction of average Sg. This applies to all forms of inductive
coupling with capacitive X, (e.g., la, 2, 3a, 30, 6, 7 and 8). For
inductive X; and X, (large primary coil) variation of T'; is also
reduced, but increase of R,, has greatest effect at the low frequency
end.

Increase of aerial terminal reactance X, when X, and X,
are both capacitive, increases Z,; and decreases . 7T is decreased
and Sy increased. Most reduction of 7’5 and increase of Sy occurs
at the end of the range approaching aerial circuit resonance, in
this case the high frequency end. A modification occurs with
C, = 240 uuF, Ty is reduced at the high frequency end as com-
pared with C, = 177 uuF, and this is due to optimum coupling
having been exceeded. Capacitance correction (AC,) and its
variation over the tuning range is decreased because increase of

X, increases X .

3.5. Interference Reducing Aerial Systems.

3.5.1. Introduction. In the early days of broadcast reception
the receiver was comparatively insensitive, and the aerial had
therefore to be as good a collector as possible. As receiver design
progressed and sensitivity was increased (mainly by the adoption
of the superheterodyne principle), the necessity for a good aerial
became less pressing and the tendency was to neglect this aspect
of reception, employing inefficient indoor aerials or the mains wiring
to supply the pick-up voltage. Attention is once again being
focused on the aerial because of the increased use of electrical
apparatus producing fortuitously or intentionally R.F. voltage
components. For example, any form of sparking (in commutator
machines, switching on apparatus, etc.), distortion of wave form
by gas discharge illuminated signs, short wave therapy apparatus,
etc., generate appreciable R.F. components, which can be trans-
mitted for considerable distances over the supply lines, unless
special precautions are taken to suppress or confine them to the
apparatus. Since the supply lines are the transmission media the
interference field is mainly localized in the building housing the
receiver. The disadvantage of the indoor aerial is at once apparent ;
not only is it an inefficient collector (due to the screening effect of
the building), but it is also located in the area of maximum inter-
ference field. It is possible to reduce the effect on the receiver by
including r.F. filters in the incoming mains leads to the house, and
by erecting an aerial well clear of the latter and coupling it to the
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receiver by twisted, screened twin or concentric feeder, in which
the interference voltage is either cancelled or eliminated. An
example of a common type of interference reducing aerial 7 is shown
in Fig. 3.20. The vertical aerial (often in the form of a spike
attached to the highest point on the building outside the region
of intense interference) is self-supporting and rarely longer than
about 6 feet (1-83 metres), and is coupled at its base either direct
to the screened twin feeder or by a matching transformer, 7',. At
the other end of the feeder is a transformer 7', (with earthed centre
tapped primary), matching the low impedance feeder to the high
impedance input of the receiver. It is almost impossible to obtain
correct matching between the aerial and feeder over a large fre-

]
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F16. 3.20.—A Local-Interference Reducing Aerial System:.

quency range, and the use of a transformer is only justified under
certain conditions. The feeder-to-receiver transformer is generally
designed on the basis of a receiver input impedance of 2,000 to
3,000 ohms. The dotted circuits in Fig. 3.20 indicate the possible
ways by which interference is induced in the aerial circuit. The
electrostatic component of the interference field is represented by
the generator E, and capacitances ¢’ and C”, and the magnetic
component by the generator E,, and loops L’ and L”. The earthed
lead AB from the aerial feeder matching transformer 7';, which is
enclosed in a screening box earthed to the feeder shield but not
to A, carries interference currents from E, and E,, and an inter-
ference voltage is induced in the lead due to its inductive reactance.
This voltage has a return path to earth via the aerial capacitance
Cy, but the current it produces in the primary of 7' is usually
negligible. If transformer 7, is located in the interference field
and connected by an unscreened lead to the aerial, considerable
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interference is caused because the currents from E, and E,, then
pass through the primary of 7', The earthed screen round T,,
the feeders and 7', prevents electrostatic pick-up, but current in
the loop L” induces currents in the shield and feeders. The currents
I."" in the feeders are equal and opposite, provided the feeders are
balanced to earth ; to ensure this the centre point of the primary
of T, is earthed. An electrostatic screen between the primary and
secondary also helps to preserve this balance and prevents infer-
ference voltage transfer (from the currents I,,"’’ in the half primaries)
to the secondary by interwinding capacitance. The screening for
feeders and transformers is earthed at one point only, preferably D,
which is likely to be nearer to earth than 4. If it is also earthed
at A a loop ABD is formed in the interference field and pick-up
due to the magnetic component is greatly increased. The earthed
point of any filter system reducing interference entering by the
mains (see capacitance C, and C, in Fig. 3.20) should be taken
separately to earth rather than via the receiver earth. The improve-
ment to be expected in signal-to-interference ratio by the use of
this type of aerial circuit is from 30 to 40 dbs., but it is obtained
at the cost of a reduction in desired signal (compared with the
unshielded aerial and lead in) of from 3 to 6 dbs.

3.5.2. The Characteristic Impedance of Feeders. The
characteristic impedance of any uniform feeder may be determined
by measuring the capacitance of a comparatively short length of
feeder at any suitable radio frequency, e.g., about 1,000 ke/s, and
noting (expression 3.3c) that

l 1 x 1012 1001
%= 35, = 3x 109, 30, ?
where ! = length of feeder (cms.)
and C, = total capacitance of feeder in uu¥.

The formula for calculating Z, of a concentric feeder from its

dimensions is
138
Z, = -+ log,o ohms . . . 3.34

where k& = specific inductive capamtance of the dielectric separating
the lines.
r, == inner radius of outer conductor.
and r, = outer radius of inner conductor.
For a pair of parallel unscreened wires

276
Z —*Tlogm< f ‘E—!-l) . . . 3.35
,,-2
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where d = distance between conductor centres.
and r = radius of conductor.

Curves are given in Fig. 3.21 of characteristic impedance against
? and g for the concentric and parallel wire feeders with k = 1.
1
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3.5.3. The Aerial to Feeder Connection. We will consider
first the case of a feeder correctly terminated at the receiver end
in its characteristic impedance Z,. Owing to the fact that the
aerial input impedance varies over the frequency range and is
reactive, except at its resonant frequencies, there must be a loss
of power transfer at the junction of feeder and aerial. The maximum
power transfer occurs when the load resistance (the characteristic
impedance of the feeder) is equal to the generator (aerial) terminal
resistance and the reactance of the latter is zero. The power
transferred to the feeder under these conditions is

g,
Py, = iR
where E, = the generator (aerial) voltage.

3.36

. o E.? E»2 . ..
Expression 3.36 is written as ——— rather than —- since it is the
R, iz,

generator resistive component which is variable and which deter-
mines the maximum power transfer.

When the generator (aerial) impedance is equal to R 447X,
the power delivered to the feeder is

E 2
P, =1,*Z, = ! Z,. . 3.37.
! ! ’ [V(Ra0+zo)z+xa02 ’
The ratio of maximum to actual power is
P, . (Rao'*‘zo)z'*')ran2
P, = iR.Z. . . . 3.38a
_Rﬁ_*_l ’+ &9 :
—\% Zs 3.38b
-_— 4Ra0 . . .
Z,
Replacing _I_)_o’ B and X by a, z and y
P,y Z, o
we have (x+1)2+y? = dax
or 224-2(1 — 2a)x+414y2 = 0.

This is the equation to a circle with centre on the z axis, and solving
for y = 0 gives the two values of « corresponding to the intersections
of the circle with the z axis. Thus

_ 2(2a — 1)+V4(2a — 1) — 4
2

=2 —1)++/(22 — 1)2 — 1

and z, =2 —1) — V(2 — 1)2 — 1.

Tg
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The centre of the circle is at z; = x,—;—x,
or ;=22 — 1
and the radius is r =22 ; Zs

— Ve L

Taking a particular example, for a loss of 3 dbs., a = 2, 2, = 3,
r = 2-82.
A series of curves, due to Whesler,* are shown in Fig. 3.22.

The semicircles connect values of 2% and 1—;@ giving the particular
(1] [}
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Fic. 3.22.——A Chart for Estimating Transition Loss due to Mismatching between
an Aerial and Correctly Terminated Feeder.

transition loss marked. Thus the V dipole, whose impedance
characteristic is given by curves 2 in Fig. 3.5, has at 13-2 Mec/s

(if = l-3> an impedance of R,,+jX,, = 12945255, and coupling
0

this to a correctly terminated 60082 feeder gives Rao = 0-215 and

Z,
);“0 == 0-425, which from Fig. 3.22 corresponds to a loss of approxi-
0

mately 3 dbs. Calculation from 10 log;, % (expression 3.38b) gives
1

2-8 dbs.

The loss (over the range 6 to 15 Me/s) at the junction of the
plain and V dipole aerials of Fig. 3.5 with a 6002 feeder is shown
in Fig. 3.23.




114 RADIO RECEIVER DESIGN [cHAPTER 8

4
N

&

X

\
Al

N
\
i

»/’
-]
g /

&
\

]
bl

Curve I. Plain Dipole |
”l 2. IV. Dl'po/el
1
7 8 9 0 I 122 13 1’ I’
fFrequency(Mc/s)
Fia. 3.23.—Curves of Transition Loss at the Junction of a Plain and ¥V Dipole
Aerial and a 600-ohm Feeder.
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When the feeder is not correctly terminated the problem becomes
more complicated. Let us suppose that a vertical aerial is con-
nected to a receiver of input impedance Zj via a feeder of char-
acteristic impedance Z,, having a propagation constant ¥ = a-+j8
(see Fig. 3.24). The aerial terminal impedance Z,, (calculated as
indicated in Section 3.3.2) is the terminating impedance of the

Feeder Characteristic
Impedance Z,
E&u——_..z_zé»._ -
----- =LY 8L,

E A
= Reteiver

F16. 3.24.—A Single Concentric Tube Feeder with no Aerial Matching Transformer.

feeder so that the impedance® at the receiver end of the feeder
(Fig. 3.24) is given by
7. -7 Z, cosh yl-+Z, sinh yl
7= “Z o sinh yl+Z, cosh yl
= B, +jX,
where Z, = characteristic impedance of the feeder
and I = length of feeder.
The aerial and feeder may be replaced by a generator having
KE.Zy,

an internal impedance Z, and an open circuit voltage of Tt s,

3.39

where K, = aerial generated voltage
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2Z0(ZaO+ZR) B

and K =
(Za0+zo)(ZR+Zo)[l — X a0 °)(ZR )6—27l]

3.40.

Zay+Zo)Zr+Zo)

This formuls is developed in Chapter 4, p. 116, of Bibliography 22,
where curves of transition loss due to mismatching will also be
found.

A simplification of the problem is possible in calculating over
the long and medium wave ranges, because the feeder length is
usually short compared with the lowest wavelength, and the atten-
uation constant « is negligible. In section 3.3.2 it is shown that

the impedance of a vertical aerial of height less than g i8 practically

equivalent to that of its electrostatic capacitance, and the same
rule applies to a feeder line. Thus, if the lowest medium wave-
length is 200 metres, feeder lines not exceeding 25 metres (82 feet)
in length may be replaced by & shunt capacitance equal to the
electrostatic capacitance. If the feeder attenuation constant
cannot be neglected the feeder may be replaced by two shunt
capacitances of half the feeder electrostatic capacitance and a series
resistance. If a matching transformer 4 is employed between aerial
and transformer, the equivalent circuit becomes that of Fig. 3.8b
where C, is now the feeder capacitance C,. Resonance effects
between C,y, L,, L, and C; can be used to produce = rore level
overall frequency response over a given range.

3.6. Aerials for Automobile Receivers.!*, 1. The design of
aerials for automobile receivers is chiefly concerned with finding
an aerial which is a reasonably efficient collector. Mechanical
rigidity and location of the aerial, which should be as far from
the ignition system as possible, are important. There is little
difficulty in designing the coupling to the receiver first tuned circuit
as it follows the lines set out in Section 3.4. Before the use of all-
steel car construction the most efficient type of aerial consisted of
gauze strip let into the roof of the car. The under-car aerial,
mounted below the running-board, has been used, but it is & much
less efficient collector, is liable to damage, and its pick-up properties
are seriously impaired in wet weather due to mud adhering to the
insulators and offering a low resistance path to earth. Owing to
its position its capacitance to earth is comparatively high (about
200 uuF). The roof aerial mounted above and parallel to the roof
of the car is a better collector and has a lower earth capacitance
(about 50 uuF). A third type of aerial is the * telescopic whip ”
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vertical aerial located usually at the side of the car behind the
bonnet. It may be capable of extension to a length of about 5 feet,
and the sliding sections should have clamps making intimate contact
between sections so as to prevent interference from intermittent
contacts when travelling. Its capacitance to earth may be as low
as 25 uuF. A concentric feeder with the outer conductor earthed
to the car chassis is used to couple the aerial to receiver ; it should
be as short as possible and should have the least possible capacitance
value. The equivalent circuit is that of Fig. 3.24, and the feeder
capacitance C; acts with the aerial capacitance as a potential divider
for the pick-up voltage; a large value of C, reduces the receiver
input voltage and also necessitates looser coupling to the receiver
for a given ganging error in the first tuned circuit.

3.7. The Connection of Several Receivers to one Aerial
System. Difficulties are met if attempts are made to connect
several receivers to the same aerial. Unless the coupling between
each receiver and the aerial lead-in is loose, interaction may occur
between the receivers, causing mistuning of the first tuned circuit
of one receiver when the tuning of another is changed. There may
also be sufficient oscillator voltage injected into the aerial circuit
from the frequency changer to cause whistles in the other receivers
as one is tuned over its range. It is possible, where loss of signal
strength can be tolerated, to couple several receivers through
suitable transformers to the feeder line of the interference reducing
aerial described in Section 3.5.1. A more satisfactory arrangement,
particularly for a large installation, such as that in a block of flats,
is to distribute the signal frequencies via a low impedance feeder
line, preceded by an aperiodic amplifier or with an aperiodic buffer
amplifier between each receiver and the feeder. The second method
has been employed but is obviously not so satisfactory economically
as the first. A suitable circuit 15 for the first method is shown in
Fig. 3.25. The aerial, a short vertical rod, erected at the highest
point in the building, is connected by a short screened lead to two
aperiodic amplifiers, covering a total frequency range from 150 ke/s
to 15 Mc/s. It is not practicable to cover the whole range with
one amplifier without appreciable loss of amplification. Between
the aerial lead and each amplifier is a filter selecting the particular
frequency range required; to reduce further the possibilities of
cross modulation the valves should have as near linear I E, char-
acteristics as possible. Wave traps may also be necessary if the
aerial is in the high field strength area of a local station. The out-
puts from the two amplifiers are connected in parallel, through step-
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down transformers, to a low impedance feeder line of low loss
terminated in its characteristic impedance. The advantage of the
terminated feeder is that it has a wide frequency response and
conveys power with low losses and small noise pick-up. Further-
more, its low impedance makes the reduction of interaction between
receivers much simpler, and the comparatively high impedance inputs
of the receivers can be connected to the feeder without impairing
its transmission characteristics. The line is matched to the amplifier
valves by transformers but no attempt is made to match the receiver
input to the feeder. A resistance R is connected in series with

\% ‘3

F1a. 3.25.—An Amplifier for a Feeder supplying Several Receivers.

each receiver input to reduce interaction still further. This resist-
ance need only affect the input voltage at the receiver to a small
extent, since it can be much lower than the receiver input impedance
and yet much higher than the feeder impedance. For example,
if the receiver input impedance is 3,000 £ and the series resistance
1,00082, the greatest possible reduction of input voltage is to § of

the voltage at the feeder, whilst interaction is reduced to T(’YT;)_O =T7%,

if the characteristic impedance of the feeder is 70 ohms. The
length of the feeder is determined by the highest received frequency
because the feeder losses are greatest at this frequency ; a length
of 400 metres (about } mile) is possible for the frequency range
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quoted above, 150 ke/s to 15 Mc/s, but it may be increased to
2,000 metres (about 1} miles) if reception is restricted to the long
and medium wave ranges.

3.8. Diversity Reception. Owing to its dependence on the
reflected ray, short wave reception is liable to considerable varia-
tions in signal strength. The actual value of the signal at any
given time instant depends on the position of the aerial, and there
may be large differences in field strength between positions spaced
only a few wavelengths apart. By suitably combining the outputs
from two or more aerials with at least a wavelength separation,
the average signal may be maintained at a more constant level.
Diversity reception, as it iz called, is quite often employed for
commercial reception, and a large number of aerials are located at
different positions and connected to the receiver by feeder lines.
This is clearly not feasible for broadcast receiver purposes, but some
improvement can be obtained by using two aerials, one vertical
and the other horizontal, separated by at least a wavelength. One
method 12 of combining the two aerial outputs is by means of a
gas-filled valve with an interrupter relay in its anode circuit. The
arm of the relay drives a sprocket wheel attached to a differential
capacitor, the rotor of which is connected to the aerial terminal
of the receiver. The stators are connected each to an aerial, and
the gas-filled relay is biased by the D.c. component of the detected
L¥. output voltage of the receiver. When the output is greater
than a certain predetermined value, sufficient negative bias voltage
is developed to render the gas-filled valve inoperative. If it falls
below this value the bias is reduced, the valve conducts, and the
interrupter relay drives the sprocket wheel until the output voltage
is large enough to shut down the valve again. The sprocket wheel
comes to rest with the capacitor giving more coupling to the
aerial having greatest signal. If both aerials give outputs less
than the value required to stop the relay the capacitor continues
to rotate.

When the same programme is transmitted on two different
carrier frequencies, improved reception may be gained by receiving
each transmission on a separate receiver and combining the audio
frequency outputs.l®. A common A.G.C. system actuated from the
strongest signal is employed for the two receivers, and A.F. com-
bination may be achieved by dual loudspeakers, two output trans-
formers, the secondaries of which are connected in series with the
speech coil of a loudspeaker, or by a single centre-tapped-primary
output transformer with the output valve of each receiver con-
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nected to a half primary. A common aerial system may be used,
but it is preferable to have (for example) a horizontal aerial for one
receiver and a vertical for the other.

10.
11.
12.
13.
14.

15.
16.

17.

18.

19.

20.

21.

22.
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CHAPTER 4

RADIO FREQUENCY AMPLIFICATION

4.1, Introduction. In this chapter radio frequency amplifica-
tion is considered in relation to amplifiers which are tunable over
a range of frequencies from a minimum of 150 ke¢/s to a maximum
of 50 Mc/s. Special problems are involved due to the need for
covering a range of frequencies; for example, the gain and selec-
tivity of an amplifier may vary widely over the frequency range,
leading perhaps to instability at the high frequency end. Again
owing to interelectrode capacitance coupling the grid input admit-
tance of an R.F. amplifier valve (see section 2.8) may be comparable
with the reciprocal of the dynamic resistance of the tuned circuit
to which it is connected. An anode-grid capacitance of 0-005 yuF
can produce a high input admittance at frequencies of the order
of 1-5 Mc/s, if the anode external load impedance is high. At
higher frequencies (50 Mc/s) in the short wave band other effects
such as the inductance of the cathode-earth connection and electron
transit time tend to give a very high input admittance, so that
gain is limited.

The coupling impedances between the amplifier stages generally
consist of parallel tuned ecircuits since high selectivity and gain are
required (aperiodic circuits are rarely used). Band-pass filters are
often employed, and the design of two coupled tuned circuits
producing a band-pass effect is given in detail in Section 7.3 on
L.F. amplifiers. We shall therefore only deal with those aspects of
design which result from variable tuning. It is recommended that
Sections 7.2 to 7.5 should be read before Sections 4.5 and 6, since
the 1.7. amplifier band-pass filter is a special case of the tuned
r.F. filter operating at a fixed frequency.

The circuit analysis, which follows, begins with the simplest
tuned filter, the parallel resonant circuit, and progresses to the
more complicated band-pass filter. The R.F. valve, generally a
multi-electrode valve, ® is considered as a generator of constant
current I, =g, .E, and its resistance R, except where stated
otherwise, is assumed to be much larger than the resonant impedance
of the tuned filter in its anode circuit.

120
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4.2. The Parallel Resonant Circuit.

4.2.1. Magnification. The most important criterion for a
coil forming part of a tuned circuit is its magnification. This
term, designated by @, is the ratio at resonance of the voltage
across the inductance/or capacitance to the voltage injected in
series with the circuit.

(o

P s | St
H \

Fic. 4.1.—The Voltage Magnification of a Coil.

Referring to Fig. 4.1.

_E, oL
E K
. Ec I
Alternatively =% = &0k
But - II:R +j<w,L . __1,_>]
,C
= IR at resonance, for w,L =
w,C

oL 1

°. _——_—— = ——, 4.1.
Q R w,CR
4.2.2. The Impedance of a Parallel Resonant Circuit and
its Equivalent Series and Parallel Circuits. The impedance
of the parallel resonant circuit of Fig. 4.2 is

R+joL . 1
Z = .|R — .. 42
g [+ — )
R
® Ry= ’
#c " (110 +WCRY X,

wL(l-*L0)-wCR?

.=
5" (-oLE) +(wCR)? l
F16. 4.2.—The Parallel Resonant Circuit and its Equivalent Series and Parallel
Circuits.
2 2r2 2 27,2
Rp:li-*_wL-X R? + w?L

R P 0L = @tL0) = wCR?
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At resonance if R < w,L

27 2 Q
Z, =" =-"" =QuwlL = . . 43
,C
The resonant impedance Z, is thus a resistance, and it is often
called the dynamic resistance of the circuit and denoted by R,,.
To determine its frequency discriminating action, the impedance
must be calculated for frequencies other than resonance.
Rewriting 4.2

_ R+jol
"1 — w!LC+juCR
Rationalizing
7 - (R+joL)(l — wiLC — jwCR)

(1 — w*LC)? 4 (wCR)?
_ R +ij(l — w2LC) — wCR?
(1 — w2LC)%2+(wCR)® ¥ (1 — w?L0)2+(wCR)?
= Rs+jXg
where Ry and X are the equivalent series resistance and reactance.
An interesting point to observe is that reactance resonance,

ie., Xg =0, gives
0, L(l — 0,2LC) — w,CR? =

1 CR®
or Wy == =1l — — . . . 9.
N/LC(I L> 4.5

Replacing this in Ry (4.4) gives Z, = 5{[1}’ which is identical with

expression 4.3, for which R was assumed to be much less than w,L.

The equivalent series circuit is rarely so useful as the equivalent
parallel circuit. The latter is determined by considering the
admittance Y.

. 1
Thus Y = juC+ m

(1 — w?LC+jwCR)R — jwL)
Rt wil?
R wCR?* — wL(1 — w?L()
= Ritoii B o'l
= g+jb
1 1

=& 1ix,

4.6
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where B, and X, are the equivalent parallel resistance and react-
ance. By making the assumption that R < wL most useful ap-
proximate formulae for B, and X, are obtained as follows

w2
____—R___R

p
o oL 4.7,
P —wilC

It is important to note that X, and X, are inductive for fre-
quencies below and are capacitive for frequencies above the resonant
frequency.

4.2.3. The Selectivity Characteristic.® The selectivity char-
acteristic of a parallel tuned circuit may be defined as the ratio
of the resonant impedance to the impedance at any given off-tune
frequency. It is more conveniently expressed as loss in decibels,

20 log,, lé |l the reference level corresponding to 0 db. being the
resonant impedance Z,. Expression 4.2 simplifies to
L
ﬁ
Z = w ,-L ~w,
©,
= RD . . . 4.8a
1+;-'Q(—‘3 - &)
0w, o
when R € wL and o, = \—/-!:
2 2
But ©_o _o—o fi—f
W, w Wp frf
_ =)+
If

If f = f,+A4f, where Af is the off-tune frequency
fof (o +4f)

£274_I‘_f when Af < f,.

For convenience we will designate 274f by F.
r
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Expression 4.8a¢ now becomes
R
Z=_"2 4.8b
” 1+5QF
hence 20 log,, ~:—'—I| = 20 log,, V1+Q2F?
= 10 log,, (1 +Q2F?) 4.8¢.
0 pm==m—=
~~L ~|
~L N
ekt . N
6 - \ \\
-8 -2 ® \‘ N\
b
b \\
10—
D-72F3 % Y
:; 72 § 3
S4—S Y
S le§ \ \
8), '/6 _ﬁ? \\ \
S-8—3 3
3 \
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\
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\
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\
-28F
: Q2 —~ N
3057 07 03 04 0505070603, 773 4 56789, 20 7
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F1g. 4.3.—The Genecralized Selectivity Curve for a Single Tuned Circuit.

Expression 4.8¢ is most important because it gives a generalized
selectivity curve,!* which enables the frequency response of any
parallel tuned circuit to be obtained immediately. In Fig. 4.3 a
curve is plotted of 10log,, (11+Q2F?) against QF. The scale of
the latter is logarithmic. Only one-half of the curve is plotted
since it is symmetrical about f,, and the loss at equal numerical
positive and negative values of Af is the same.

Since QF — .2_%@’ Af = Q_%[r
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and log,o Af = log,e QF +logy, f, — logye 2@,
but for a given circuit f, and @ are fixed, therefore
log,, Af = log,, @F +constant.

Hence by sliding and locating correctly a logarithmic scale (identical
with the @QF scale) marked in Af, the off-tune frequency, under-
neath the QF scale, the selectivity characteristic at different off-
tune frequencies may be read directly. The correct position is
obtained by locating Af = é—% immediately beneath QF = 1. As
an example, let f, = 1,000 ke/s and @ = 100 be the constants of
a particular tuned circuit, then

The Af scale is therefore adjusted as shown in Fig. 4.3, with
Af' = 5 ke/s against QF = 1. The loss at any value of Af may
now be read directly, e.g., 4f = 5 and 10 ke/s gives a loss of
3 and 6-9 db. respectively.

The width of the pass band of any filter circuit is important,
and in the case of a tuned circuit it is defined as the frequency
range over which the loss is not greater than 3 db., i.e., between
the frequency points at which the voltage has fallen to 0-707 of
its maximum value. Referring to Fig. 4.3, the off-tune frequency
corresponding to a loss of 3 db. is defined by

oF = 924f _ ... 49

»

so that the pass band 24f =%.

4.2.4. Constant Selectivity over a Range of Tuning Fre-
quencies. In an ideal r.F. amplifier the overall selectivity should
be independent of the tuning frequencies. From expression 4.8c
we see that this requires a constant loss at a given off-tune
frequency, i.e.,

14 (QF)? = constant at Af = Af’
or QF’' = constant = 2Q4f
Jr
Q < f,.
Hence for a constant selectivity characteristic over a range of
resonant frequencies ¢ must vary linearly with f,. For some types
of coil, notably iron-cored coils, @ decreases as the frequency rises,
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and the selectivity at low frequencies is much better than at high
frequencies. This decrease of @ with increase of frequency has one
advantage ; the amplification of an R.F. stage is directly propor-
tional to the dynamic resistance R, = Qw,L, which tends to remain
more constant over the tuning range when @ decreases as the
frequency increases. Permeability tuning,!® i.e., tuning by varia-
tion of inductance with fixed capacitance, produces less change of
selectivity and amplification over the tuning range because L de-
creases as the frequency increases. Its chief disadvantage is that
variation of inductance is usually more difficult and costly to
achieve than variation of capacitance over a wide tuning range.

In order to obtain constant selectivity from the normal type
of coil it is necessary either to apply controlled reaction having
greater effect at high than at low tuning frequencies, or to introduce
resistance to reduce the @ of the coil as the tuning frequency is
decreased. In the first method it is difficult to design a simple
feedback circuit giving the desired @ compensation. The second
method,3 though not so satisfactory since it involves degrading
the circuit, can be achieved by means of a simple resistance-
reactance network.

It is essential in this method to obtain the highest @ possible
at the highest frequency since the selectivity characteristic over
the tuning range is to be entirely determined by the selectivity
at the highest frequency. Let us assume that the highest possible
@ is 150 for a medium wave band tuning inductance of 156 yH
and that the @ varies as shown in Fig. 4.4. The variation of coil
w},eL —-2—?,, so that if @ is
to be proportional to f, the coil resistance B must remain constant
over the range of f,. It is therefore necessary to insert a resistance,
in series with the coil, having a resistance variation with frequency
shown by the curve R,,,,;.; (obtained from R, ;00 1./ — B.o) In
Fig. 4.4.

Let us consider the network shown in Fig. 44. Tt can be
resolved into a series circuit of resistance and reactance of values,

2
R, = Rszb and X, Xlﬁlz—li—x:z, where X, is the reactance
of the L.c. arm. By a suitable choice of L, and C,, X,, and hence
R,, may be made zero at the highest tuning frequency. As the
frequency is decreased X,, and consequently R,, increases, and this
is the requirement for the compensating curve. By inserting this
network in series with the coil it is possible to preserve an almos$

resistance is also plotted. Now @ =
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constant resistance in the inductive arm over the tuning range.
The variation of R, from the network cannot be made to give the
exact R, curve required, but since there are three variables R,, L,
and C,, three points of intersection are possible. The reactance
term produced by the compensating network is usually very small

=g 150 200
/4] Q’ i T
4',’ =
| L2 | N
Rx%% ? Y, —Q(requifl'ed) i
| 1_1_:- 1 % ~~—0(c0/7)
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Fic. 4.4.—Correction Curves for a Tuned Circuit of Constant @ Value.

and can be neglected in comparison with the coil reactance. The
reactance X, in the above expressions may be written

2
X, =ij,(1 —~ “"2>

w

2
where w, = 1
T VLG,

To calculate the values of R,, L, and C,, we must fix the
frequencies at which B, = R, ..,. Let us assume these are 600,
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1,000 and 1,500 kec/s when R,,,;.; = 663, 394 and 0 ohms
respectively.
From R, = 0 at f = 1,500 ke/s, f, = 1,500 ke/s.
At f = 1,000 ke/s.
. _ -5)2)]2
w0 _ g (6281, — (1:5)Y)]

'"R,2+[6-28L,(1 — (1'5)?)]*

L, is in xH.
. 2
Hence Lz 8-94R, . . . 4.10.

v T 618, — 243
For f = 600 ke/s

1-5\?
R1[6-28 x O-GLI(I _ (6-6)
6-63 —

1.5 2 2
R12+|:6-28 x 0-6L1(1 _ (ﬁ) )]

Replacing L, in 4.11 by 4.10 we find

R, = 1-58Q
and from 4.10
L, =101 xH
1
= —— = 001116 .
01 a)rzL ,uF

The variation of R, with frequency is plotted in Fig. 4.4 (curve R,).
The variation of Q is also shown, and it can be seen to be almost
identical with the required @ curve from 500 to 1,000 kc/s. Above
1,000 kc/s the departure is quite noticeable. If a calculation is
made assuming f, to be 1,600 ke/s, the curves R,’ and @, result,
and the discrepancy from 1,000 to 1,500 kc/s is much reduced,
but from 600 to 1,000 kec/s it is less satisfactory. The values of
the circuit constants are then
R, = 7.8 ohms, L, = 0-81 gH and C, = 0-01225 uF.

by making f, still higher, the @ curve may be made to approximate
even closer to the required up to 1,400 ke/s, but above this
frequency the error is increased. The series reactance term (X,)
for the above R,, L, and C, values has maximum effect at the
lowest frequency (500 ke/s), and it reduces the inductance of the
arm in which it is connected by approximately 0-5%,, a negligible
amount.

4.3. Coil Characteristics at Radio Frequencies.

4.3.1. Introduction. A coil possesses three characteristics of
major importance when it is used for radio frequency amplifica-
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tion purposes; they are its inductance, A.c. resistance and self-
capacitance. To prevent undesirable pick-up and interaction
between input and output circuits a metal screen is required round
the coil, and its effect on the coil characteristics needs to be known.

4.3.2. The Inductance of a Coil. Calculation of the induec-
tance of various types of air cored coils has formed the subject
of many papers and it is possible to achieve very high accuracy of
computation ' 2 with some of the more common shapes of coil.
For most practical purposes, however, a computation accuracy
from 1 to 59, is sufficient, and the following simple formulae due
to Wheeler ¢ will be found most useful. Taking first the single-

Fie. 4.5.—A Cylindrical Coil with Rectangular Section Winding Area.

layer helical solenoid—this is the coil of Fig. 4.5 with b = diameter
of the wire forming the single layer—an approximate formula is
7-2N2
= or100 ”
where | = length of the winding in inches
,, NN = total number of turns on coil
and 7 = radius of the coil in inches to the centre of the wire layer.
The error involved is less than 19, so long as I > 0-8r. For values
of | between 0-8r to 0-2r the following formula may be used with
an error not exceeding 5%,

4.12

riN?e
T 8r+11
An error not exceeding 29, over a range of r from 0 to 10! is
obtained from

4.13.

r*N?
rt )
9 — —+101
"Et
Expression 4.13 is applicable to the thin spiral coil of one-wire
thickness by replacing ! by the breadth b, and taking r as the
radius to the centre of the spiral face. The error is not greater
than 59 so long as b > 0-2r.
As an example of the single layer coil let us calculate the in-

L= 4.14.
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ductance of a coil of 26 S.W.G. wire wound on a former of external
radius 1 inch and 2 inches winding length.

Radius of wire = 0-009 inch.
Turns per inch of winding length with 8.C.C. insulation = 50

Total number of turns = 100

using 4.12.

_(1:009)?100°
9(1-009)+ 10(2)
= 350 uH.
A single-wire spiral of 1 inch breadth and inner radius of 1 inch

using the same wire gives
b=1r=185 N =50

and from 4.13.
_ (1-5)%50°
C 12411
= 244 uH.
Multilayer coils of approximately square section winding area
may be calculated from

0-872N?

T 6r+9l+10b 15
with an error not exceeding 19, when ! and b are approximately
equal to ; A more accurate formula for small coil widths is

rN? 4-9r
= — 1 —_— - . . .
L 1375 1081 <l+b> uH 4.16

when the error is less than 39, if (b-++0) < r.
Using 4.15, we will calculate the inductance of a coil of 26 S W.G.
S.C.C. wire of inner radius 1 inch, breadth 0-75 inch, and length

1 inch.
. . 0-75 .
b = 075 inch, I =1 inch, r = 1—5—T = 1-375 inch.

Total turns = winding area X (turns per inch)?
=075 x 1 X 2,500
= 1,875.
_0-8(1-375)%(1875)*
T 6(1-375) 9475
= 215,000 xH.
The accuracy of all the above formulae is reduced if the turn
apacing is large and the equivalent inductance value at any par-
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ticular frequency is influenced by skin effect and the coil distributed
capacitance.

The inductance of single and multilayer coils has been also set
out in the form of a series of abacs.34

For iron-cored coils the inductance depends on the permeability
of the core material, and details are usually given by the makers
of the latter.

4.3.3. The A.C. Resistance of a Coil. The effective resist-
ance of a straight wire to A.c. currents is greater than to p.c. and it
increases as frequency is increased. This is due to the fact that
the magnetic flux, which produces a circular field around the con-
ductor, also exists inside the conductor. The latter can be con-
sidered as made up of a series of concentric cylinders of elemental
thickness, and the magnetic field surrounding each progressively
decreases as the outside of the wire is approached. The surrounding
field introduces an inductance component in each cylindrical el»ment
of the conductor and this component is greatest for that cylinder
having the greatest surrounding magnetic field, i.e., the one nearest
the centre of the wire. This inductance offers an impedance to
the flow of current and there is therefore a tendency for the current
to crowd to the outer edges or skin of the conductor. Increasing
frequency means increasing effective inductive reactance and less
current flow through the centre of the wire. At radio frequencies
of about 1,000 kc/s, the current at the centre of the wire may be
practically zero, and there is then little difference between a solid
conductor and a thin hollow tube of the same external diameter.
This concentration of current causes the resistance of a conductor
at radio frequencies to be many times greater than its ».c. resistance.

If the wire is coiled, the current area is further restricted to
the inside face nearest the coil former due to the magnetic field
from adjacent turns, and there is usually a considerable increase
in R.F. resistance. Coiling a wire initially increases the inductance
at a much greater rate than resistance and there are optimum coil
dimensions and wire diameters for minimum resistance with a given
inductance. The classic paper on the subject is that > 18 by Butter-

worth. The ratio of a.c. to D.c. resistance is proportional to 'i‘f,
P

where u is the average permeability of the material (conductor and
core) in the magnetic field produced by the current in the conductor,
f is the frequency, and p is the resistivity of the conductor. It is
interesting to note that a magnetic material in the circuit (this
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means increased u) increases the A.c./p.c. coil resistance ratio as
does decrease of p, i.e., a good conductor shows much greater change
of resistance under A.c. operation than a poor conductor, and an
iron-cored coil shows a much greater ratio change of resistance
than does an air-cored coil.

General conclusions 2 on realizing minimum resistance depend
on what parameters are fixed. There is an optimum wire diameter to
winding pitch ratio, and it is given by d, = gNll, where ! = length
of coil and N = turns per layer. For a given diameter of wire,
minimum resistance is obtained in single layer coils with a length

to radius ratio (i) of 0-6 to 0-9, single wire spirals require a breadth

to mean radius ratio of approximately 1, and for multilayer coils
the following relationship should be satisfied 5b4-31==2(b+r7).
Resistance is decreased for a given inductance by using larger gauge
wire, and when there are no restrictions on wire size, resistance,
for a given inductance value, coil radius and optimum wire diameter,
is decreased by increasing the length of a single layer solenoid—
this really means using a larger gauge wire as length is increased—
but there is little advantage in making ! >4r. This gives a more
economical shape than that cited above for a fixed wire diameter
and is the one most used in practice. Multi-strand litz wire is
effective for reducing resistance at frequencies up to about 5 Mc/s.

Additional sources of increased coil resistance are to be found
in dielectric losses in the insulating material (these are greatly
increased if the insulation is subject to moisture absorption, and
it is essential to treat the coil with a non-hygroscopic varnish), coil
self-capacitance, and eddy currents in the shield surrounding the
coil. Coil self-capacitance is shown in Section 4.3.4 to increase the
effective resistance of a coil. Losses in the coil shield are reduced
by reducing the coupling to the screen, i.e., by increasing the ratio
of shield-to-coil diameter (the ratio® should not be less than 2/1)
and by using screen material of lowest resistivity.

4.3.4. Coil Self-Capacitance. Coil self-capacitance is caused
by electrostatic coupling between turns, and between turns and
earth. It is highest in multi-layer coils, in which there is a high
potential between layers. To reduce self-capacitance it is essential
to separate high potential points, thus a two-layer coil is preferably
wound with interleaved turns—the third and fifth turns being
wound on top of, and between the first and second and second and
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fourth turns, etc. Winding in two separate layers, one on top of
the other, causes a large self-capacitance. Large inductances, e.g.,
for r.F. chokes, are best separated into a number of independent
sections, so reducing the potential between the ends of each section.
The self-capacitance acts in parallel with the coil and tends to
increase the equivalent inductance and series resistance. Referring
to Fig. 4.1, let us suppose that the actual inductance L and series
resistance B of the coil are paralleled by a self-capacitance C,
(shown dotted). The impedance of the coil circuit is
R +tjoL
70}00
. 1

R+jol +jw o

. R+jolL

1= w*LCy+jwCR

_ (R+joL)(1 — wiLCy — joC,R)

T (1 — 02LC,)2+(wC,R)?

R +ij(l'— w?LCy) — wCyR? 417

(1 — w2LCy)2+(wCoR)? ' (1 — w2LC,)?+(wC,R)? '

=R A +7wL 4

where B, and L, are the apparent resistance and inductance of the

coil.
If €, is small, the natural frequency of the coil is high and (wC,R)?
and wC,R? can be neglected in comparison with the other factors.

Z:

. . R
Ri= g 4.18a

L
ba=—wroy - - - - - I

L wL
d = QJ _ - _ 2 . . . .
an Q4 R, 7 (1 — wiLC,) 4.18¢c
= Q(l —_ szCO).

Since the natural frequency due to resonance of L and C, can be
assumed to be much higher than the highest tuning frequency
in the range over which the coil is to be used, w?LC, < 1 and
(1 — w2LCy) <<1. Hence the apparent series resistance and in-
ductance of the coil are increased by the self capacitance ; R, is
increased at a much greater rate than L, so that the apparent or
effective @ of the circuit is reduced. The ratios of R,/R, L,/L and
@4/Q vary with frequency, the first two increasing and the third
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decreasing as the tuning frequency is increased. The tuning
frequency condition is given by

1
L, = .
P4 =00
where C = tuning capacitance setting required for resonance.
oL 1

oLu = 106, = o0

L0 = 1 — oL,

or w? = _L_
L(IC+Cy)
Replacing w? in 4.18a, b and ¢ by this value gives
R =R (1+gf)2. ... 419
O,
L,=1L <1+_0_) R
Q= Q/(H—%’) R 1 1)

The above expressions show quite clearly that the effect of self-
capacitance is most pronounced at the highest tuning frequencies,
for which C is small.

Average values of self-capacitance are 10 — 13 puF, 7 to 10 uuF
and 4 to 7 uuF for the long, medium and short wave ranges.

4.3.5. The Effect of Screening on the Inductance and
Resistance of a Coil.?® A shield surrounding a coil acts as a
short-circuited turn coupled to the coil and reflects an impedance
into the coil in the same manner as the aerial reflects an impedance
into the first tuned circuit of a receiver (Section 3.4). The reflected
impedance is equivalent to a resistance and negative inductance
of values

0: MR, ML,
| Z, |2 | Z, |*
in series with the inductance of the coil, where Z;, = R ,+jwl, and
R, and L, are the equivalent resistance and inductance of the short-
circuited turn representing the shield. The effective resistance of
the coil is therefore increased to
w:M?2R,
A iz
and its effective inductance reduced to

w*M3L,
o1 - YapL]

and (expression 3.18)
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As estimation of the effect of enclosing a coil in a screen has been
made by Kaden 17 and more recently by Bogle,3® who gives some
very useful empirical formulae for the change in inductance and
resistance. The following formula, applicable to single-layer coils,
gives the ratio of the change in inductance (the difference between
the unscreened and screened inductance values, L, and L, respec-
tively) to the unscreened inductance value when the screen is of
non-magnetic material of good electrical conductivity.

4
-AZE=L‘;L’= 7 (ff)’. . 420
1 1 (_ +1-55)
g
where I = length of coil

g = r, — r, =radial gap between the screen and coil
ry = radius of screen.
r, = radius of the coil.

Dimensions may be in inches or centimetres, as the result is in ratio
form.
This formula has an error not exceeding 29, so long as the
distance between the ends of the coil and the screen is not less than 2g.
Thus if we place a single layer coil of winding length 1 inch
and radius 1 inch inside a screen of radius 1-5 inches the ratio
reduction of inductance is

1
AL 05 (1-0)2
L, /1 3\ \1s
<ﬁ+1 55)

2
2 0-445 = 0-251,
355 °

Under most practical conditions the thickness of the shield is
determined by mechanical rather than electrical considerations, as the
eddy currents do not penetrate deeply. The minimum thickness for
adequate shielding is a function of the resistivity p of the material and
the frequency f, the actual rela,tionship being that the thickness (inches)

2 5475\/‘/'
> 0-251 N/f

where p is in micro-ohms per cubic centimetre
f is in kilocycles per second.



136 RADIO RECEIVER DESIGN [cHAPTER 4
For copper p = 1-68 uf2/c.c., so that for a minimum frequency of 100

ke/s, the thickness must be greater than 0-251 ll%g = 0-0325 inch.

Most coil screens for mechanical rigidity require to be made of at
least 20 S.W.G., which gives a thickness of 0-036 inch, a value
greater than that required for electrical screening at this low
frequency. At higher frequencies the required thickness de-
creases.

Bogle also gives the following formula for the ratio of the change
in inductance to the screened inductance due to eccentricity of the
axes of the coil and screen.
0L _ o535 9 7 4L

L, 9% l+g r. L,
where ¢ = the eccentricity of the axes.
Let us suppose the coil in the first example has an eccentricity of
0-02 inch.

4.21

oL 0-02\2 05 15 AL
O 0535, () 2 12 Ah
L, 3 <0-5> 15" 1 L,

AL

= 4-28 104"

X I

SH_ T ),
L, L, L,
From the previous example
AL L,
=1 2 = 0251
L, L,
L,
o = 0749
L,
and % = 1-336
‘. % = 4-28 X 10™* x 0-336
L,

=143 x 1074

It is clear from this that eccentricity is a second-order effect and
for most practical purposes may be neglected.

The increase in resistance to be expected due to placing the coil
in a screen can be stated empirically as
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AR = ALFN 7, 2.4n2rsl\/;? 10~¢ ohms . . 4.229
LilL 1l r
AL N2
= 3-95 x 105 Vpof ohms . . 4.22b
L, lr,

where N = total turns of coil

p = resistivity of the screen material (u ohms per cubic
centimetre)
f = frequency in ke/s.

Expression 4.22b gives the increment in resistance due to losses
in the screen, and this will not necessarily be the actual change in
resistance that would be measured for a given coil. Referring to
Expression 4.19a in the previous section, we note that owing to
self-capacitance the apparent resistance of the coil is increased by
2

R[gg—“ —f—g:—:l, where C is the value of the tuning capacitance. Now
the inductance of the coil is reduced by placing it in a screen so
that C must be increased for a given tuning frequency ; this reduces
the value of apparent resistance, thus offsetting the increase in
resistance due to screen losses. In a particular case we may there-
fore find that screening reduces the apparent coil resistance ; how-
ever, the apparent value of @ for the screened coil will be less than
that of the unscreened coil owing to the reduction in inductance
by the screening.

4.4. Types of R.F. Coupling Circuits.

4.4.1. The Tapped Parallel Tuned Circuit.2* A generator
supplying a parallel-tuned circuit may be connected across the
complete coil or across only a part of it. Certain advantages may
be gained by tapping down the coil. If the internal resistance of
the generator is less than the dynamic resistance (R)) of the tuned
circuit, the output voltage across the latter is increased and the
selectivity characteristic improved by tapping down. There is
actually an optimum tapping point for maximum amplification, but
maximum selectivity is obtained with the lowest tap.

When the generator resistance is greater than R, tapping down
decreases the output voltage. This has advantages in the case of
a valve generator having high g, and comparatively high anode-
grid capacitance. Feedback through this capacitance may cause
instability if the voltage amplification of the anode circuit is high.
Tapping down enables the latter to be reduced.
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To estimate the performance of the tapped circuit the impedance
between the tapping points, and the overall amplification must be
calculated. The equivalent circuit is shown in Fig. 4.6, and the

A
— L
(B “Fins !E;_i:[a
&, l i C'Oatpuﬂ

B Y
Fi16. 4.6.—The Tapped Tuned Circuit.

current-voltage equations are given below. It is assumed that the
valve has infinite resistance—a correction to the overall amplifica-
tion is made later for a valve resistance R, comparable with R,—
and that the resistances (R, and R,) of the two sections of the coil
are divided in proportion to the inductances L, and L,.

I,=1+I, . . . . 4.23a

(B, +joLy) — LjoM = I,[R,—{—j(wL, — Elé)] _ LjoM 4.23b

. . 1
5 LR +jo(L,+M)] = Ia[Rz +J[w(Lg+M) — ;0—0] ]
But the total coil inductance Lj = L,+L,+2M, so that
. . . 1
LRy +jo(L+M)] = I,[R, — jo(L+M) +j(wLT— w)] 4.23¢.

Since oLy — — = w,LT(ﬂ — 9') = wLyF.
wC 0, o
I[R, — jo(Ln+M)+jo,LoF)
I, ="2"1 - . . 4.23d.
! R, +jo(L,+M)
Replacing 4.23d in 4.23a
I, = Io[Ry +jo, L) . ) ) ) . 4.23¢
R, +jo(l,+M)

where R, = R,-+R,, the total coil resistance.
E, = I,(R,+joL,) — I,joM.

L,.[(Bi+joL) (R, — jo(L+M)+jo,LF)
— joM(R,+jo(L,+M)]

—_ 4.24
R, +jo(L,+M)
L[(R,+jol,)( By — jo(l,+M) +jerTF) )
— joM(R,+jo(L,+M))]

B Ry -+jo,LeF
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The impedance between the tapping points AB is
(B, +joLy)(Ry — jo(ln+M)+jo, Lo F)

By _ — joM(R,+jo(L,+M))

Zap = I, Rpjo, Lok

_ (By+Ry+jo, Ly F) R, +jol,) — [R1+jw(L1+M)]_2

'RT+ijLTF
R tieL. — Bitioll+ M) io
= R, +jol, Rptjo Lok . . . . 4.25a.
. R, +jo(L,+M)]?
If [ 1
By < joln < Ry +jo, Ly F

Z g w¥Ly+M)? _ o*L,+M)*
Ry+jw, LzF  Rp(1+j@QF)
w,L
=&,
At resonance F =0 and
7y = LI
By
The overall amplification (A) of the stage is
1,
= E,joC’
Replacing I, with the value from 4.23e¢
A= Ia[R1+jw(L1+M)1
JE,wCRp(1+jQF)
~g (La+M)
" ORo(1+7QF)
where I, =9,E, and B, < w(L,+M)
|A| = gy it M
I CRvTT(QF)

4.25b

where

. 4.25¢.

. 4.26a.

At resonance
(L +M)
CR,

(L*+M) .. 4.26b
T

IArlzgm

= ngD
L
CR,
The selectivity, given by the ratio of | 4, | to | A | is V14 (QF)?,
and this is identical with that of the untapped circuit. This is

where Ry =
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expected since R, is assumed to be infinite. The overall gain is

by tapping down but the selectivity

thus reduced in the ratio L, Ijr

7
is unaltered. When R, is comparable with Z ,, the expression for
(I,+1,) becomes

R,
I.+1, = ngg'm
R Rp(Ly+ M)
4 = Fndly Jpu 2 kO 4.27a
g, 4O Lt M) (14jQF) Ly
“ " Bp(1+jQF)
i A gmﬁa -~ .R,,(I£+M) . 4.27b.
R(,+RD( 12‘ > T
T

Differentiating 4.27b with respect to (L, +M) and equating to 0
gives for a maximum 4,

Ro(Ly+ M) oL, + M)

R, = -
@ Lyt R,

so that the optimum tapping point is at B, = Z ;g esonancey a0d

A — 1 glan)(L1+ﬂ1)
r é -y "

Ly
L,+ M\27]2
N e
The Selectivity Ratio A"I = T T 27'
4] Ra+R,,< s )
Ly
R 2
= Jr+emy :
R +RD<L +M>
L,

is a maximum when R, is infinite or (L,+M) is zero, and is

J 1 +<%€)2 when R, =R, (LII:{_ M) Hence selectivity is
7

halved at the optimum amplification tapping point.

4.4.2. The Transformer Coupled Tuned Circuit.® The
tapped tuned circuit is not an ideal practical arrangement and a
better method is to use transformer coupling. This has two advan-
tages ; a coupling coil is more easily adjusted than a tapping point,



4.4.2] RADIO FREQUENCY AMPLIFICATION 141

and the tuned circuit is isolated from the positive H.T. voltage.
The circuit is given in Fig. 4.7 and the equations are

E, = I(R, +jowL,)+1,joM . . . 4.28a
0 = I{Br+jo,.LrF]+IjoM . . 4.28b
where w, L, F = (wLT — i)
wC
OH.T+
o}
E, Output
O f.T~-

Fic. 4.7—The Transformer Coupled Circuit.

From 4.285
LjoM — _  TjoM

" Rp+jo,LF ~ R;(1 +jQF)

2 =

] . . w?M?
.. Eo = I[R1+]le+m
E . wM?
d Zy=-"=R L+ _.
an 0 7 1w 1+RT+j0)rL7‘F
2M2
If joL, < - 22
BAI S Ry o L
2M2
Zy =P .
* =Ry tjo LR 429
and at resonance
w,2M?* M2 .
Z, = "R, = Pop . 4.29b.
The overall amplification 4 is
a—F_ L. _ -1 joM
B, EjoC ~ joU R(1+5QNEy
If B, is very large I =1, =¢,E,
M
'_ A = = On~s 7T
IR (1150F)
= — Gm Ep M . 4.30a.

14jQF Ly
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The negative sign indicates that the sign of the mutual induct-
ance coupling between primary and tuned secondary is negative,
and it can be ignored when there is no other coupling between

L, and L,.
t = = . . . 4.300b.
At resonance A, CR, I, 3056

When R, is infinite (the assumption made above), amplification
is reduced but selectivity is unchanged by reducing the coupling.
For R, comparable with Z,, amplification is

R M

A= Imta . . . 4.31

R oM OB (1+jQF) Ha
* " Bp(1+jQF)
. oM
and the maximum value at resonance is obtained when R, = R

T

Hence Ay =SB0 ... 43w,
2 Ly

Selectivity is greatest when the coupling is least, and for maximum
gain it is equivalent to that of a circuit of % Almost all the results

are identical with those for a tapped circuit if M is replaced by
(Lot M).

It is clear from the above expressions that the primary coil
inductance and resistance should be as small as possible and the
coupling to the tuned circuit as large as possible. The position of
the primary coil with respect to the tuned circuit is important as
stray capacitive coupling between the two seriously modifies the
selectivity characteristic. The primary must therefore be wound
over the earthed end of the tuned coil.

4.4.3. The Choke-Capacitance Coupled Tuned Circuit.
Another possible form of coupling to the tuned circuit is by R.F.
choke and capacitance. Resistance-capacitance cannot be con-
sidered since a very high resistance is required for low damping of
the tuned circuit, and this results in a very low D.c. anode voltage.
The chief advantage of choke coupling is that the tuned circuit
can be isolated from the positive H.T. voltage. The R.F. choke
needs careful design ; its inductance should be much higher (100
times at least) than the tuning coil and its self-capacitance should
be low. The natural frequency of the choke must be well outside
the frequency range of the tuned circuit if uneven frequency response
and amplification characteristics are to be avoided. Generally the
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natural frequency is much lower than the lowest tuned -circuit
frequency, and it therefore presents a high capacitive reactance
over the tuning frequency range. This small equivalent capacitance
can be compensated, for ganging purposes, by adjustment of the
tuning capacitor trimmer. The coupling capacitance from the
anode to the tuned circuit is not critical and a value of 0-0001 uF.
is generally suitable. The minimum value of coupling capacitance
is determined by R;, and since R, and this reactance are in phase

quadrature a value of X, = can give a voltage transfer of

b 2
10
approximately 989,.

4.5. Band-Pass Tuned Circuits.8, 19, 13, 15, 21, 22, 23, 24, 28

4.5.1. Introduction. Band-pass tuned circuits are employed
in R.F. amplifiers to obtain a wide and flat pass-band with sharp
cut-offs. They consist usually of two tuned circuits coupled together
by inductive or capacitive reactance, or a mixture of both. The
theory of such band-pass filters is detailed in Chapter 7, and it is
only necessary to indicate the special modifications which result
from the need for variable tuning. The ideal tunable band-pass
filter should maintain constant band width at all tuning frequencies,
and we must examine the effect of different forms of coupling on
the pass-band. The Howe method, detailed in Section 7.2, enables
a preliminary examination of the pass-band to be made for a filter,
having no resistance elements, as the tuned circuit resonant fre-
quency is varied. Self-inductance coupling is not considered in the
analysis, because it is but rarely employed in tunable filters.

4.5.2. Shunt Capacitance Coupling. The terms used to
designate the position of the coupling are those normally employed
in network theory as stated in Section 3.4.3. Taking first shunt
{(sometimes called common) capacitance coupling, the circuit is that

o {,LC’Z ©
L A
o H#C
Jor
o— Tz o

Fig. 4.8a.—Combined Series and Shunt Capacitance Coupling.

of Fig. 4.8a (showing combined shunt and series coupling) with the
series capacitance C, open circuited. The peak frequencies are
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1 1
= —m a:nd = ——
e e Toe M T v
2C+C,
and for the trough or mid frequency
1
7
0+01

The pass-band is determined by f, — f, and
1 1 1
fomti= %< L0, «/R*)
20+C,
1 2C
2n\/‘0( ol > . . 43%.
¥
Expanding (-« +1) by the Binomial Theorem

20 H 1 20
s | 1
(05r ) ta 0, (00> +

0 1
=14 —
to, 2(0)

= 1+Cg , when C L C,, as is generally the case.
1
1
Thus —f1 = . . 4.32b.
fo=ti= oomere =1,
The semi-band width is
o—=fi _HC __fuC
=7 =< ___ = . . 433
Af 2 2 01 2 01

for f, is very nearly equal to f,,, when Af is small compared with

S Since C= so that Af decreases as f,, is

1 1
ol V= garoy,
increased. It is plotted against f,, as curve 1, Fig. 4.9, for
L =156 yH and C, = 0-0162 yF. The latter gives Af = 10 ke/s
at f, = 500 ke/s falling to Af = 3-33 ke/s at f,, = 1,500 ke/s.

4.5.3. Series Capacitance Coupling. The circuit diagram
for series capacitance coupling is that of Fig. 4.8a4, with the shunt
capacitance (', short circuited. The band-width is

1
11— —| .0,
fa"‘fl——g\-/*fo—[ /1+QS{| _fla‘
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and the semi-band-width
Af—f‘ Ca . fnCs ... 434

Replacing C by Af = 2n2LC,f, 2, and it increases as f,, increases.

1
T 4
It is plotted against f,, as curve 2, Fig. 4.9, for L = 156 xH and
C, = 0963 uuF. The value of Af is 10 ke/s at f,, = 1,500 ke/s,
falling to 0-37 ke/s at f,, = 500 ke/s. Curve 2 is in the reverse
direction to curve 1 and it would appear possible by combining
the two curves to obtain a more constant band-width over the
tuning range.

743
- 13l &
e e s o - _ ’,/ 3
Reso —> 4_2.:_ S /o§
S e e
== —
/’/ \ // /4 §
>‘\ L 6 BN
T ,\_\4 E
// 2 ‘é
03
500 1000 7500
Frequency (kc/s)

Fic. 4.9.—The Variation of Semi-Band-Width for Different Types of Coupling.

Curve 1.—Shunt Capacitance Coupling.
Curve 2.—Series Capacitance Coupling.
Curve 3.—Mutual Inductance Coupling.

4.5.4. Combined Shunt and Series Capacitance Coupling.
The peak frequencies for combined capacitance coupling
(Fig. 4.8a) are

1 1
2 = —— dfi=sgFoee—
! szL CC‘) "R e
20+C
1
Jfa fl—2”\/LC + ——2—6—-—
Ca+1
Af = Im[ € | O
I:C C:I . . . . . 4.35.

Hence by adding curves 1 and 2, we obtain the semi-band-width
variation for the combined couplings over the tuning frequency
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range. The result is curve (14-2) Fig. 4.9, showing a much reduced
semi-band-width variation.

4.5.5. Mutual Inductance Coupling. The semi-band-width
for mutual inductance coupling is

1
A =i Jl —u \/1+;

M

4 &fl‘ =. . . . . . . 4.36.

f 5 T 4.36

Af is plotted against f, as curve 3, Fig. 4.9, and it rises linearly

from 3-2 ke/s at 500 to 9-6 ke/s at 1,500 ke/s for M = 2 uH.
4.5.6. Combined Mutual Inductance and Shunt Capaci-

tance Coupling.® Let us suppose that we have a combination

L+M L+M
L —— r—o
C';f M ;!c’
N T |

Fic. 4.8b.—Combined Mutual Inductance and Shunt Capacitance Coupling.

of negative mutual inductance and shunt capacitance coupling

(Fig. 4.8b). The peak frequencies are
1 1

= _— nd = —
I o J(L M)CC, I = vz e
205 C,
2C
PR N Ry PN
hmnvig [ow T |
A L l+4

Expanding by the Binomial Theorem and assuming second-order
terms to be negligible

f”_f‘“%n/w[( 2L 0) ( M):I
&ﬁ{%+gj L. ... 43m

or af =[2'ﬂ|:%+g;] . . . . . 4.37c.

For combined coupling we must add the curves 1 and 3 of Fig. 4.9,
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and the result is curve (14-3). It is seen that this curve is an
improvement on curves 1 and 3. As a general rule we shall find
that combined shunt capacitance and negative mutual inductance
gives a more constant band-width than combined shunt and series
capacitance coupling.

If M is positive

Afzfﬂ[g—% ... 431

and curve 3 is subtracted from curve 1, thereby increasing the
band-width variation.

4.5.7. Combined Positive Mutual Inductance and Series
Capacitance Coupling. The circuit diagram for this coupling is
shown in Fig. 4.8c.

F1c. 4.8c.—Combined Mutual Inductance and Series Capacitance Coupling.
1 1
f _ e a;nd = —
' 2aV(LIM)C h 27/ (L — M)(C+2C,)
1 1 1

SN G
“nf1 - - (-2
[

M

o Sm[Cs
Af_-.?:[cT Z‘]' .. ... 438

The result of combining positive mutual inductance with series
capacitance is shown in curve (3 — 2), Fig. 4.9, which is obtained
by subtracting curve 2 from curve 3 multiplied by 2; ie., M is
assumed to be 4 uH instead of 2, so that the semi-band-width may
have a maximum of the order of 10 ke/s. The result is not as
satisfactory as curve (1-+3).

f2 _f1 =

Negative mutual inductance gives Af =J—c2ﬂ[% +% and this
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accentuates the band-width variation because curves 2 and 3,
Fig. 4.9, are added.

4.6. The Design of a Tunable Band-Pass Filter. The
analysis of 4.5 is most useful as a preliminary investigation and
we have now to consider the practical filter, containing resistive
as well as reactive components. The generalized curves for a two-
circuit band-pass filter are given in Fig. 7.7, and in Section 7.5 it
is shown that they are equally applicable to shunt or series reactance
coupling. For the tunable filter, in which a mixture of shunt and
series coupling is used, we have not discussed the application of
the curves. If it is possible to replace either form of coupling by
the other—the series reactance may, for example, be changed to
a shunt reactance—then the curves are obviously applicable. Let
us now take the series coupling reactance and try to convert it to
the shunt coupling reactance. The first circuit is a symmetrical =
section, whilst the second is a symmetrical 7' section network.
The rules for conversion from one to the other are as follows:
suppose the x section consists of two shunt arms of Z, and a series
arm of Z,, and the T section of two series arms of Z, and a shunt
arm of Z,, then

_ ZZ, _ Zy
« = 3Z,+2, ™ P = 57,47,
If Z, Z_MJZ" z, =]T-% and Z,> Z, (this is usually true)
Z,® C,
then Z,=2, and Z, = 7 fw—C’z .

We may therefore replace the series capacitance coupling by a

2
shunt capacitance coupling of ¢ —, 80 that the combined coupling
3

circuit of Fig. 4.8¢ may be replaced by a shunt coupling circuit
C? C,C?
C, 7 00, +CF
In Section 7.4 the generalized selectivity response for the two
circuit band-pass filter is shown to be
20 log, VI+QE — FH)]* +4QF"
2Qk
and in Section 7.3 the meaning of @k is indicated to be
coupling reactance
coil resistance

having a shunt capacitance of €, and in series, i.e.

Hence for combined series and shunt capaci-

C.C,+02
wC?C,

tance coupling we have @k = 7

, for mixed positive mutual
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(1 o)
oM — iD
inductance and series capacitance coupling Qk = wry,

and for mixed negative mutual inductance and shunt capacitance

(wM + lC >
coupling Qk = .._R_w_l_

The particular value to be assigned to @k at any frequency is
determined by @ and the maximum band-width required, and it
may be obtained from the curves of Fig. 7.7. Let us imagine that
a band-pass filter is to be designed to operate over the medium
wave range to give a semi-band-width Af of approximately 8 ke/s.
The inductance of the coils is 156 xH, and the @ values at three
frequencies are as tabulated below. Since @ is fixed, the Af scale
is automatically fixed and it is adjusted for each frequency so that

Af :J;Z? is immediately under @F = 1. By choosing the most

suitable curves to give the required semi-band-width of 8 kc/s
the values of Qk are as set out in Table 4.1. The curves are redrawn
to the correct off-tune frequency scale in Fig. 4.10.

\ 000 kel

Loss(db)

20

//
-

YKLy,

o7 0-5 7 5 10
Off Tune Frequency (Af) kefs
Fie. 4.10.—Selectivity Curves for a Tunable Band-Pass Filter.
[Note.-—~Read 600 ke/s for 500 ke/s in the above.]

TABLE 4.1
Fulke/s) . ) ) . 600 1,000 1,400
Q . . . . . 120 100 80
Af(QF = 1)(ke/s) ) .25 5 875
k. . . . . 3 15 10
R(Q). 4-89 975 17-2

X coupling = QER(Q). . 1467 14-63 17-2
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Now we have the problem of finding the most suitable values
of mixed coupling reactances. Let us first consider combined
negative mutual inductance and shunt capacitance coupling. The

. . 1 .
coupling reactance is wM +-—-, and as there are only two variables
wC,

we cannot have the correct reactance at more than two frequencies.
It is necessary to choose M and C,, so as to give the nearest approach
to the desired reactance over the tuning range.

Let us take some particular reference frequency f, at which the

coupling X = X, = w M + and assume w,M to be some

001
fraction 4 of X,.
Thus 0 M = AX,
1
d = (1 — A)X,.
an ol ( )X,
At any other frequency f
X -—wM—}———— = A4X,. —+(1 ——A)X,,
w0,
or __Af I—A‘ﬁ’ . . . . . 4.39.
Xo fo+( )f

The above expression, due to Beatty,!¢ enables us to draw
generalized curves, from which may be quickly estimated the
values of M and C, to give a particular variation of coupling react-

ance over a given tuning range. Generalized curves of —- against
o

J for different values of A are plotted in Fig. 4.11. Both axes

o

have logarithmic scales, as this allows the actual variation of X
against f to be read directly by correctly registering similar logar-
ithmic scales in X and f placed parallel to the two axes. For
example, from the second column of Table 4.1. X, = 14-63Q2 and
fo =1,000 ke/s. The logarithmic reactance scale is set with

X = 14-6342 registering with X = 1 and the frequency scale with

0
f =1,000 ke/s registering with§— =1 as shown in Fig. 4.11. If

[}
we choose any particular value of M such as 1-165 uH, the value
woM 7'325
of 4 = =

X, ~ 1463 = 0-5, and we can read from the curve
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A = 0-5 the values of coupling reactance for any desired frequency.
Thus at f = 600 and 1,400 ke/s the coupling reactance is 16-7 and
15-4 ohms respectively. The shunt capacitance C, is 0-0217 uF

obtained from

= (1 — 4)X,. Generally we shall wish to
0)001

determine the values of M and C, to produce a coupling reactance
variation over the tuning range as close as possible to values giving
the desired band-pass characteristics. This is realized by plotting
the required coupling reactance values, given in Table 4.1, against

< 3
NI 7
NN ZR
NN Ne 8
N el
\\\\ )k\\ // ;g:? p (o‘/)Sns)
RN ]
\\ PN //;_';,}__Q'f;z . _Reactancel- 16
= 03 o8 Ratip 74
~ = 0o (X
05 > \\4 0Z (XO)
P 07
L1578 N >,y 0-6
05
g 04
/|
Frequency Ratio (F45) 1= \ 0-3
3 4 5 6 7897 2 E
500 7000 2000
Frequency (kc/s)—»

Fia. 4.11.—The Variation of Reactance Ratio Against Tuning Frequency Ratio for
Combined Mutual Inductance and Shunt Capacitance Coupling.

frequency on tracing paper with X and f logarithmic scales identical
with those of the generalized curves in Fig. 4.11. This curve is
moved over the curves in Fig. 4.11, keeping the scale axes parallel,
until the generalized curve most closely coinciding with the required
coupling reactance curve is found. This occurs in our example for

curve A = 0-6, when I _ 1 registers with f =920 ke/s and

Jo

_X{ =1 with X = 14-4Q2. The desired and generalized coupling
[}

reactance curves are curves 1 and 2 respectively in Fig. 4.12. Now
we have all the data necessary to calculate M and C,.
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Thus
w M = AX,
AX, 06 x 144 x 108
M= = 628 % 93 x 108 ~
and L _ - ax,
WL,y
or C, = 0-03 uF.

The same procedure can be applied to combined shunt and series
capacitance coupling. The equivalent shunt coupling circuit gives

. C 1 . .
a coupling reactance of <~w—02—é+w—01> C is a variable dependent
I [ U Combined Mutial Idductance._] 20
| Combined Capac/tan're___ | _and Capacitance 18
(Curve 0-5) (Curve 0-6) A
{3 A 768
~ pr= 3
,/ ~T 1 ::/_:/4/ 74\8‘
Required Curve §
Q
]
0
500 600 700 800 500 7000 7200 1400
Fregquency (kc/s)
F1a. 4.12.—Required and Approximate Coupling Reactance-Frequency Curves.
. .. . 1
on frequency and it may be eliminated by noting that o = Vio
1
X = w3l + =
w(C,
f? fo
=AXy+(1 — XL . . 440
fo . f
where wo®L?C, = AX, and —= = (1 — A)X,.
wC,
. X N —
Generalized curves of X against 7 may be plotted as in Fig. 4.13.
] 0

The nearest curve is again found to the required X — f curve from
the tabulated figures. The 4 = 0-5 curve gives the nearest
approach, and this curve is curve 3 of Fig. 4.12. The agreement
between the curves 1 and 3 is not so satisfactory as for MC, coupling
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and this we should expect from the preliminary examination as
illustrated in Fig. 4.9, which shows a much greater semi-band-
width variation for C,C, coupling. The reference point for curve 3
is f, = 1,250 ke/s and X, = 16-02 and this gives

0. - AXo _ 05X 16:0 x 1012 x 1012
T welL? (628 x 1250 x 103)3.(156)2
= 0-676 wuF
d o 100 108
an P (U S A) X, we 05 x 160 x 6-28 x 1250 x 108
= 0-0159 4F.
3
N ~/‘§§/J/ /1 /
y )
\\ A, :gé\ /////AA
NOL NS Coupli
\\\>§>>§ / / ; Reggfa//,ge
o\ — - 0-9 R:J{/b
<
N < 08 (%)
Q./ \ 07
// 0-6
R i
7 04
N e ) Moo

34 5 6789 2
Frequency Ratio (£/%)

F16. 4.13.—The Variation of Reactance Ratio Against Tuning Frequency Ratio for
Combined Shunt and Series Capacitanco Coupling.

Accurate adjustment of C, is not easily obtainable owing to its
very low value. In addition, the coupling reactance variation
cannot be made to follow closely the required law, so that mixed
M and C, coupling is to be preferred.

In the above calculation we have chosen the values of @& to
give the required band-width by examination of the generalized
curves. If we place a more explicit meaning to the term band-
width, @k can be calculated directly without reference to the curves.
Using the definition of Section 7.7.4, the band-width becomes the
difference between the frequencies at which the response is equal to
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that at the minimum or trough. The transfer impedance from
7.2¢ is
R,Qk
V1+Q%k? — F?)]2+4Q2F?
For the overcoupled case the minimum value | Z;| occurs for

F =0, ie.,
_ QkR,
I7T' - 1+Q2k2
and the frequencies at the edge of the pass-band are obtained by
equating the two expressions, thus
1+Q%2 = V[1+Q2(k? — F, %))t +4Q%F 2
24f, (to edge of pass-band)

Jm
squaring both sides
1+2Q2k2+Q4k4 — 1+2Q2(k2 — sz) +Q4(k2 _— Fp2)2+4Q2Fp2
Q4Fp4+Q2Fp2[2 — 2Q2k2] =0
QF, = +V2(Q%* — 1)

- e 3)

We may note that the frequency of maximum response is
(Section 17.3).

27| =

where F, =

. 1
Fror. =% kz_zz_2
o F,=V2.F

max.

R e
and k= J (Afp> +_

Replacing A4f, by 8 ke/s, and f,, and @ by the values tabulated
above, the following values of & are found.

Fm(ke/s) . . 600 1,000 1,400
k. . . 0-0206 0-0151 0-0149
Qk . . . 248 1-51 1-19

These values do not differ greatly from those given in the first
table except for f,, = 600 ke/s.

4.7. Distortion due to the R.F. Valve Characteristic.1, 12

4.7.1. Modulation Envelope Distortion and its Measure-
ment. The characteristics required of a valve for r.F. ampli-
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fication differ from those for A.r. amplification owing to the
different nature of the anode load impedance. Tuned circuits
discriminate in favour of a relatively narrow band of frequencies
and require a high valve slope resistance for satisfactory operation.
The constant-current generator circuit (Fig. 2.12b) indicates this
very clearly, for the valve resistance is in parallel with and so damps
the tuned circuit. The impedance of the latter is usually high so
that a large stage gain is possible. Difficulties due to feedback are
therefore greatly increased and the anode-grid capacitance must be
as low as possible if instability is to be prevented. Another difference
between Rr.F. and A.F. amplification is that, owing to the selective
properties of R.F. tuned circuits, second harmonic R.F. distortion due
to valve curvature is permissible and has no distorting effect on the
modulation envelope. The most suitable valve for the purpose is
the tetrode or pentode valve, since either can have a high R, and
low anode-grid capacitance. The tetrode having screened grid
I,E, characteristics (Fig. 2.5) is less suitable when large output
voltages are required because secondary emission limits the minimum
anode voltage.

To see how the distortion effects occur in an Rr.F. amplifier we
will take a simplified mathematical treatment, in which it is assumed
that R, is infinite and E, is the only variable influencing I,. The
anode load is assumed to be zero to all frequencies outside the
required pass-band and resistive to frequencies inside. We need
therefore only consider components of anode current at frequencies
within the pass-band. If the I E, characteristic is represented by

I,=acta,B, . . . . 441
and E, = B cos wt(14+M cos pt) — E,
where B = carrier peak voltage

M = modulation ratio
— B, == grid-bias voltage,
no distortion can occur, and the output voltage is an amplified
replica of the input and the valve functions as a linear ampli-
fier. Let us next take an I E, characteristic of the form.
I, =a,+a,b,+a,E? . . . . . 4.42
= a,+a,[E cos wt(l+M cos pt) — b]
+a,[B cos wt(l+M cos pt) — E,]?
= a, +al[E cos wi(l+M cos pt) — E,]
+a,[E? cos? wi(1+2M cos pt+ M2 cos? pt)
—2E,B cos wt(1 +M cos pt) +E,2] . 4.43
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1-4-cos 20
2
current into the following components :

D.C. ay — a, B, +a2[§;<1 +1—Z—2> +E,,2-:|

Modulated ®.r. fundamental (a,£ — 2a,BE,) cos wt(1-+M cos pt).
Distorted modulated r.F. 2nd Harmonic

By noting that cos? 6 = , we may separate the anode

2 2 2
%E cos 2wt(1+¥2 +2M cos pt—{—%— cos 2pt).
A.F. modulation fundamental a,B2M cos pt
2 2
A.F. ’ 2nd Harmonic a.0*M cos 2pt.

Since the anode-load impedance is assumed to be zero to all fre-
w—+p oW P
27 7
1,7, = (a, — 2a,EE,) cos wt(1+ M cos pt)Z,.

The voltage is dependent on E,, decreasing as E, is increased, and
we see that a parabolic I E, characteristic may be used to produce
variable gain with variable bias without distortion of the modulation
envelope. This effect is entirely due to the selective properties of
the external anode impedance. With such a characteristie, aperiodic
anode circuits would allow A.F. modulation distortion to appear at
the detector output. The distortion products occur from the
second power term in the I E, characteristic, and consist of the
distorted modulated R.F. second harmonic, the A.F. modulation and
its second harmonic. A point to note is that the n.c. anode current
increases as the input signal is increased, and it is also affected by
the modulation ratio. Small variations of p.c. anode current are
therefore to be expected in a variable mu valve when the signal is
modulated.

Unfortunately it is difficult to achieve a parabolic I E, curve,
and a variable-mu characteristic is more nearly represented by a
power series having a very large number of terms. If we add
another term a,E,® to 4.42 we have, in addition to the component
frequencies listed above, other frequencies obtained as follows :
asB 3 = a,[B® cos® wi(1+M cos pt)® — 3E,E? cos® wt(1-+M cos pt)®

+3E,2 cos wt(14- M cos pt) — E,?]. . 4.44.
3 cos f-+cos 36

quencies outside the output voltage from the valve is

Replacing cos® § by the following components can

be separated
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D.c. —a Ebl:?’E <1+ﬁ—> + K, ]

Distorted modulated Rr.F. fundamental

a, B cos wt 3fz<1 +———)+3E’b
+cos pt(gE:M+QE2 +3Eb2M>+cos 2pt< M;E2>
3B M3
—+cos 3pt( 16 )_ .

Distorted modulated r.F. second and third harmonics, and A.F.
modulation fundamental and second harmonic components are also
present, but are not important because they do not contribute to
the output voltage. The most important component is the distorted
modulated r.r. fundamental, which is passed on through the
amplifier to the detector and results in a distorted A.r. output.
Power terms higher than the third all contribute to modulation
envelope distortion.

It is therefore essential to reduce the factors, a;, a,, ete., in the
I,E, power series to the smallest possible values, and rapid changes
of curvature must be avoided. This is usually achieved by using a
continuously variable pitch winding for the grid electrode as
described in Section 2.4.

Distortion of the modulation envelope arising from these higher
power terms limits the maximum modulated signal which can be
accepted by an r.F. valve. The maximum signal generally increases
as the negative bias voltage is increased, and the type of curve is
shown in Fig. 7.19. A method of measuring directly the signal
handling capacity of a R.F. valve is described in Section 7.11. The
reason for the increase in maximum signal as the bias is increased
is not very clearly shown by the power series, but it is actually due
to a reduction in the rate of change of the g,, curve (see curve 2 in
Fig. 2.8). Point 4 in Fig. 2.8 shows greatest rate of change of
g,, and corresponds to the slight dip at E, = — 12-5 volts in the
input signal curve of Fig. 7.19.

A simpler method 22 of determining the signal handling capacity
has been developed from the fact that the percentage second
harmonic envelope distortion in a modulated r.F. output from the
valve is directly related to the percentage third harmonic distortion
produced by the same valve when an undistorted sinusoidal voltage
is applied to its grid circuit. Expression 4.44 gives the amplitude
of the second harmonic envelope distortion as
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9a, B3 M2
8
and by combining 4.43 and 4.44 the amplitude of the fundamental
modulation envelope component is

(@, — 2a,B,+3a,E 2 ] EM —{—Za,,(l +%_2>E3M .

Hence the second harmonic distortion percentage is
9a,£2M X 100

8[[‘11 - 2a2Eb+3aaEb2]+za3<l +M4—2>E2]
3a,L?
4.4
T %a.E, 1 3a.E, by &, 5a becomes
3

percentage second harmonic = 7&]{1_1_0(?72‘
1+gk<1 +T)

Applying a fundamental input voltage E cos pt to
I, = ao—}—alEg—i—azEgz—{—aaEga . . . 4.46.

gives a fundamental amplitude of
(@, 2a,E, +3a,E,2)E- %a,ﬁﬂ

. 4.45a.

By replacing 2

. 4.45b.

3
and a third harmonic amplitude of a’%
a,B?
4
al - 2a2Eb +3a3Eb2 +%a3E3

= MO0k g

o1+

For any given percentage of second harmonic envelope distortion
and percentage modulation, expression 4.45b0 gives a particular
value of k, which inserted in 4.47, gives the corresponding value of
third harmonic distortion. If therefore the valve is connected as
an L.F. amplifier, and the input voltage adjusted to produce the
calculated value of third harmonic percentage, the input voltage
represents the signal handling capacity of the valve, i.e., it is equal
to the carrier voltage which, modulated at the specified modulation
percentage, gives the specified second harmonic distortion percent-
age of the modulation envelope. The values of k£ and percentage
third harmonic distortion for different values of distortion and
modulation percentage are tabulated below.

.. percentage third harmonic =
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TABLE 4.2
30% M. 60% M. 809% M.
Percentage
2nd Harmonic k Percentage & Percentage & Percentage

: 3rd. . 3rd. . 3rd.
25 0-2685 2-095 0-122 1-01 0-09 0-735
5 0-674 4-81 0-271 2-115 0-195 1-55
7-5 1-365 8-47 0-458 3-43 0-319 2-46

10 2-795 13-7 0-699 4-96 0-47 35

Since terms above the third power in the I E, characteristic
have been neglected the signal handling capacity determined by
this method is not strictly accurate ; as a general rule the error is
quite small except at a grid-bias voltage where the characteristic
has a rapid change of curvature or near cut-off of anode current.

The circuit recommended for this indirect measurement of
signal handling capacity is shown in Fig. 4.14. The fundamental

OH. T+
s Ry
is,9 L 1z 3,
2&-----.k ....... £
3 2
Phefs Lz :a:C'z Rs Valve
Generator [, Attenuator — v Voltmeter

=) &
Lo o K =€ e

Trangformer > Grid Bias
7R Voltage

Fia. 4.14.—The Circuit Diagram for the Indirect Measurement of the Signal
Handling Capacity of a R.F. Valve.

input voltage (frequency = 10 ke/s) is connected to the grid of the
test valve through a low-pass filter (L, = 3-18 mH, C, = 0-16 uF),
terminated by an attenuator of constant impedance 100 ohms and
followed by a 1 : 10 step-up transformer. The anode circuit of the
test valve contains a potentiometer R, (600), across which the
fundamental voltage is produced, and a frequency discriminating
circuit L,0, tuned to the third harmonic (30 ke/s). Ganged
switches S; and S, enable the 30 kc/s output (position 2) to be
compared with a proportion of the fundamental output (position 1),
measured by a valve voltmeter. Potentiometer E, is adjusted so
that the valve voltmeter indicates no change of reading between
the two positions of the switches, and it is calibrated in terms of £ by
inserting a standard valve, the signal handling capacity of which
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has either been calculated as described in Section 4.7.2 or measured
as described in Section 7.11. The procedure for any valve is then
to set R, to the required value of k, e.g., 0-271 for 609, modulation
and 5%, second harmonic envelope distortion, and to adjust the
attenuator setting until the valve voltmeter indicates no change
between the two switch positions. The signal handling capacity
is then ten times the attenuator setting. An alternative method
of calibrating R, in terms of % is to apply known amplitudes of
10 and 30 ke/s frequencies to the grid circuit of the valve in accord-
ance with Table 4.2 ; thus for the condition set out above the
amplitude ratio of 30 to 10 ke/s would be 2-115 to 100. Care must
be taken to see that the amplitude of the 10 ke/s is small so that
distortion of this frequency by the valve may be small.

The frequency discriminating network consists of two similar
parallel tuned circuits of L, = 10 mH and C, = 0-01 uF connected
by a capacitor C; = 0-01 uF in series with a high resistance R,
(0-5 MQ) to increase the selective properties of the second-tuned
circuit. The first-tuned circuit is damped by a resistance R,
(30,0008) to ensure that its dynamic resistance is much less than
the anode impedance of any valve likely to be tested.

4.7.2. Calculation of Signal Handling Capacity from the
gnE, Characteristic.?® If 4.46 is differentiated with respect to
E, an expression for g,, in terms of K, is obtained.

d,
dE,
Now suppose B, = F cos wt — E,, then E, varies between £ — E,
and — B — E,. Denoting mutual conductance at these points by
gn (max.) and g, (min.), and at E, = — E, by g,,, we have
Im (maz.) = a,+2a,(B — E,)+3a,(E — E,)?
I (min) = a; — 2a,(B +E,)+3a,(E +E,)?
Imo = 01 — 20,E,+3a,E,?

Im (average) o gl'ff’ilgxflj:gﬂ,(mln)

= gm == a,l +2a2Eg+3a3Ey’.

2
=a, — 2a,B,+3a,E,243a,E?
= ng+3a3E2
3a,b?
= 1 3
gmo[ +a1 — 2a,8, +3a3E02:]
= gnoll+k) . . . . . 448

where k has the same meaning as in Section 4.7.1.
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Thus for 609, modulation and 5%, second harmonic envelope
distortion, k& = 0:271 and g,, (aver.) = g,,,.1:271. Expression 4.48
may be used to calculate the signal handling capacity at any given
bias — £, and the procedure is as follows. Using the g, K, curve
draw a straight line through the point g,, = ¢,,0(1+k), E, = — E,
to intersect the g, K, curve at two values, &, and E  such that
E, —E,=E, — E,  The signal handling capacity is then
(E,, — E,) peak (unmodulated) carrier voltage or 0-707 (£, — E,)
R.M.S. carrier voltage.

4.7.3. Cross-Modulation Distortion. One of the most un-
desirable forms of distortion in R.F. amplifiers is that known as
cross-modulation. This effect can occur when a modulated undesired
signal is applied to the grid of a valve at the same time as the
desired signal. If the I E, power series has terms above E,2, the
undesired modulation is transferred to the desired carrier, and
discrimination against the undesired carrier after this r.F. valve
produces no reduction of undesired modulation. It can be shown
by taking the a,E? term and replacing £, by

(B cos wzt+EB,cos w,t(1+M cos pt) — E,),

where the suffix d denotes desired and u undesired signal. For
simplicity the former is not modulated. Expanding

ay(B; cos wt+E, cos w,t(1+M cos pt) — E,)3
shows a term of the form
3a,E,; cos wyth,? cos 2w t(1+M cos pt)?,

which equals

3a,£; cos wthu2(lA+-E%§EJ>(l +M cos pt)?

and this contains a component
2 2
%’Edﬁuz oS wdt<1 —}—M? +2M cos pt—l—l—g— cos 2pt).

The desired carrier is now modulated by the undesired modulation
and its second harmonic. The remedy for this cross-modulation
effect is to increase the selectivity of the circuits preceding the
first R.F. amplifier so as to reduce £,, and also to decrease all the
factors as, a,, etc., inthe power series for the [, F, curve. Thus the
methods applied to reduce distortion of the desired modulation
envelope also reduce cross-modulation. It will be noticed that the
cross-modulating term is dependent on the square of £, and
independent of its frequency. In a well-designed receiver the
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cross-modulating effect due to a strong local station signal should
be confined to a band of tuning frequencies in its immediate neigh-
bourhood, for the tuned circuits preceding the r.r. valve should
quickly reduce E, to a small value as the receiver is tuned away
from the local station position. Special aerial rejector circuits may
be fitted when a receiver operates in close proximity to a powerful
transmitter.

4.8. Instability in R.F. Amplifiers.” Instability is always
possible in an amplifier when coupling exists between input and
output circuits. Energy feedback may occur via output to input
leads, through the common supply voltages, or via the anode-grid
capacitance. The first two causes are under the designer’s control,
and careful placing of the leads and adequate decoupling with short
lead capacitors can prevent regeneration. The total anode-grid
capacitance can be reduced by eliminating stray coupling external
to the valve, but it cannot be made less than the inter-electrode
capacitance. The only possible method of preventing instability
from this source is to limit the gain of the stage. From Section 2.8
we note that feedback through the anode-grid capacitance produces,
in conjunction with the anode load, a grid input admittance of
resistance and capacitance in parallel. The sign of the resistive
term depends on the reactance of the anode load, being positive
for a capacitance and negative for an inductance. If the anode
load is a tuned circuit we have for the input grid resistance R,
(see Section 7.8, expression 7.26a)

@n+(1+32)’

R, = -
g gmBa.QF RD '

where B, = wC, = anode-grid interelectrode susceptance, and the
other terms have their usual meaning.

This is & minimum when QF = ;}:( 1 +%) so that the minimum

a

-~ 2(1 +&»)
R —_\ B
¢ ngDBg.
o —2
"~ guRpB,,

when R,> Ry,

negative value of B, is
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Instability occurs when R, is less than the parallel resistance
component of the grid tuned circuit. If the anode and grid circuits
are identical, the condition for stable operation is defined by

E,> R,
or InBp?B, <2
and for a given B, either g,, or B, must be limited. Generally
it is better to reduce g,, by increasing grid bias, rather than to
reduce R; because selectivity is often reduced by decreasing R,
However, the use of a tapped tuning coil allows the equivalent R, to
be reduced without loss of selectivity (see Section 4.4.1).

In estimating the condition for stability in a two-valve amplifier
we will assume that all tuned circuits are identical. Owing to
feedback, the dynamic impedance of the tuned circuit in the grid
of the last valve is increased, and as this is the anode circuit of
the next valve we have the following results :

Dynamic resistance of the last tuned circuit = B, = R,

— 2
ngDBg,,
Resultant dynamic resistance of the grid tuned circuit = R,”
RyR;) 2

Grid input resistance of the last valve = R, =

R =
0

" Rp+R; 2
B (-~
Im ﬂa(gm RD Bg, RD>

Grid input resistance of the second valve = R,” = ,*'_‘_”_%W
ngO Bga

2
el ———— . — R .
l:ngDBa,, D]

The condition for stability is that

2
_R'=|_ -2 _R Rp.
g [ngl)Bgn D:l > b
ie., gnBp?B, < 1.

For a three-valve amplifier the following results are obtained :
Resultant dynamic resistance of the third tuned circuit = R,’”’

R."R RD2
R e g *'D_ i grnta
0 RD+R0” — - 2

2B, — ———-
b ngDBy.
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2
id i i he valve = R,/ = — —
Grid input resistance of the valve A B B,
1
4| 9. Rp? — —
I:gm D B

9a

9 .
ngD Bya<gm-RD2 - E “)

A
For stability
RD < _— .Ralll
ie., (GmBp2B,)?* — 69, Bp*B, +4 <0
6120
GnBp?B, < °F

Summarizing the results in the form of a table :

< 0-764.

TABLE 4.3
No. of Amplifier Stages. Maximum value of g, R DzBaa
1 2
2 1
3 0-764

In practice the maximum value of g, B,*B, will have to be

much less than the value given in Table 4.3, otherwise feedback,
though insufficient to cause oscillation, will have a serious effect on
the overall frequency response of the amplifier. It causes greater
amplification of frequencies below resonance and less amplification
above resonance. The result is a lop-sided selectivity curve as
discussed in Section 7.8.

4.9, Noise Limitation to Maximum Amplification.3?

4.9.1. Introduction. By careful design a receiver may be
constructed with very high amplification, and in the absence of a
limiting factor it would be possible to obtain adequate output even
from the weakest signal. The limiting factor is noise. Noise may
be produced outside the receiver and be picked up in association
with the desired signal or it may occur in the receiver itself. The
desired signal must therefore be large enough to give with average
modulation (about 309,) an A.F. output very much greater than
that contributed by noise. Generally a signal-to-noise ratio of
15 db. is regarded as the minimum satisfactory level. External
noise may be due to atmospheric disturbances (thunderstorm and
magnetic storms), or to interference radiated from electrical
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machinery. Over neither of these has the designer any control,
though he can mitigate the effects of the latter, which is usually
transmitted over the electric power lines, by including suitable
r.F. filter chokes and by-pass capacitors between the supply and
the receiver mains leads, and by locating the aerial as far as possible
from the interference field of the supply lines {away from buildings)
and connecting it to the receiver by screened leads (Section 3.5).

Noise produced in the receiver may be classed as accidental and
inherent. The former is caused by faulty components—volume
controls, variable capacitors, joints, can all contribute—and can be
eliminated, but the latter cannot. Inherent noise is due to thermal
effects in the conductors and shot noise in the valves. In both
instances it is usually only the first stages of the receiver that have
to be considered, since in later stages the signal is amplified and is
much greater than any noise likely to be produced in these stages.

4.9.2, Thermal Noise. In Chapter 2 it was stated that all
conductors contain free electrons, which are in a state of random
motion. The average velocity of these free electrons is directly
proportional to the absolute temperature and is only zero at 0°
absolute. Each electron in motion constitutes a minute current and
the sum total of these currents over a long period is zero. At any
given instant, however, this will not necessarily be true, and there
may be a net current in one direction or the other. These transient
currents produce, across the ends of the conductor, voltages, the
frequency components of which cover an infinite band. Nyquist
assumes thermal noise to be equivalent to a voltage in series with
the resistance of the conductor and computes its mean square

value to be
E’n‘2 = 4RET(f, — f») . . . 4.49

where R = resistance of the conductor
k = Boltzmann’s constant
T = Absolute temperature
fi — f. = Pass-band width of the receiver = 24f.

The pass-band of the receiver must obviously affect the noise
voltage since the wider this is the more noise frequency components
are brought in. The pass-band is defined as the range of frequencies
over which the response is greater than 709, of the maximum.
Actually frequencies ouatside the normal pass-band of the stages
preceding any non-linear device, such as a frequency changer or
detector, have a noise-producing effect because the non-linear
device can produce intermodulation frequencies in the overall pass-
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band from nose froquencies normally outside it. Boltzmann’s
constant relates absolute temperature and electron energy, and the
resistance R is the actual or equivalent shunt resistance of the first
circuit. If the latter is a tuned circuit the resistance is the dynamic
resistance (R;) of the tuned circuit. The actual volume of noise
produced at the output of the receiver—it appears generally as a
hiss because of the greater sensitivity of the ear to the higher audio
frequency components (500 to 5,000 c.p.s.)—is dependent on whether
a carrier is being received. If there is no carrier the noise must
provide its own, and as this is small in value the noise output is
small. Section 8.2.8 states that detectors normally have a parabolic
characteristic, and this makes the detection efficiency or sensitivity
low for small signals. When a carrier is present detection sensitivity
is increased and the noise voltages act as sidebands giving greater
output. With no aA.g.c. action in the receiver, increase of carrier
up to a certain level increases the noise output, but beyond this
level, at which the detector has reached the linear condition of
maximum seénsitivity, any further increase in carrier does not alter
the noise output. If the receiver has A.G.c., as the carrier is
increased beyond the point of operation of a.@.c., the receiver
sensitivity is decreased and noise output reduced. The most
important thermal noise voltage is that produced in the first tuned
circuit, and if we assume normal operating temperature to be
63° F. (290° abs.) expression 4.49 becomes

E, =125 x 100 °VR(f, — f,) . . 4.50,

Taking Rp = 100 OOO.Q and (f, — f,) = 10 ke/s as typical of the
medium wave band the noise R.M.8. voltage is
E =125 x 1071°v/105 x 104 = 3-95 uV.

Hence a carrier (modulated 309,) of Rr.m.S. value 74 4V would be
required to give the necessary 15 db. signal-to-noise ratio. The
noise is assumed to have 1 sideband of the above value, whilst the
carrier has two of 111 uV.

4.9.3. Shot Noise. A second important source of noise in
a receiver is shot noise, produced by the flow of electrons from
cathode to anode of the valve. The electrons making up the anode
current have random motion, and the number arriving at the anode
varies from one time-instant to another. This is equivalent to a
small variable current of infinite number of frequency components
superimposed upon the mean p.c. current. A mechanical analogy
for shot noise is sand falling upon a gong; the resultant noise is
dependent upon the resonant properties of the gong, the quantity
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of sand falling per second and the size of the sand particles. In
the same way shot noise is dependent on the external anode im-
pedance (Z,), the mean anode current I, and the electron charge e.
For a saturated diode the mean square value of noise current has
been shown to be

I} = 2Le(f, — fa)

Replacing e by its actual value
I, =554 x 10~V (f, — f.) pA.

n,
The noise voltage developed in the anode load Z, is

B, =1I,7Z, =554 x 1072 x ZVI(f, — f) . 4.5l

This formula, is not applicable to an amplifier valve operating under
non-saturated space-charge conditions, for the space-charge reservoir
of electrons acts as a cushion to smooth out the random variations,
and the measured noise voltage is usually much less than this.
Another theory assumes the valve to be replaced by its internal
resistance at half the cathode temperature, and calculates the
thermal noise voltage to be expected in the anode from this resistance.
Calculations based on this assumption usually give too low a noise
voltage. A convenient method of expressing shot noise is as the
equivalent resistance, between grid and cathode of the valve, which
would give at room temperature a thermal noise voltage in the anode
circuit equal to that produced by the shot noise. ~This method has
the advantage of allowing the relative magnitudes of shot and
thermal noise to be compared by comparing the equivalent shot
resistance with that of the input circuit. Since the thermal noise

voltage across the anode circuit is proportlona,l t0 9,.ZeV Rp(fi — f2)
and the shot noise voltage to Z,Vv'I,(f. — fu), it follows that the

I
equivalent shot noise resistance is proportional to g—“z Hence the

m
best type of amplifier valve is one having a high value of ¢, and
low value of I,. If the total space current exceeds the anode
current, as in all multi-electrode valves except the triode, the
equivalent shot noise is multiplied by a factor greater than 1 and
is proportional to the ratio of total-to-anode current.
The following are average values of shot-noise resistance for
different types of valves:

Valve Type. Shot. Noise Equivalent Resistance.
Triode . . . . . 200 to 5000
Special beam tetrode . . . 4,000 to 5,0000
Ordinary screened grid and pentode . . 20,000 to 50,0002

Frequency changer . . . . 50,000 to 100,0008
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Frequency-changer valves are worst because g, is never greater than

‘qi—", i.e., signal gain is low for a given I,. Ordinary screened grid

or pentode valves are poor because of secondary emission and screen
current. By concentrating the electrons into a beam and reducing
screen current, shot noise can be much reduced, as shown by the
beam tetrode value. The beam tetrode has the smallest shot noise
of the multi-electrode valves because secondary emission is small
and the space-charge reduces electron fluctuations.

If an r.F. amplifying stage is incorporated in a receiver, the
impedance of the first-tuned circuit, except at ultra-high frequencies,
is greater than the shot-noise resistance, so that thermal noise is
the limitation. If, however, the first stage consists of a frequency
changer the reverse is generally true and shot noise is greater than
thermal. It should be noted that in a frequency changer stage shot
noise is introduced by the oscillator valve as well ; shot and thermal
noise components in the image or second channel region also add
their quota. For a given overall gain a receiver without an Rr.F.
valve before the frequency changer has normally at least twice the
noise voltage of a receiver with an Rr.F. amplifier stage.

4.10. Problems in Short Wave and Ultra Short Wave Ampli-
fication.

4.10.1. Introduction. Amplification on the short wave range
is chiefly complicated by the fact that selectivity is considerably
reduced as the signal frequency is increased, and also that in many
receivers the complete range from 6 to 15 Mc/s is covered by one
coil using the same tuning capacitance, without modification, for
short wave as for the medium and long wave ranges. As far as
broadcast reception is concerned this method has two disadvantages :
it makes tuning of the broadcast stations very sharp and difficult :
it calls for a very small value of inductance which results in a low
dynamic impedance and consequently low amplification. Much
improved performance can be realized by band-spreading (selecting
certain comparatively narrow bands in the short wave range).
For communication receivers, required to cover completely the short
wave band, the latter can be split up into a number of much smaller
overlapping ranges. The tuning capacitance range is reduced by
the use of a series or shunt capacitance (or combination of both),
or in special cases much smaller tuning capacitances may be
employed. The latter usually have the advantage of lower
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losses, an important point at the higher frequencies, e.g., at 15
Me/s.

The same problems also present themselves, though in a more
acute form, at ultra high frequencies, and there are added complica-
tions due to low input valve conductance, stray inductance and
capacitance.

4.10.2. Short Wave Amplification. In section 4.2.3 selec-
tivity is shown to be a function of @ and the resonant frequency,
and the pass-band is defined by

fr

2Af = o
so that as f, is increased the band-width is increased unless @ rises.
The @ of short wave coils is often higher than corresponding coils
for long and medium waves (values from 150 to 200 are common),
but dielectric losses, valve input conductance, ete., lower consider-
ably the effective @ of the tuned circuit, and a probable maximum
value under favourable conditions is 50. This gives band-widths
of 120 and 300 ke/s at 6 and 15 Mc/s respectively. The r.F. amplifier
therefore only discriminates against undesired signal frequencies
(reacting with harmonics of the oscillator—Section 5.4.3) well
separated from the desired. Adjacent channel rejection is achieved
in the 1.F. amplifier. At an 1.F. of 465 ke/s, the image signal
(assuming @ = 50) is reduced by approximately 24 db. and 16-0 db.
at 6 and 15 Mc/s respectively (see Fig. 4.3 for QF = 155 and 6-2),
and additional image rejection is really necessary. Circuits have
been developed for application to band-spread receivers with preset
signal tuning and these are described in Section 5.9.4. Little can
be done to improve selectivity unless regeneration is employed, but
this lack of selectivity may be used to advantage in band-spread
broadcast receivers. Broadcast transmissions occur over certain
quite narrow bands, rarely exceeding 200 ke/s width, and centred
at 61, 96, 11-9, 152, 17-8 and 216 Mc/s. By reducing @ to 30
at 6-1 Mc/s, transmissions from 6 to 6-2 Mc/s can be accepted with
a maximum loss of 3 db., i.e., the signal circuit can be preset tuned
to 6-1 Mc/s and selection obtained by variation of oscillator fre-
quency. At 15-2 Mc/s no decrease of @ is necessary. To obtain
maximum amplification the signal-tuning capacitance should be as
low as possible consistent with stray and valve capacitances, a
minimum value being about 60 uuF. The required values of @ for
a pass-band width of 200 ke/s, and the tuning inductance L for
C =60 uuF are tabulated below for the central frequencies
listed.
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Frequency. Q L
6-1 Mc/s 305 113 uH
96 48-0 457 ,,
119 59-5 297 ,,
152 76 1-82 ,,
17-8 ,, 89 132 ,,
216 108 0-9 »s

The dynamic impedance is constant at 13,200(2 since @ af.
In actual fact it is unlikely that a @ value greater than 50 could be
realized, and under these conditions the pass-band width increases
a8 the frequency increases, whilst dynamic impedance and therefore
amplification decrease as set out below.

Frequency. Rp Amplification Ratio.
Rp at f Mc/s )
Bp at 6-1 Mc/s

11-9 Me/s 11,100 2 0-841

152 ,, 8,700 ,, 0-66

178 ,, 7,380 ,, 0-588

21-6 6,120 ,, 0-464

Let us now consider the communication receiver required to
cover with overlaps the short wave range from 6 to 25 Mec/s.
Arbitrarily dividing into four ranges with overlaps gives

Range 1 . . . . . 6 to 9 Me/s
e 2 . . . . . 866 to 13 Mc/s
’ 3 . . . . . 12 to 18 Me/s
. 4 . . . . . 17 to 255 Mc/s

a frequency ratio change in each instance of 1 to 1-5, so that a
capacitance change of 2-25 to 1 is required. We will assume that
the frequency scale on the medium wave range is linear, and that
we wish if possible to preserve this relationship while restricting the
equivalent tuning capacitance change. If the signal-tuning in-
ductance is 156 uH on the medium wave range and its self-capaci-
tance is 10 uuF, the following tuning capacitance values are obtained
at the equally spaced frequencies from 550 to 1,500 ke/s.

Frequency (ke/s) . . 550 788-5 1,025 1,263-5 1,500
Capacitance (uu¥) . 526-8 252 145 92 62-17

and the problem is to obtain frequencies on the short wave ranges
separated by a constant amount for these capacitance settings.

Restricting the capacitance range by a series padding capacitance
gives the tuning frequency as

f == ——1: . . . 452

C,0
on L. 9T
”\/ C,+C
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where C,, = the series padding capacitance. By replacing f by 6
and 9 Mc/s and C by 526-8 and 62-17 uuF respectively in expres-
sion 4.52, the value of C, is found to be 106 uuF. The frequencies
corresponding to the chosen settings of C are

C (uuF) . . 5268 252 145 92 62:17
Frequency (Mc/s) . 6 6-62 72 8:02 9

whilst the frequencies for a linear frequency scale should be 6,
6-75, 7-5, 8-25 and 9 Mc/s. Hence the series padding capacitance
has produced a reasonably satisfactory scale, which is slightly
cramped at the high frequencies.

For a shunt trimmer capacitance the tuning frequency is

1
f= 27V L(C,+C)
and using the same tuning capacitance alues C, is calculated to

be 310-5 uuF. The frequencies orre ponding to the chosen settings
of C are

C (upF) . . b526-8 252 145 92 62-17
Frequency (Mc/s) 6 7-32 813 8-67 9

4.53

This means a very unsatisfactory scale with appreciable cramping
at the low frequencies.

Since series and shunt capacitance restriction of tuning have
opposite effects, it is possible to obtain a better approach to the
linear frequency scale by & combination of both. Thus for
C, = 250 uyuF and C; = 46-5 uuF (C, being between C and C)),
the frequencies are 6, 6-73, 7-51, 8:29 and 9 Mc/s, and the frequency
scale is very nearly linear. From the point of view of maximum
amplification over a tuning range, the series padding capacitance
would be preferred to combined series and shunt capacitance
because, although the frequency scale may be less satisfactory, the
equivalent tuning capacitance is less and so the dynamic impedance
is increased.

The values of C, and C, given above have the same effect on
all ranges because the maximum-to-minimum frequency ratios are
the same ; thus for €, = 250 and C, = 46-5 uu¥, the frequencies
for range 4 are 17, 19:1, 21-3, 23-5 and 25-5 Mc/s.

4.10.3. Ultra Short Wave Amplification. In the previous
section the difficulties of obtaining reasonable amplification in short
wave amplifiers are outlined, and these are multiplied at ultra high
frequencies. In spite of low stage amplification (about 5 times for
general purpose receiving valves at the television frequency,
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45 Mec/s and 12 for acorn valves 3°), there are definite advantages
in including a r.F. stage between the aerial and frequency changer
of a receiver. Overall amplification, signal-to-noise ratio, and
selectivity against image and spurious I.F. responses due to inter-
action between undesired signals and-the oscillator (Section 5.4)
are all increased by the addition of a r.F. stage. The heavy damping
from the R.F. valve (Section 2.8.3) prevents the realization of a high
degree of selectivity against adjacent channels, but the 1.¥. amplifier
discriminates satisfactorily against these. This fact, together with
the probability of transmission being confined to comparatively
narrow bands at certain selected positions in the ultra high frequency
range, makes it possible to consider preset signal tuning to the
centre of the band, tuning over it being accomplished by varying
the oscillator frequency. Although the losses due to the valve
input conductance, aerial connection and coil resistance predominate
over all others, it is important to remember that components 27
such as the tuning capacitance, the trimmer, valve-holder, valve-base
and any switches, which at lower frequencies generally have little
effect, can contribute their quota. Kxpressing the losses as con-
ductances, since they are circuits in parallel with the coil, typical
values (at 45 Mc/s) for the components listed above are

Component Bakelite Insulation. Ceramic.
Tuning capacitance (minimum) 120 micromhos 30 micromhos
" " (maximum) 20 v 5 '
Valve-holder . . . 5 v 1 '
Valve-base . . . . 5 ’s 1 »
Range switch . . . 5 ’s 1 v

Let us consider the case of an amplifier stage operating at
45 Mc/s, and assume that the valve has characteristics identical
with the one in Section 2.8.3, viz.,

gi = 3 mA/volt, 0, =3 puF, L, = 02 uH.

From expression 2.21c

R, = — %' T(BtBy)?
gk-Bg,‘Bk
B, =848 x 1074 mhos
B, = — 1-768 x 107 2% mhos
B (8 X 10-3)24(— 1-683 x 10-2)2

g 3 x 1073 x 848 x 107% x 1:768 x 10-2
= 6,4800,
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converting this to a conductance ¢, = 154 umhos. For maximum
amplification the tuning capacitance should be as small as possible,
and a probable minimum value is 30 yuF (valve and stray capaci-
tance prevent it being less). For C = 30 uuF, f = 45 Mc/s, the
tuning inductance is 0-416 yH, and taking @ as 150 for the coil,
the dynamic resistance of the tuned circuit if C has no losses is

R, = QoL =150 X 6-28 x 45 X 0416

= 17,7000
or as a conductance

G, = 56:5 umhos.
We will assume tuning capacitance loss to be 15 umhos so that the
overall total conductance including feedback loss due to the valve
is made up as follows :

Part of the Circuit. Conductance.
Coil . . . . . . . . 565 umhos
Tuning capacxtance . . . . . . 150 ”
Valve-holder . 2 »
Valve-base 2 '
Wiring . . 2.5
Range switch . 20
Electron transit time in the valve . . . 300
Total excluding feedback loss . . . . 1100,
Feedback loss due to L, . . . . . 154 .
Total conductanco. . . . . . . 264 v

To estimate the amplification from the asrial to the grid of the
first r.F. valve we will assume that preset signal tuning is employed
and that optimum coupling is therefore possible. Section 3.4.2
shows that the transfer voltage ratio is given by (expression 3.20c)

1
200,V R,R,,
where C, is the tuning capacitance for the first-tuned circuit

TR=

R, is the total series resistance of the aerial circuit
R, isthe total equivalent series resistance of the tuned circuit.

Taking R, as 80 ohms, the half-wave resonant impedance of a
dipole aerial, the type most likely to be used at ultra high frequencies,
and noting from expression 4.7 in section 4.2.2 that

w22

D

= (628 X 45 X 0-416)2 X 264 X 10~¢
= 3-65 ohms

R, = = LGy
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we find that
108
Tp = S
2 x 6:28 x 45 x 30V/80 X 3-65
= 3:45.
It will be seen from expression 3.20c quoted above, that T o \/I_R_
2
ie., « \/15_, so that a decrease of @ increases T'z. The overall
D

@ of the tuned circuit in the absence of the aerial connection is
oL 1175
R, 365
halved, ie., equals 16-1 (see expression 3.22b in Section 3.4.2).
If we assume the band-width to be the frequency range over
which the loss does not exceed 3 db., this condition is satisfied by

= 32-2, and for optimum coupling to the aerial, Q is

QF =4 _ .
Hence the band-width 24f = %5—1 == 2-8 Me/s, and it is clear

that preset signal tuning is a possibility when the band-width of
the required transmissions is limited to the range 42-2 to 47-8 Me/s.
In Section 2.8.3 it is shown that a resistance R, inserted in the
cathode lead decreases the feedback conductance component of the
valve. If R, = 1502 and O, = 5 uuF (this is stray capacitance,
but it is essential in order to realize decreased input conductance).

_ 'Rk . _ kaRk2
% = rarceme (ka PR
= 143-3+j(56-5 — 30-3)
= 143-3+j26-2.
Thus G, =678 x 1078
B, = — 1:23 x 1073,

From expression 2.21a, Section 2.8.3
R”=(0k+gk)2+(Bk+ng)2
Byk(Gkng — giBy)
_ (9-78 X 10~ 3)24-(— 0-38 x 10— 3)2
T 848 x 10~ 4(6-78 x 1073 x 848 x10~4+43 x10-3x 1-23 X 10-3)
= 11,9500
G,= 83-6 umhos.
Total ¢, = 193-6 pmhos.
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Tr(R) = 150) J 264
— = 1'168.

This increase in transfer voltage ratio from the aerial to the
grid of the first valve is, however, offset by the decrease in valve
amplification due to negative feedback from the added cathode
resistance. Section 2.7, expression 2.5¢, indicates that the equivalent

mutual conductance of the valve is reduced in the ratio — -
1492y

Thus the valve equivalent g,, when R, = 0 is

@QL, - Im — Im
1+gpjol, 143 X 1073 X 56:5) /14 (0-1695)2
= 0972 g,
whereas for R, = 1502, C, = 5 uuF,
g, — Gm
" 143 x 1073(143-34526-2)
= Im
V/(1+0-4299)24(0-0786)2
=07 g,.
0-7

The actual reduction ratio of g, = = 0-72 so that overall

0-972
amplification, including the valve, has been reduced in the ratio
0-84 by inserting the resistance R,. The advantages gained are :

(1) increase of selectivity in the ratio 1?;% = 1:362, and the

band-width for a loss of 3 db. is reduced to 2:05 Mc/s ;
this is more important when variable tuned signal circuits
are employed and may be a disadvantage with preset
signal tuning.

(2) negative feedback tends to decrease distortion in the
valve.

(3) there is less change of input conductance under A.c.c.
operation, e.g., when g, = 0, the valve input conductance
= 106-2 umhos (R, = 9,4000). It is practically inde-
pendent of g, in the particular example chosen.

Under certain conditions overall amplification can be increased
by the use of a cathode resistance ; for example, let us consider
R, = 200 obhms and €, = 15 uuF.



176 RADIO RECEIVER DESIGN [cHAPTER 4

200 | 169-0
= ) (565 — 00
4§ 1-715+9< 1-715)

=1165 — j42.
G,=17-58 x 103, B, = +2:73 x 103
I (10-58 x 10~3)24(3-58 x 10-3)2
7 848 %x1074(7-58 X 10-3x8:48 X 10-4—3 x 103 % 2-73 x 10~ 3)
= — 83,5000
G,= — 1195 umbhos.
Thus Gf = 110 — 1195 = 98:05 umhos

Tr(R, = 200) 264

and it =) = g — 108
The equivalent mutual conductance of the valve is

g’ = Im i — Im o

143 x 1073(116-5 — j42) \/(1'348)2+(0~126)2
=074 g,
and the ratio reduction of g, = LI 0-76.
0-972

The overall amplification ratio change is 1-64 X 0-76 = 1-245.
In this particular instance the overall amplification is increased by
including E,, but it will be noted that it is due to the cathode stray
capacitance () overcompensating for the lead inductance L, and
so producing a negative input conductance. Selectivity is consider-

ably increased, the ratio change being 928% = 269, and the band-

width is reduced to 1-04 Mc/s from 2-8 Mc/s. Input conductance
now varies considerably as g, varies, from - 11-95 gmhos at
3 mA /volt to 0 at 2-36 mA /volt and finally +77-5 umhos at g, = 0.
This variation will help to improve the A.a.c. action and it has the
merit of giving greatest selectivity for weak signals (lowest bias).
An interesting feature of the particular component values chosen is
the comparatively small change of conductance which occurs when
the signal frequency is changed, e.g., at 40 Mc/s the conductance is
— 15-35 umhos and it only decreases to — 5:23 umhos at 50 Mc/s.
Care must be exercised to ensure that the negative input conductance
is not increased sufficiently to cause an approach to oscillation.
Double-tuned transformers 3! may be employed for preset signal
tuning between the r.r. valve and frequency changer, and they
have the advantage of a flatter pass-band and sharper cut-off than
a single circuit, though overall amplification is generally less. It
is shown in Section 7.3 that maximum amplification with two tuned
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circuits is only half that with a single-tuned circuit of identical L,
C and @ values. However, a higher impedance may be possible
with two tuned circuits since stray capacitance is approximately
halved across each circuit, and the tuning inductance of either
circuit may be increased upon that of a single circuit.
Adjustment of tuning at ultra high frequencies is preferably by
variation of inductance, as fixed capacitors are less susceptible to
ageing and temperature effects than variable ones, and variable
inductances are more stable than variable capacitances. The
tuning inductance usually consists of a few turns of copper wire
with a metal plunger, which can be screwed into the axis of the
coil. The plunger, which acts as a short-circuited turn to reduce
inductance, must be of high conductivity material if it is not to
alter appreciably the @ of the coil. The usual precautions appro-
priate to ultra high frequency operation must be taken in construct-
ing the R.F. amplifier ; leads must be as short as possible, all earth
connections taken to the same point on the chassis, adequate
decoupling, by small mica capacitors, of electrodes normally carrying
only D.c. or A.c. supply voltages (screen, cathode and heaters).

BIBLIOGRAPHY

1. The Inductance Coefficients of Solenoids. Nagoka, Journal of College
of Science, Tokyo, Aug. 15th, 1909, p. 1.

2. Bureau of Standards Circular No. 74 (1924).

3. The Effective Resistance of Inductance Coils at Radio Frequency.
S. Butterworth, Wireless Engineer, April (p. 203), May (p. 309), July
(p. 417), Aug. (p. 483), 1926.

4. Simple Inductance Formulas for Radio Coils. H. A. Wheeler, Proc.
L.R.E., Oct. 1928, p. 1398. Discussion on above (R. A. Batcher),
Proc. I.R.E., March 1929, p. 580.

5. An Improved Pre-Selector Circuit for Radio Receivers. E. A. Uehling,
Electronics, Sept. 1930, p. 279.

6. The Design of Tuned Cicuits to fulfil Predetermined Conditions. A.L.M.
Sowerby, Wireless Engineer, Jan. 1931, p. 23. Discussion (S. Butter-
worth), Wireless Engineer, April 1931, p. 199.

7. Oscillation in Tuned R.F. Amplifiers. B. J. Thompson, Proc. I.R.E.,
March 1931, p. 421. Discussion, Proc. I.R.E., July 1931, p. 1,281.

8. Theory and Operation of Tuned R.F. Coupling Systems. H. A. Wheeler
and W. A. Macdonald, Proc. I.R.E., May 1931, p. 738.

9. The Design of H.F. Transformers. M. Reed, Wireless Engineer, July
1931, p. 349.

10. The Design of the Band Pass Filter. N. R. Bligh, Wireless Engineer,
Fob. 1932, p. 61.

11. Distortion in Secreen-Grid Valves. R. O. Carter, Wireless Engineer,
March 1932, p. 123.

12, The Theory of Distortion in Sereen-Grid Valves. R. O. Carter, Wireless
Engineer, Aug. 1932, p. 429.



178 RADIO RECEIVER DESIGN [cHAPTER 4

13. Rosistance in Band Pass Filters. G. H. Buffery, Wireless Engineer,
Sept. 1932, p. 504.

14. Two Element Band Pass Filters. R. T. Beatty, Wireless Engineer,
Oct. 1932, p. 546.

15. The Theory of Band Pass Filters for Radio Receivers. C. W. Oatley,
Wireless Engineer, Nov. 1932, p. 608.

16. Ferro Inductors and Permeability Tuning. W. J. Polydoroff, Proe.
I.R.E., May 1933, p. 690.

17. Die Riickwirkung Metallischer Spulenkapseln auf Verluste Induktivitit
und Aussenfeld einer Spule. H. Kaden, Elektrische Nachrichten
Technik., July 1933, p. 277.

18. The Effective Resistance of Inductance Coils at Radio Frequency.
B. B. Austin, Wireless Engineer, Jan. 1934, p. 12.

19. A Study of the Possibilities of R.F. Voltage Amplification with Screened
Grid and with Triode Valves. F. M. Colebrook, Journal I.E.E., Feb.
1934, p. 187.

20. The Effect of Screening Cans on the Inductance and Resistance of Coils.
G. W. O. Howe, Wireless Engineer, March 1934, p. 115.

21. Band Pass Filter Characteristics. H. N. Jaderholm, Electronics, July
1936, p. 33.

22. Nomograms for the Design of Band Pass R.F. Circuits. C. P. Nachod,
Radio Engineering, Dec. 1936, p. 13.

23. Two Mesh Tuned Coupled Circuit Filters. C. B. Aiken, Proc. I.R.E.,
Feb. 1937, p. 230.

24. Universal Performance Curves for Tuned Transformers. J. E. Maynard,
Electronics, Feb. 1937, p. 15.

25. A Graphical Estimation of the Signal Handling Capacity of Screened Grid
Valves. R. W. Sloane, Phil. Mag., April 1937, p. 529.

26. Using the R.F. Charts. C. P. Nachod, Radio Engineering, June 1937,
p- 19.

27. The Resultant Q of Tuned Circuits. A. W. Barber, Radio Engineering,
July 1937, p. 5.

28. The Design of Inductances for Frequencies Between 4 and 25 Me/s.
D. Pollack, R.C.4. Review, Oct. 1937, p. 184.

29. The Impedance of a Tapped Resonant Circuit. K. R. Sturley, Marcont
Review, Oct.—Dec. 1938, p. L.

30. A Receiver for Frequency Modulation. J. R. Day, Electronics, June
1939, p. 32.

31. Television Signal Frequency Circuits. G. Mountjoy, R.C.A. Review,
Oct. 1939, p. 204.

32. The Signal Handling Capacity of H.F. Valves. R. W. Sloane, Wireless
Engineer, Nov. 1939, p. 543.

33. The Effective Inductance and Resistance of Screened Coils. A. G. Bogle,
Journal I.E.E., Sept. 1940, p. 299.

34. Radio Data Charts. R. T. Beatty. Messrs. Iliffe.

35. Spontaneous Fluctuations of Voltage. E. B. Moullin, Oxford University
Press. Text-book.

36. British Patent No. 518,969. J. D. Brailsford and Marconi’s Wireless
Telegraph Coy.



CHAPTER 5
FREQUENCY CHANGING

5.1. Problems in Frequency Changing.

5.1.1. Introduction.!» 2.3 The number of signal frequency
amplifier stages in receivers covering a range of frequencies is
generally limited, because ganging is difficult and, unless special
precautions are taken, a considerable variation of sensitivity and
gelectivity occurs over the tuning range. For short wave reception
it is almost impossible to obtain a high gain from an R.F. amplifier
owing to the low value of tuning inductance (the dynamic resistance

of a tuned circuit is —Ii> which must be employed, and at the

CR
high-frequency end of the range, cathode lead inductance and
electr + transit time combine to produce a high grid input admittance
(Section 2.8, Many ad antages are obtained if each signal fre-
quency can be converted as desired to another fixed frequency and
this is the principle involved in the superheterodyne method of
reception. The frequency change is carried out by applying the
signal and a local oscillator voltage (often known as the heterodyne *
voltage) to a non-linear device, this term implying that frequ ncies,
in addition to those applied at the input appear in the output
voltage. Harmonics of, and the sum and difference frequencies of
the signal and local oscillator, are produced in the output circuit,
and any of these components may be selected by a suitable filter.
The amplitudes of the sum (f; +f,) and difference (f, — f,) frequencies
are equal, but the latter, called the intermediate frequency, is
selected because possible amplification and selectivity are greater at
the lower frequency. Any given signal can be converted to the
intermediate frequency by a suitable choice of oscillator frequency.
In an ideal frequency changer the intermediate frequency
amplitude varies directly as the signal frequency amplitude, and
amplitude changes due to modulation of the signal frequency are
reproduced without distortion with the intermediate frequency as
carrier. It is, of course, assumed that no attenuation of the modula-

* All terms associated with the oscillator will be denoted by a suffix b, e.g.,
B, and f, mean the local oscillator peak voltage and frequency respectively.
The suffix kb is used in preference to 0, as 0 is used to denote output circuit.
The suffix g is used for the signal.
179
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tion side-bands occurs in the intermediate frequency anode tuned
circuit of the frequency changer.

5.1.2. The Advantages of Superheterodyne Reception.
The chief advantages of superheterodyne reception are :

(1) The amplifier following the frequency changer can be
designed for optimum performance because tuning controls
are all preset.

(2) The overall sensitivity and selectivity of such a receiver is
more constant over the tuning range because most is
concentrated in the fixed frequency amplifier.

The intermediate frequency is generally, though not always, less
than the signal frequency so that high sensitivity, selectivity and
stability are obtainable. The gain of the frequency changer valve,
itself, must be considered and it is therefore essential to define
conversion conductance, g,. This term, analogous to mutual con-
ductance in an amplifier, is expressed as

__intermediate frequency component of F, for zero anode load
- signal voltage producing this component )

4

The output voltage from the frequency changer is

E 0o = chgZ [}
when Z,, the external anode impedance, is much less than R,, the
frequency changer slope resistance.

Methods of measuring conversion conductance, and its relation-
ship to mutual conductance, are discussed later. It should be
noted, however, that g, is generally less than 0-25 ¢,,. The lower
value of g, is offset to some extent by the higher anode impedance
obtained at the intermediate frequency. This is made clear by
Table 5.1, in which are listed typical values of coil constants used
in radio receivers at intermediate frequencies of 110 and 465 ke/s,
and at three signal frequencies of 200, 1,000, and 6,000 ke/s.

TaBLE 5.1
Frequency (ke/s). Inductance. Q. Impedance (Z,). Amplification.
110 (r.r.)* 9,000 uH 40 249,000 187
465 (1.F.) 1,000 uH 80 233,000 175
200 (s.r.)t 2,200 uH 45 124,000 372
1,000 (s.F.) 156 uH 100 98,000 293
6,000 (s.¥.) 1-5 pH 200 11,300 34

* . r.—intermediate frequency.
1 8.F.—signal frequency.

For calculating amplification we have assumed that the mutual
conductance of the amplifier is 3 mA /volt and that of the frequency
changer 0-75 mA /volt. There is therefore a loss of amplification
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by introducing frequency changing on the long and medium wave
bands, but a considerable improvement on the short wave band—
this is due to the low impedance of the short wave tuned circuit.
The short wave inductance is low partly because it is assumed that
the same tuning capacitor is used on all ranges. In receivers
specially designed for short wave operation smaller capacitors
(maximum value 150 puF as compared with 500 uuF) are often
employed. This allows an increase of inductance, which in turn
increases the dynamic resistance of the signal tuned circuit and the
amplification as an Rr.F. amplifier. The wave-range coverage is, of
course, correspondingly reduced.

For medium and long wave operation the increased amplification
obtained in the intermediate frequency amplifier tends to com-
pensate for the lower amplification of the frequency changer.

5.1.3. The Principles of Frequency Changing.’® Let us
consider signal and oscillator voltages, represented by E, cos m,t
and £, cos w,t respectively, applied to the grid circuit of a valve.
If the valve has a linear I E, characteristic curve and the input
voltages operate over the linear part, i.e., the valve is not biased
near cut-off, we shall obtain the following result.

I, =a,+a,B, . . . . . b.la
but E, = E, cos wt+E, cos w,t — E,
where — E, is the bias voltage
thus I, = as+a,(E, cos wt+E, cos wt — E,) . 5.1b.

The output circuit therefore contains only the two frequencies
present in the input circuit.
If the valve has a characteristic curve represented by

1, = ayta.B,+a,Er . . . 5.2a

we have
I, = a,+a,[E, cos wt+E, cos w,t — E,)

+a,[B, cos wit+E, cos wyt — E,)?

= ay+a,[ B, cos wit+E, cos wyt — E,]
+a,[EB 2 cos? wit+E, cost wyt+Ey2+-28,E, cos w,t cos wt
— 2B.E, cos wgt — 2B,E, cos w,f]

and by noting that

c0s (0+9) +c0s (0 — ¢)

and cos 0 cos ¢ = 3
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we can separate the anode current into its seven components as
follows :

D.C. component a, — a,By+a, +E

Fundamental | f, (a B, — 2a,B,E,) cos vt
Frequencies{ I (a,B, — 2a,E,E,) cos wyt

Harmonie j 2f, ﬂﬁs_z cos 2wt
Frequencies (th EEE—”z cos 2wt

Sum frequency (f,-f,) a.B,E, cos (w,+w,)t

Difference frequency (f, — f,) a.E,E, cos (w, — w,)t.

The valve has produced four frequencies in addition to the
signal and oscillator, and the insertion of a suitable filter in its
anode circuit allows any one of these frequencies to be selected.
Thus we may reject all except the difference frequency voltage
component, which is then passed on to the intermediate frequency
amplifier. The difference frequency (f, — f,) naturally assumes
that the oscillator frequency is greater than the signal. From a
mathematical point of view the difference frequency term may be
written as a,B.B, cos (w, — w,)t or a,B,B, cos (w; — w,)t since
cos 0 = cos (— 0) and in practice we have (w, — w,) if f, > f, and
(w; — ) if fy> f,- The frequency changer is quite unable to
discriminate against the two signal frequencies which can produce
with a given oscillator frequency a difference frequency equal to
the intermediate frequency. Usually the lower frequency signal
giving (f, — f,') as the difference frequency is regarded as the
desired signal—the reasons for this are set out in Section 5.1.5—
and the higher giving f.” — f; is regarded as an undesired frequency,
generally called the second channel or image frequency.’

If the signal frequency is modulated, e.g., £, cos wgt(1+M cos pt),
all anode current components containing £, are similarly modulated
and the difference frequency component is

azﬁsEh(l—}—M cos pt) cos (wy, — w,)t;
so that according to the definition in 5.1.2 conversion conductance

= Lo =aq . 5.3a.

9e z, B
It may be pointed out that the sum frequency is similarly
modulated but is never selected because it is higher in frequency
than either signal or oscillator. Many of the advantages of super-
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heterodyne reception are lost when the intermediate frequency is
higher than the signal, though in certain instances, over the long
wave band of an all-wave receiver, the difference frequency often
does exceed the signal frequency.

In the above analysis it has been shown that a valve having a
linear I E, characteristic curve does not normally produce frequency
changing. It should, however, be noted that such a valve, biased
either to cut-off or to a point where the total grid voltage swing of
oscillator and signal passes over the cut-off discontinuity, produces
frequency changing. It does so because the condition of non-
linearity is fulfilled and the valve characteristic may be represented
by an infinite power series containing a term such as a,E 2

A valve having two control electrodes giving the I K relationship

I, = (ao+a,E, )(bo+b,.E ) . . . 5.2b

will also act as a frequency changer so long as the signal voltage is
applied to grid 1 and the oscillator to grid 3, or vice versa. The
term a,b,K,E, corresponds to a,F,? in expression 5.2¢ and con-
version conductance is

gc = a"“lazblEh - . . . 5.3b

ie., }a,b, corresponds to a,. Any frequency changer such as a
pentagrid, heptode, octode or hexode, in which the oscillator
voltage is applied to an electrode other than that of the signal,
operates on this principle.

5.1.4. Considerations Governing the Choice of the Inter-
mediate Frequency.* '* The choice of the intermediate frequency
is first of all limited to a position in the frequency range where there
is little chance of direct interference from transmitting stations.
As a rule, frequencies in the long or medium wave range are avoided
because interference may be produced due to direct signal amplifica-
tion in the intermediate frequency amplifier. The intermediate
frequency is most commonly located in the frequency range 450 to
475 ke/s, though a lower frequency range 100 to 125 ke/s has been
used for superheterodyne receivers covering only the medium and
long wave-bands, and a higher » 22 frequency range 1,500 to
2,000 ke/s is employed for ‘ single span ” *® and double super-
heterodyne receivers. The intermediate frequency range 450 to
475 ke/s is preferred to the 100 to 125 ke/s range because it gives
greater frequency separation between the desired and the image
signal. An amplifier operating at the lower intermediate frequency
is generally more stable and has greater amplification and selectivity
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than one operating at 450 ke/s, but these advantages are far out-
weighed by the fact that locking or control of the oscillator frequency
by the signal circuit tuning becomes serious on the short wave band
when a low intermediate frequency is used. Furthermore, the
higher intermediate frequency produces less interference whistles
(see Section 5.4) over a given range of signal frequencies.

5.1.5. The Oscillator Frequency. InSection5.1.3itis shown
that there are two signal frequencies which can react with a given
oscillator frequency to produce the intermediate frequency and,
conversely, there are two oscillator frequencies which can give the
intermediate frequency with a certain signal frequency. The two
oscillator frequencies are higher and lower than the signal frequency
by an amount equal to the intermediate frequency. The higher
oscillator frequency is almost invariably chosen because the ratio
of its maximum to minimum value over a given range is less than
that of the signal. This means that the ratio of the maximum to
minimum values of oscillator tuning capacitor is less than that of
the signal tuning capacitor. For example, a receiver having a
range from 550 to 1,500 ke/s calls for a signal capacitor ratio change

of 7-43: 1(0 o fl?>’ whilst the oscillator capacitor ratio is only
3.75:1 for an 1.¥. of 465 ke/s (frequency range from 1,015 to
1,965 ke/s) when f, > f,. Constructional and ganging difficulties
are reduced, because the same tuning capacitor unit may be used
for the oscillator as for the signal circuit, its range being adjusted
by series and parallel padding capacitances. (See Section 6.12.)
5.1.6. Interference Whistles. Frequency changing possesses
the disadvantage that it increases the possibility of obtaining
interference from undesired signals. The interference may make
itself evident by superimposing an undesired programme and a
whistle on the desired, but generally it is shown by a whistling note
only, the frequency of which varies when slight changes of oscillator
capacitance tuning are made. The most serious is that due to
image interference. Special measures to increase the filtering
properties of the signal-tuned circuits at this particular frequency
are often undertaken and are described in Section 5.9. There are
many other forms of interference and a whistle is always possible if

+mfyFnf, =f
where m and n are positive whole numbers

f. = undesired signal frequency
f1 = intermediate frequency.
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Let us take as an example a receiver tuned to a signal of 750 ke/s
with an 1.F. of 465 ke/s. The oscillator frequency, 1,215 ke/s, may
react with an undesired signal frequency of 982 ke/s at the input
of the frequency changer to produce a 1 kc/s whistle in the 1.F.
amplifier for

2 x 1,215 — 2 x 982 = 466 ke/s.

Similarly an undesired signal of 1,967 kc/s can produce a 2 ke/s

whistle because
2 x 1,215 — 1,967 == 463 kc/s.

A more detailed discussion of these interference frequencies is given
later in Section 5.4.

5.2. Frequency Changer Circuits.

5.2.1. Introduction. Frequency changer circuits may con-
veniently be divided into two classes; in the first the signal and
oscillator frequencies are applied to a common electrode, usually
the grid-cathode circuit of a valve, and in the second the two
frequencies are applied at different electrodes. There is no funda-
mental difference between the two types of circuit, and frequency
changing results in both cases because the oscillator voltage controls
the mutual conductance and hence the amplification of the valve.
Common electrode coupling entails a curved or discontinuous
I,E, curve because frequency changing is determined by the
E* term shown in equation 5.2a. For separate electrode coupling,
the oscillator voltage causes a variation in the slope of the I E, .;
characteristic curve, which may itself be a straight line, and fre-
quency changing occurs in accordance with expression 5.2b.

5.2.2. Oscillator Application to the Grid-Cathode Circuit.
Let us imagine that the signal and oscillator voltages are applied
in series to the grid circuit of an r.F. amplifier valve having a
curved /K, characteristic, and that there is no interaction between
the voltage sources.

If we wish to find the operating condition for maximum con-
version conductance we have two dependent variables to consider,
viz., the oscillator and bias voltages. The signal voltage is not a
dependent variable since conversion conductance, in the same
manner as mutual conductance, is independent of the signal voltage
under normal operating conditions. The bias voltage must always
be such that grid current does not flow, because damping of the
signal-tuned circuit is not permissible. It is preferable therefore to
vary the bias voltage with the oscillator voltage, keeping the bias
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voltage always at least 1 volt more negative than the peak value of
the oscillator voltage. Typical conversion conductance-oscillator
voltage curves, obtained as described in Sections 5.6.3 and 5.6.4
are shown in Fig. 5.1a. The negative bias values for the three
curves are adjusted to be 1,2 and 3 volts, respectively, greater than
the peak value of the oscillator voltage. The maximum value of
conversion conductance and the oscillator voltage required to reach
it tend to fall as the bias is increased. For small values of oscillator
voltage the conversion conductance actually increases with increase

" 7000
Eg=—(Ez+1)
] E«L"@E;\ 803
P / [ — .§
7 Zg=~(5%3) E
— 600 g
/ kS
/ / 3
i\
400
/i ;
//// 200 S
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0 2 n

4 é
Peak Oscillator Voltage

F1e. 5.1a.—Typical Conversion Conductance-Oscillator Voltage Curves for Signal
and Oscillator Voltages in the Grid-Cathode Circuit.

of bias. If the latter is increased far enough the conversion con-
ductance begins to fall and the effect is analogous to the optimum
bias point for an anode bend detector as described in 8.4.1.

It is necessary now to consider the reason for maximum con-
version conductance at a particular oscillator voltage, since the
LF. term a,B.F, cos (w, — w,)t obtained from expression 5.2z
would not suggest an optimum but an ever-increasing value as the
oscillator is increased. This is due to the fact that a characteristic
I,E, curve is never completely represented by the simple power
series 1% in 5.2a, but more nearly by

I, =ay+a, B 4a.E*+a B} —a, B2 4 . . 5.4,

A negative sign for the a, term agrees with the known fact that
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as E, is increased positively I, does not increase indefinitely but
reaches some saturation value. Replacing E, by

B, cos wt+E, cos wit — E,
in —aE,* gives a term
— 4a,B.E,3 cos w,t cos® wyt
= — 4a,B.E,? cos wt(} cos wut+1 cos 3wyt
= — 3a,B,E,%cos (w, — w,)t+co8 (w;,+w,)t]
— %i‘EsE,,a[cos (Bwy — w,)t+cos (Bwy+w,)t].

The first term, — 3a,£.B,3 cos (w, — w,)t, increases rapidly as the
oscillator voltage is increased and subtracts from the 1.¥. component
produced by a,E,2. There is also a term — 3a,B,3E), cos (v, — w,)t,
but its effect is much less marked be-
cause £, is usually much less than £,. =
Hence an optimum oscillator voltage
value 18 obtained as shown by Fig. 5.1a,
which gives curves typical of a valve of
the variable mu type. For a non- o
o
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1
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/

variable mu valve the optimum oscil-
lator voltage has a much more pro- 11
nounced maximum. It will be noticed I//'
that the curves, after the initial rapid /7
rise, reach a maximum rather slowly
and it is preferable to operate at an / /
oscillator voltage lower than maximum,
e.g., 4 volts for £, = — (£, +1) because
the amplitude of the interference whistles
generated by the frequency changer in-
creases rapidly with increase of oscil-
lator voltage (see Section 5.4.1). /

For good automatic gain control '
characteristics it is essential to control . 1

. -4 -0 20 -m 0

as many R.F. stages as possible so that Grid Bjas Voltage
the frequency Cha‘nger valve may gy, 5.16.—Conversion Con-
possess variable mu characteristics. ductance-Grid Voltage Curves
Typical gB, curves are illustrated in yion ty the Cathode: Cirate
Fig. 5.1b for two values of oscillator
voltage. The larger gives greater conversion conductance and a
longer cut-off (approximately longer by the difference between the
two oscillator peak voltage values, i.e., 2 volts).

The oscillator voltage may be applied to the grid-cathode circuit
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in a number of ways. One possible method is via a coil connected
between the grid and the signal-tuned circuit. This has the dis-
advantage that the tuning range of the signal circuit is restricted
by the coil capacitance to earih, and ganging with the preceding
signal amplifier stages is rendered almost impossible. The alterna-
tive position for the coil, on the earthed side of the tuning circuit,
necessitates insulation of rotor as well as stator plates of the tuning
capacitance and is therefore impracticable. It can however be
used when signal tuning is preset as for push-button operated
receivers or band-spread receivers at high and ultra-high frequencies.

A second method is to apply the oscillator voltage via a coil
coupled to the signal tuning coil. This suffers from the disadvantage
that the actual value of the oscillator voltage applied to the grid
circuit now depends on the selectivity of the signal circuit, and the
frequency separation between oscillator and signal. The signal-
tuned circuit is directly connected to the pick-up coil and interaction
tends to cause a variation of oscillator frequency with variation of
the signal-tuned circuit.

Coupling by capacitance to the grid of the frequency changer is
a possibility, but it possesses the disadvantages of botn the first
two methods.

The best method of inserting the oscillator voltage in the grid-
cathode circuit is by means of a coil in the cathode-earth lead.
The coupling between the signal and oscillator circuits is limited
to the grid-cathode capacitance and interaction is very much
reduced. This circuit is very suitable for signal frequencies in the
medium and long wave band, but is not satisfactory for short wave
operation because the grid-cathode capacitance is sufficient to cause
the signal circuit tuning to influence the amplitude and frequency
of the oscillator voltage. The effect of this coupling at medium
and long wave frequencies is chiefly to develop across the signal
circuit an oscillator voltage in opposition to the cathode oscillator
voltage, so that the net voltage applied between the grid and
cathode of the frequency changer is decreased. A high 1.P. reduces
the feedback voltage developed in the signal circuit by increasing the
frequency separation between signal and oscillator circuits. For an
1.F. of 465 ke/s, the oscillator voltage developed in a signal circuit
tuned to the centre of the medium wave-band is of the order of
a5 of that in the cathode circuit.

It is quite usual to combine the oscillator and frequency changer
in one valve, and a typical circuit for grid-cathode coupling is
shown in Fig. 5.2a. The valve is a triode-pentode with a cathode
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common to both. The pick-up coil in the cathode is also the feed-
back coil for the oscillator, and this necessitates decoupling of the
anode and screen circuits of the pentode to the cathode and not to
earth. If these two circuits are decoupled to earth, current varia-

OH T+
F———0
Outout
3- o]
2%,
[npug Q
-_.L oHT-
Fia. 5.2a.~~The Circuit for Oscillator Voltage in the Cathode of a Triode-Pentode

Valve,

tions in the pentode section at the oscillator frequency develop a
voltage across the coil in opposition to that generated by the
oscillator. This is more clearly demonstrated by considering the
equivalent circuit in Fig. 5.2b. The 1F. circuit impedance is low
to the oscillator frequency and is assumed to be zero. For con-
venience the cathode coil is replaced by a separate generator of

OH T+

oHT -

Fi1e. 5.2b.—The Equivalent Circuit for the Oscillator Voltage in the Cathode
Circuit of a Pentode Valve.

open circuit voltage E, (the oscillator voltage) with an internal
impedance Z,, the coil impedance at the oscillator frequency. The
voltage applied to the grid-cathode electrodes of the pentode is
E, — E,, where E, is the voltage produced across the coil imped-



190 RADIO RECEIVER DESIGN [CHAPTER 5

ance Z, by the oscillator frequency variations of the pentode
current. The value of E, is

By = gn(Ey — B2,
where ¢,, == mutual conductance of the pentode.

Z
Thus E, — B, Im% _
k hl +ngk
and the net voltage between cathode and earth is
E
E,—FE, =_"" 5.5.
. 4§ 1+ngk

The effective voltage is therefore reduced, and since this is also the
driving voltage for the oscillator it means that there is a serious
degenerative effect on the latter. This defect, which may even be
sufficient to prevent oscillation altogether, can be eliminated by
decoupling the screen and anode circuits to cathode. The resistances
R, and R, and capacitances C, and C, in Fig. 5.2a perform this
function, diverting pentode current variations at the oscillator
frequency direct to cathode instead of via earth through Z, to the
cathode. 1.F. current variations are diverted from Z; at the same
time. Capacitors C are ganged together and (), acts as a padding
capacitance for ganging purposes.

5.2.3. Oscillator Application to the Screen Circuit. Fre-
quency changing may be accomplished by applying the oscillator
voltage in the screen circuit of a multigrid valve. Owing to the low
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Fia. 5.3.—Typical Conversion Conductance-Oscillator Voltage Curves for
Oscillator Voltage in the Screen Circuit of a Pentode Valve,
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amplification factor between screen and anode a much larger voltage
is required than for the cathode circuit. Typical conversion
conductance-oscillator voltage curves are shown in Fig. 5.3 for a
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pentode valve. Similar curves may be obtained for a screened-grid
valve, but they are of little practical value since conversion gain
under normal operating conditions is limited by the secondary
emission characteristic, and falls off rapidly when the sum of the
D.c. screen voltage and oscillator peak voltage approaches the
minimum voltage developed in the anode under normal operating
conditions. This voltage, which is equal to the H.T. voltage minus
the peak value of the output voltage X, is dependent on the 1F.
external anode impedance and the signal voltage. In a pentode
the effect does not occur since the minimum anode voltage is
practically independent of screen voltage and can be very nearly zero.

An interesting point shown by the curves is that maximum g,
is obtainable with zero D.C. screen volts. The valve then operates
as a half-wave frequency changer on the positive half of the oscillator
voltage wave, the anode current being cut off for the negative
half-cycle. Section 5.5 indicates that this is the most efficient
method of frequency changing.

A serious disadvantage of screen application is the large oscillator
voltages required. The screen-control grid capacitance is almost
equal to that of the control grid-cathode so that the proportion of
oscillator voltage transferred to the signal circuit is the same.
Since the required value is so large (ten to twenty times greater
than for cathode application) the voltage appearing across the signal
circuit is much greater. Also the oscillator-tuned circuit has to be
used to provide the screen voltage, and the signal-circuit tuning
consequently influences the oscillator frequency to a great extent.
For these reasons screen frequency changing is never used.

5.2.4. Oscillator Application to the Suppressor Grid. We
have already shown in Section 2.5 that bias on the suppressor grid
of a pentode may be used for controlling the amplification of the
valve. Frequency changing can therefore be accomplished by
applying the oscillator voltage to the suppressor grid circuit as in
Fig. 54, and it takes place in accordance with expression 5.2b.
The current taken by the suppressor grid on application of the
oscillator provides the self-biasing voltage across R, (about 1 MQ).
The optimum oscillator voltage depends on the suppressor grid
cut-off bias voltage, and its peak value is usually 2 to 3 volts greater
than half the latter. A typical curve of conversion conductance is
shown in Fig. 5.4 for the self-bias condition. The maximum con-
version gain <gc. ﬁzﬁ) is generally little more than half that
for cathode application because of the reduction in valve slope
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resistance brought about by biasing the suppressor grid (Section 2.5).
This resistance reduction causes loss of selectivity as well as of
amplification when the valve is associated with an 1.¥. tuned
transformer.

%
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Fic. 5.4.—Typical Conversion Conductance-Oscillator Voltage Curves for
Suppressor Grid Oscillator Voltage and Self-Bias on a Pentode Valve.

The chief advantage of suppressor grid application is the
additional screening provided between signal and oscillator circuits
by the screen-grid electrode and it therefore can be used for short
wave operation.

5.2.5. Oscillator Application to the Anode Circuit.?
Oscillator application to the anode circuit of a tetrode or pentode
valve is not employed because the anode voltage has little effect
on anode current unless the former is very low. For large con-
version conductance the ».c. anode voltage must be low and the
oscillator voltage must carry the anode voltage over the bend of
the I E, curve. Under these conditions the valve slope resistance
is low and the 1.F. transformer characteristics are adversely affected.

5.2.6. Frequency Changing and Oscillation from a Single
Valve.® It is possible to combine the functions of frequency changer
and local oscillator in one valve, though it is preferable to employ
a separate oscillator as it is not easy to obtain high efficiency
frequency changing with satisfactory oscillation and little interaction
over a range of signal frequencies. Oscillation may be obtained
by feedback coupling between cathode and anode or screen and
anode, or by using the dynatron, or negative resistance characteristic
(Section 2.4) of the screen or anode of a screened-grid valve. In
one method a coil, inserted in the cathode lead of a tetrode or
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pentode, is coupled to the oscillator-tuned circuit connected by
capacitance to the anode, which contains an L.r. transformer with
untuned primary, the latter acting as a choke to the local oscillator
frequency. An alternative is to connect the feedback coil in the
screen circuit, but this requires much tighter coupling as the
amplification between screen and anode is generally low, and screen
application requires a large oscillator voltage for satisfactory
frequency changing. The position of the oscillator tuned circuit
and feedback coil can be reversed, the latter being placed in series
with the 1F. transformer primary, which can then be tuned.
Oscillations may be generated by inserting the oscillator tuned
circuit in either screen or anode of a screened grid valve and suitably
biasing both electrodes to bring the dynatron characteristic into
play, but this method is not very satisfactory and adjustments are
critical. Combined single valve operation of this kind is only
possible over medium and long wave ranges since there is consider-
able interaction between signal and oscillator circuits.

5.3. Special Types of Frequency Changers.%

5.3.1. The Triode Hexode.19; 32 The triode-hexode frequency
changer is a logical development from the triode pentode with
suppressor grid application. It will therefore be treated before the
heptode or octode, although it was preceded by them. The low
slope resistance due to biasing the suppressor grid of the pentode
is restored to a high value by the inclusion of a positively biased
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Fia. 5.5.—Typical Conversion Conductance Curves for a Hexode Valve.
(E, = 250, E,, = 10, E,; = — 1'5)
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screen between the suppressor grid and anode. The effect of this
screen, which converts the pentode to a hexode, is shown in
Section 2.5 to be the conversion of the triode, formed by the virtual
cathode round the first screen, the suppressor grid and anode, into
a screen grid valve.

Typical conversion conductance-oscillator voltage curves are
shown in Fig. 5.5. The dotted curve is the one obtained for self-bias
of the oscillator grid. The rule for optimum oscillator peak voltage
as given for self-biased suppressor grid application is again applicable,
viz., that it is about half the cut-off bias voltage (— 16) plus 2 or 3.
The additional screen (g,) not only raises the valve slope resistance
but also allows g, to have a closer mesh without seriously reducing
anode current, and so the optimum oscillator voltage is much lower
than for suppressor grid application. The signal grid ¢, is generally
given variable mu characteristics, and variation of bias on this grid

—O NI+
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Fi16. 5.6.—The Circuit for a Triode-Hexode Frequency Changer.

produces a curve similar in shape to those shown in Fig. 5.15. A
representative circuit for a triode-hexode frequency changer is
shown in Fig. 5.6,

To avoid excessive interference whistle production it is advisable
to operate the hexode at an oscillator voltage not exceeding the
optimum and preferably less. Advantage should not be taken of
the flat part of the self-biased conversion conductance curve to
maintain constant g, (in spite of large oscillator output variations
over a tuning range), but rather attempts should be made to control
oscillator output. The series grid resistance R, in Fig. 5.6 assists
in preserving more constant voltage. (See Section 6.4.)

The hexode possesses the chief advantage of suppressor grid
application, viz., low capacitance coupling between signal and
oscillator circuits, and in addition gives high conversion conductance
with high anode impedance, It is therefore particularly suitable
for all-wave operation.
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5.3.2. The Heptode.'?: 1% 22 The heptode (originally called
pentagrid 5) valve, which was an earlier development than the
hexode, is a combined oscillator and frequency changer. It contains
five grids, four are of normal construction and the fifth, so-called
grid (G, in the circuit diagram of Fig. 5.7), consists of two rods,

H.T+

o T2

oM. T~

Fi¢. 5.7.—The Circuit Diagram for a Heptode Frequency Changer.

similar to grid support wires, placed between grids 1 and 3 These
two rods constitute the anode of the oscillator, the grid of which
is G, nearest the cathode. The grid G, is the active grid for frequency
changing. Grids 3 and 5 are positively biased screening grids and
grid 4 is the control grid. The valve, except for the oscillator
anode, is similar to the hexode with the positions of the signal and
oscillator voltages reversed. The rods forming the oscillator anode
are only large enough just to maintain oscillation, and are set in
line with the other grid support wires so that they are outside the
main electron stream. Current for the oscillator anode, grid 2, is
mainly derived by secondary emission from the screen, grid 3. It
is essential that the oscillator anode should influence the main
electron stream as little as possible, because changes of voltage on
this electrode are in antiphase to those on grid 1 and tend to reduce
the effective oscillator voltage applied for frequency changing.
The oscillator is of the tuned-grid type since the comparatively
large voltage required on grid 1 can be obtained more easily from a
tuned-grid than from a tuned-anode oscillator. A disadvantage of
the valve is that variation of signal-grid bias (@,), for amplification
control purposes, affects the secondary emission from G; to the
oscillator anode and causes amplitude and frequency variations of
the oscillator. This can be overcome by the use of a separate
oscillator section,2?® or greatly reduced by the constructions shown
in Figs. 5.8¢ and 5.80. In Fig. 5.8a 3 the first positively biased
grid (G,) is a pair of triangular plates, concentrating the main
electron stream into a beam away from the oscillator anode (@,).
Variation of bias on (, has now very much less effect on the second-
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ary emission from @; to G,. Pentode I E, characteristics are
obtained by adding the suppressor grid (@;). In Fig. 5.8b * the
oscillator triode anode is separated from the frequency changing
section by using half the cathode emission for the oscillator and half

Anode
Suppressor 6rid (Gg) Anode
Screen(G5)—_ Suppressor
Signal Grid (Gg) Plate (Gg)
—< e
Signal Grid
C=9 |  Jiby
Oscilfator. qf«ﬁ\’/ 7 Cathode
Anade (67) AN R Y @Oxﬂmtar
Oscitlator Grid \ TS —T\ Grid (6;)
i ‘ Oscillator
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¢

Main Electron Anode (G,)
Stream ' ®
(v
Fi1e. 5.8a.—The Electrode Structure F16. 5.85.—An Improved Pentagrid
of a Special Octode. Type of Frequency Changer.

for the frequency changer. The oscillator grid is, however, common
to both circuits. The box-shaped suppressor plate helps to reduce
capacitive coupling between oscillator and signal circuits and to
suppress secondary emission from the frequency changer anode, thus
raising the output impedance and giving pentode I, characteristics.
Oscillator performance, especially on short waves, is greatly im-
proved because of increased g,,, but conversion conductance suffers
by using only one side of the cathode for frequency changing.

A disadvantage of a heptode operating over the short wave
band is coupling between the oscillator and signal grids due to the
common electron stream and this is discussed more fully in
Section 5.8.3.

5.3.3. The Diode Frequency Changer. The detecting pro-
perties of the diode valve make its employment as a frequency
changer possible, but it has not been used for this purpose to any
extent because it has a low conversion gain (normally less than
unity), a high oscillator harmonic response (Section 5.5 indicates
that a high oscillator harmonic response is to be expected when a
frequency changer valve operates into anode current cut-off), a
comparatively poor signal-to-noise ratio,4! grid current damping of
the input signal circuit, and appreciable coupling between signal
and oscillator circuits through the anode-cathode interelectrode
capacitance. The property of high oscillator harmonic response (the
oscillator second harmonic response (2f, — f,’) may be as much as
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70%, of the fundamental oscillator (f, — f,) conversion gain) may
make it suitable as an ultra short wave frequency changer, since a
lower oscillator frequency means increased oscillator frequency
stability, a pressing problem on ultra short waves. Signal-to-noise
ratio is low because of poor conversion gain and it is maximum for
minimum diode conduction resistance (R; of Section 8.2.5). Grid
current damping can only be reduced by tapping down the signal-
circuit coil and using a high conduction resistance diode with
consequent loss of conversion efficiency. Interelectrode capacitance
is decreased by increased electrode spacing (this, however, magnifies
transit time effects at high frequencies) and decreased electrode area,
both of which increase diode conduction resistance. A suitable
circuit 3 for a diode frequency changer consists of an oscillator
pick-up coil, tuned signal and intermediate frequenoy circuits, a
diode valve, and a self-biasing resistance paralleled by a capacitance,
all connected in series. The pick-up coil should be loosely coupled
to the oscillator-tuned circuit so as to reduce interaction between it
and the signal circuit, which is tapped down to reduce damping from
the diode. The capacitance across the self-bias resistance must
have a high enough value to bypass the LF., but not too large to
cause ‘‘ non-tracking » distortion of the 1.F. modulation envelope as
described in Section 8.2.1. One point in favour of the diode is that
when £, is large, conversion gain is independent of the variation of
E,, and 1.F. output is linearly proportional to the input signal
voltage.

5.4. Interference Whistle Production.!2, 17, %, 27, 28

5.4.1. Introduction. Interference whistles may be produced
in a frequency changer whenever the signal circuit contains undesired
frequencies which can combine amongst themselves or with the
oscillator or its harmonics to produce a frequency near to the
intermediate frequency. The former possibility is remote and need
not be considered. Oscillator interference whistles, except that due
to the image signal, against which even an ideal frequency changer
cannot discriminate, are due mainly to distortion in the frequency
changer. Harmonic distortion in the oscillator valve is rarely
serious. To demonstrate the method by which interference may
arise let us take the expression 5.4 for the I K, characteristic.
Though this expression is concerned with common electrode applica-
tion, similar results are obtained for separate electrode application
by modifying the ideal expression of 5.2b. Using the same signal
and oscillator designations but noting that the signal is an un-
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desired frequency, i.e., f;, — f, #f1, and assuming for convenience
that K, = 0, expansion of the term a,,? in the series

I, =a,+a,E;+a.E2+aE? — a B2
gives
as(B, cos wit+E, cos myt)®
= a,[B, cos® w,t+3E,2E, cos? w,t cos wyt
+38,8,? cos w,t cos? wyt+E,3 cos? wt]

2
+§§;—E—"(l +cos 2w,t) cos wyt

B s
= a,,l: 4“ (3 cos wyt-cos 3w,t)

2 3
+3—E;Eh (1+-cos 2wyt) cos wsi+%'—(3 Co8 wyt -+ cos 3wht):|

B
= a, 7‘}(3 €08 w,l+c08 3w,l)

cos (2w,+wy)t+cos (2w, — w;,)t)
2
(cos wst+cos (2w,,+ws)t-‘+)—cos (2005 — ws)t>

P

+ &;Ey‘ (cos wpt+

3E.B,?

3
+ET"(3 €08 wyt+-co8 3wt) . . . . 5.6.

Eight frequencies are represented above by the pulsances w,, 3w, ;
Wy, 3wy, 20,40, 20, — @y, 20,40, 20, — o,, and it is significant
to note that they may be obtained by adding or subtracting the
two fundamental pulsances w;, and w, three at a time in all possible
ways, but neglecting negative pulsances. For example

W+, — W, = W, Wyt — W, = W
w,+w,+ow, = 3w, Wyt = 3w,
W+ o, = 20,4y o, + o+, = 20,4+ w,.

w,+w, — o, =20, — 0, wptow, — 0, =20, — o,

This rule may be extended to any term in the power series, and
frequencies produced by the fourth power term can be obtained by
taking the fundamental frequencies four at a time.

Most of the pulsances given by 5.6 do not contribute to the
output voltage since the intermediate frequency circuit rejects
them. However, if the signal frequency has certain values, the
frequencies %2:& d Zop — @

JT
the intermediate frequency, and when this condition is fulfilled an
interference whistle is produced. For example, for an LF. of
465 ke/s and a signal frequency of 700 kec/s, the oscillator is

may be very nearly equal to
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1,165 ke/s ; undesired signal frequencies of 351, (w, — 2w,), 816,
(20, — o), 1,867, (20, — w,) and 2,797 ke/s (w, — 2w,), present
at the grid of the frequency changer produce 2 ke/s interference
tones if the I, E, characteristic of the latter has a third power
term (a,E;®).

We can see from expression 5.6 that the amplitude of the terms
bears a relationship to the frequency components; thus the fre-

quency 2w’2— “» has an amplitude proportional to £,2£,. The
T

factor multiplying the fundamental frequency indicates that the
fundamental amplitude is raised to a power equal to the multiplying
factor. Interference involving signal frequency harmonics usually
has a smaller amplitude than that involving the oscillator harmonic
since £, is less than £,.

Interference whistles are conveniently classified as follows, the
suffixes u, & and 1 denote the undesired signal, oscillator and inter-
mediate frequency respectively.

(1) Image frequency, f, — =/

(2) Combination of the signal and oscillator harmonics of

different integers

EmfiFaf, = fi

(3) Combinations of harmonics of equal integers

m(+fFfa) = /i

(4) Intermediate frequency harmonics

f s == nf 1
where f, = the desired signal frequency.

The ‘“ approximately equals ’ sign is used to denote that the
resultant of undesired signal and oscillator is within audio range of
the L.F., i.e., equals f,+15 ke/s.

5.4.2. Image Signal Interference. Image interference is
generally located at certain points in the tuning range corresponding
to signal frequencies equal to those of any local powerful trans-
missions minus twice the intermediate frequency. Since the
frequency changer cannot discriminate against the image signal
special precautions are necessary to improve the selectivity of the
signal frequency circuits at a frequency 2f, kec/s above the desired
frequency, and circuits for achieving this are considered in
Section 5.9.

5.4.3, Interference due to Combination of Different
Harmonics of the Signal and Oscillator. Oscillator and
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signal harmonic interference whistles of this type are spread over
the tuning range in an irregular manner. Harmonics produced by
the oscillator and R.¥. stage can cause this interference with an
ideal frequency changer having an I E, characteristic in accordance
with expression 5.2a or 5.2b, but this rarely happens. Distortion
in the frequency changer is the more usual source, and the inter-
ference effect can be reduced by reducing the curvature (the higher
power terms in the power series) of the I E, characteristics for the
signal and oscillator electrodes. Generally oscillator harmonic
interference is the more serious—the signal tuned circuits attenuate
undesired signals so that E, < B,—and it is reduced by making
the oscillator amplitude as small as possible consistent with good
conversion conductance.

5.4.4. Interference due to Combination of Equal
Harmonics of the Signal and Oscillator. The -characteristic
of this type of interference is that the whistles are grouped around
the oscillator frequency. For example, with an 1.F. of 465 ke/s, a
desired signal of 700 ke/s, and an oscillator of 1,165, possible
interfering frequencies are 932, 1,009, 1,049, 1,398, 1,321, 1281 ke¢/s,
ie., 2(fh. "fs)s 3(fh _fs): 4(fh —fs)’ 2(fs —"fh): etc.

5.4.5. Intermediate Frequency Harmonics. Harmonics of
the intermediate frequency may cause interference if there is feed-
back from the L.F. amplifier to the signal circuits when the latter
are tuned to nf,. Serious interference and even instability is
possible for an L.F. of 465 ke/s at signal tuning settings of 930,
1,395, 1,860 ke/s, etc. The usual cause of feedback is inadequate
filtering of the A.g.c. bias, but it may also occur due to insufficient
decoupling of the R.F., frequency changer and 1.F. stages of the
receiver, and to insufficient ®r.F. filtering between the detector and
first A.F. amplifier. Improved a.c.c. bias, R.F. decoupling and
screening usually reduces the effect to small proportions.

5.4.6. Interference Charts.® Interference frequencies are
most conveniently expressed in the form of charts. A chart for
an LF. of 465 kec/s is shown in Fig. 5.9, and it is constructed in the
following manner. The horizontal axis gives the signal tuning
frequency of the receiver, and the vertical axis, with one exception,
the interfering frequency. The exception is a line at 45° through
the origin. This line gives the desired frequency on the vertical
axis and is designated (% — s), where % is the oscillator frequency
and s, for all lines except (b — s), is the interfering frequency,
Lines due to harmonics of the signal and oscillator higher than
the third are not shown on the chart. The image signal line
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(s — &) is a line parallel to (B — s) and vertically above it by
twice the intermediate frequency.

Interference lines due to unequal harmonics of signal and
oscillator are distributed over the chart at different angles. For
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Fre. 5.9.—Interference Chart for an Intermediate Frequency of 465 ke/s.

example, the line corresponding to (2h — s) passes through 100 ke/s
(horizontal), 665 (vertical) and 500 (horizontal), 1,465 (vertical).
The first point is calculated as follows :
desired signal = 100 ke/s; oscillator = 565 ke/s
undesired signal = 2 x oscillator — f;
= 1,130 — 465 = 665 ko/s.

Lines corresponding to equal harmonics of signal and oscillator
are parallel to the desired frequency line (A — s) and spaced vertically

above it by <n_;~1> fi for A > s and (nTH> f1 for s> h, where n

is the number of the harmonic. Hence 3(A — s) is 310 ke/s and
3(s — k) is 620 ke/s above (b — s).
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To interpret the charts, let us consider a desired frequency of
1,000 ke/s. By drawing a vertical line from 1,000 kec/s on the
horizontal axis we find eight intersections with the interference
lines from 333-3 (A — 3s) to 1,310 ke/s (32 — 3s). If any of these
undesired frequencies is present in the input to the frequency
changer a whistle may be produced. Conversely, if 1,000 ke/s 18
the frequency of a strong local station its interference possibilities
may be estimated by drawing a horizontal line from 1,000 ke¢/s on
the vertical axis. The points of intersection (read on the horizontal
axis) with the interference lines give the tuning points at which
interference due to the local station may be expected. In Fig. 5.9
there are 12 tuning points from 0 to 1,500 ke/s at which interference
might be expected.

5.5. The Maximum Value of Conversion Conductance.20 21,
In Section 5.1.2 it is stated that the ratio of conversion conductance
g, to mutual conductance g,,, rarely exceeds 0-25 in practice. We
will now determine the maximum value of this ratio under various
oscillator operating conditions. Differentiating the I, expression
for grid-cathode application

I, =a,+a,E,+-a.E2
we have
dl,
dE,
But g—IEji is the slope of the I B, characteristic curve, ie., it is the
mutualgconducta,nce I
At a fixed bias voltage — E,, we have
ZI—E‘,’; — =g¢n =a, — 2a.E, . . 5.7b.
The anode current component for a signal grid voltage of
B, cos o, at the above bias voltage is
I, =g, 'E, cos ot
= (@, — 2a,E,)E, cos ot . . 5.8a.
If an oscillator voltage E) cos w,t is also applied, — K, in 5.8a

=a,+20;E, . . . . 5.7a.

becomes (£, cos w,t — E,) and
I, = [a,+2a,(E}, cos w,t — E\)E, cos w,t.
The 1.F. component (I,) in I, is contained in the term
2a,B, B, cos w,t cos wg,
thus
I, = ak,B, cos (w, — w,)t . . . 5.8
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but from 5.3z I
9ge = ‘E,l" = a,B).

&
To interpret a,£,, and hence g,, in terms of g,,, let us imagine that
the bias is decreased to (— E,+£,), at which the mutual con-
ductance IS g mqr) Similarly at a bias of — (E,+E,) let mutual

conductance be g, niny Now

Imimaz)y = +2a,(B;, — Ey)
and Tmiminy = 01 — 204(By+Ey)
so that gm(mazx) - gm(min‘) = 4a2Eh'
Hence
g, = gm(maa:.) — mmin.) . . . 5.9a

4

or the conversion conductance is 0-25 of the change in mutual
conductance produced by the application of the oscillator voltage.
Maximum change of mutual conductance is obtained when g, is
varied from O to the value at which grid current begins. Since a
valve operating as an R.F. amplifier would be biased initially almost
to the start of grid current- -its mutual conductance is then g, 0, y—
we may say that the ratio of conversion conductance as a frequency
changer to mutual conductance of the same valve acting as an
R.F. amplifier is not greater than 0-25 as long as the oscillator takes
the valve only to cut-off and not beyond.

The above method is not easily applicable when the oscillator
voltage causes the anode current to be cut off for a part of the
cycle, but if £,> E, the following analysis may be employed.
Suppose we take the expression for g,, in 5.7b and replace — E, by
— E,+E, cos wyt. At the left-hand side of Fig. 5.10, the curve of
g against bias voltage (it is a straight line as shown by 5.7b) is
drawn, whilst on the right-hand side the variation of g,, against
time is plotted for two values of oscillator voltage; for curve 2
cut-off point is passed. Taking first curve 1, the coefficient of
cos w,t in this curve may be obtained by Fourier analysis, thus:

Coefficient of cos w,t in curve 1
27

= M ¥sla,+2a,(E), cos wit — E,)] cos wyt dt

2n

= I: sin wht+2a2E',,|: +sm 2w,,t] — 2“’E,, sin w,t |*

460}. 0

w
- »f2a2Eh?a); = 2(1th
=29, . . . . . . . . . 5.9b.
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Multiplying this fundamental oscillator component in the g, curve
by E, cos wt gives
2a,B,E, cos wyt cos w,t

and the 1F. component in this is a,B,E, cos (w, — w,)t. We
therefore see that half the coefficient of cos w,t in the g, curve
plotted against time gives the conversion conductance. This
method of attack is applicable to any shape of g,, curve provided
2,> 8,

Let us apply it to the case where the oscillator voltage is large
enough to cut off the anode current during a part of the cycle. For

Mutual
Conductance

| -;;;Zaz (B cos wpt-£,)
\_a;+2a, (B, cos wyt-£y)

& =4 5 2 S aa

i

Fia. 5.10.—Linear Mutual Conductance Characteristic for the Normal Type
of Frequency Changer.

simplification the maximum positive swing of the oscillator voltage
will be assumed to be always 0 volts and the mutual conductance
at this point to be ¢,ume) The cut-off bias voltage, found by

2a,
The equation to the g,,E, curve in terms of g,,,,.,y and — K,y is

E
In = gm(max.)[E,_l)%)+1] . . . 5.10a.

For oscillator and bias voltages of £,’ cos w,t and — E,’ respectively
we have

and this we will designate by — Ey.

putting g,, = 0in 5.7b, is

E, = B, cos wt — E,/
= B,'(cos wyt — 1)
for B, cos w,t is assumed to take the bias to zero at the maximum
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positive peak so that E,’ = B,’. To simplify let w,t =0;
equation 5.10a becomes

)+1] . . 5.10b

and the angle « corresponding to cut-off bias — E,; is obtained
from 5.10b by putting g,, = 0

Im =4 By
m m{mazr.) Ebo

g," (cosa — 1) = — 1
or « = cos—l(l _ ]ﬁ") ... osIL
Ey

The coefficient of cos 6 in 5.10b is given by Fourier analysis over
the int- ¢ 7als 0 to « and (27 — «) to 27, or twice the value obtained
from 0 ‘0 a. (See Appendix 2A.)

Coetficient of cos 0

J’ gm(maz)[i (COS 0 — 1 +1:|COS 0 do

2gm(maa‘.) . Eh' Eh’ o«  sin 2«

= Jmmas) 1 -2 A4
7 [sm oc( Eyy +Eb0 RN

But from 5.11

(>

N

Ebo 1 — COS a
. Coefficient of cos 6

2 mimazy [ — 8in @ cos « 1 «_ sin 2o

T 1 —cosa 1 — cos a<§ T):\

__ Im(mar) l:rx — 8in « cos oc:l ] ) ) . 5.12a
7 1 —cosa

= 290

for as shown above in expression 5.9b g, = } the coefficient of
cos 0 in the g, expression.

The ratio of —9¢ . for different values of E—" is plotted
Imimaz.) EbO

as curve 1 in Fig. 5.11a, and it is to be noted that a maximum
g, of 0-268 g,,(u0c, is Obtained when B, = 0-65.F,, ; i.e., when the
valve is partially cut off by the oscillator voltage. There are
disadvantages to operation into cut-off since oscillator harmonics,
which can combine with undesired signals to cause interference
whistles, are produced. If we limit £, to }E,,, no cut-off occurs,
g, is only reduced by about 8%, and for this particular (linear)
g, curve oscillator harmonic interference is absent, since the com-
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ponent of cos nf, where » is greater than 1, in the Fourier analysis
is zero over the intervals 0 to = and = to 2z. The practical form of
gnmE, curve is seldom linear so that interference whistles are possible

E . .
even when £, < —°% but they are considerably increased as soon
E
as B, exceeds -2,
100
oﬂ"‘ 71 8
Har = g
04 d-r2 80 §
2% §
< <
2 ‘c I et KN
/ f 0/ L - §
303 v Hars-= 60 §
8 3rd;" §
o8 / 1 T
3 % S
5 3, S
s 02 N 403
S / / ] g
< J L U S
7/ [ &
[l b i
o1 20§
NIA
Fot &
0 I,’ ‘\\ / 0
0 7 2 3 4 5
A
Ratio: 22
f"bo

Fig. 5.11a.—Conversion Conductance and Oscillator Harmonic Response Curves
for the Normal Type of Frequency Changer with Linear Mutual Conductance
Characteristic.

We can calculate the ratio of oscillator harmonic to fundamental
conversion conductance by finding the coefficient of cos nf in 5.10b
over the interval 0 to « in the same manner as for the fundamental.
Thus for the second harmonic conversion conductance

g.(2h) = ‘(Z"‘(ﬂx—'?r[&(cos 6 — 1)+1:| cos 26 d6.
T oL Epo

= ‘(Mr[gi (w — cos 26>+cos 20]d0
T b0

2
_ Om(maz) Q’L sin « +sin 3x  sin 2a +sin 2a
T EI)O 2 6 2 2
— Imimaz) F,, —1—57'31—3? gin 20 }--sin 2 | . 5.12b
2x | E,

where « is as given in 5.11.
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The ratio of gc((g’%) x 1009, which we will call the percentage
e
second harmonic response, is shown in curve 2 of Fig. 5.11a. It is

zero until £, exceeds —é@ and steadily rises as £, is increased.

Similarly it can be shown that the conversion conductance for
the third harmonic of the oscillator is

0(3h) = gm(maz_)[E’_,, (sm 4 | 8in 2« sin 3oc> sin 3oc:| 512
7! Ey

8 4 3 3
The percentage third harmonic response ggc((:Z;) % 1009, is the dotted

b

curve 3 of Fig. 5.11a. It has zero value until B, exceeds E—;"—'

rises to a maximum of 609, at B, = 0-8.E,,, falls to zero at
E, = E,, and thereafter rises steadily. The need for preventing
too high a value of oscillator voltage is made very clear from the
curves.

The above analysis is applicable to all types of g,E, curves,
but when a separate electrode is used for the oscillator voltage the
g, curve for the oscillator grid must be considered.

Taking expression 5.2b as representative of the hexode valve
we obtain after differentiating with respect to £,

al,

dE,
and plotting this against £ ;, the bias on the oscillator grid, we have
a straight line similar to that in Fig. 5.10. Proceeding along the
lines set out above, we obtain a result for conversion conductance
which is identical with that for common electrode application of
the oscillator. Thus the curves in Fig. 5.11a are also applicable
to the hexode valve, where g, ) €quals a,b,, the value of g,, when
the oscillator grid bias is zero.

We can estimate the maximum conversion conductance obtain-
able from a linear I,E, characteristic, such as that for a non-
variable mu valve or a diode frequency changer, by the same
method. Since I, is linearly proportional to £, the g, E, curve is
a straight line parallel to the £, axis, cutting the g,, axis at g, 5.
At the cut-off bias voltage, — £,,, it falls sharply to zero. The
curve of mutual conductance against time for a given oscillator
peak voltage exceeding — X, is therefore rectangular with zero

E .
g between o and 27 — «, where o = cos‘1<l — ﬁ). Conversion
R

Im = ax(bo+b1Egs)
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conductance is given by half the coefficient of cos 0 in g,, = ¢,,014r)
over twice the interval 0 to «

. 12 '
ve e = é[;ljo gm(max.) cos 0 d6]

— Imimaz) Sin_“

5.13a
T
— Imimaz.) 2 Ebo _ EYI)O2 . 5.13b.
n B, B»
JOO
| &
04 A ” ﬁ'oﬂb/ p = 80 %
:l and P t
u ue $
' 2 E
5 03— 60§
$S /‘( S 4§
S 0‘2 G — 40 tr
S | / LT 9
(] | 4 mo S
N3 H l‘l ] ,1;\»\ g)
B Ad g
4 /- —~ 2§
':T" \ ./ \\ // 3 °§
|'l 7 \ /
i )
0 X3 0
0 7 2 3 4 5
Ratio: —E'J—"
Zo

Fi1c. 5.11b.—Conversion Conductance and Oscillator Harmonic Response Curves
for a Frequency Changer with Constant Mutual Conductance Characteristic.

This result is plotted in Fig. 5.115 as curve 1, and we see that when
B, < %”«0 there is no cut-off and hence no frequency changing.
This is to be expected since the output wave shape is an exact
reproduction of the original input. Actually when £, — E%, the
addition of the signal voltage causes the cut-off point to be passed
and some small g, value is obtained. When B, = E,,, g, = J7maz)

T
and this is its maximum value.

The percentage second and third harmonic responses are found
from the coefficients of cos 20 and cos 30 in the g,, — time curve.
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Thus q. LA 100 cos 2% = (1 — By 1009%,.
h E'h
3h) 100 sin 3o
and {1} = 9
g(< h '3 sin « Vor
The curves 2 and 3 show the variation of harmonic response for
different ratios of —-". Second harmonic is zero at —* = 1, whilst
b0 2, b0
third harmonic response is zero at F = 0-66 and 2. For large
80

values of oscillator voltage the linear I K, characteristic has lower
oscillator harmonic responses than the parabolic characteristic
operated into cut-off, and this is largely due to a higher fundamental
conversion conductance.

5.6. Measurements on Frequency Changers.

5.6.1. Introduction. The most important measurements
which are required are those of conversion conductance, oscillator
harmonic response, and signal handling capacity for a given modula-
tion percentage and distortion of the modulation envelope.

5.6.2. Conversion Conductance. Conversion conductance
may be measured by direct or indirect means. The first involves
the use of low frequency input voltages for the signal and oscillator,
whilst the second method uses frequencies in the range over which
it is intended to operate. The former has the advantage of requiring
only simple apparatus, but the results may not show close agree-
ment with measurements made under short wave operating condi-
tions, because of transit time of electrons and increased grid admit-
tance. However, for the medium and long wave bands agreeraent
between the two methods is generally good and variations rarely
exceed 59%.

5.6.3. Indirect Measurements of Conversion Conductance.
The voltages for one indirect method are obtained from the 50 c.p.s.
mains supply, and Fig. 5.12 shows a diagram of connections for a
hexode valve. The diagram is similar for a pentode except that
oscillator and signal inputs may be applied to the same electrode.
Suitable bias and screen voltages are applied, and the signal voltage
is fixed at some convenient value such as 0-1 to 0-5 peak volts.
A value of 0-5 volts should not be exceeded or it may be found
that the measured g, is not independent of the signal voltage. The
change-over switch (S) in the signal circuit allows the phase relation-
ship between signal and oscillator to be reversed. The oscillator
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voltage is variable and is obtained from the same transformer as
the signal voltage. Operation of the change-over switch produces
a change of mean current in the ».c. milliammeter, and this change
is proportional to the conversion conductance. The relationship is
expressed by

Ial - Ia2
= el ta 5.14
gﬂ 2Es
where I, —the mean current for the in-phase condition of £, and £,
and Ia2= » » » [T T} Out'Of'Pha'se [E R} R T R I 1

OH.T+

oH.T-

F16. 5.12.—A Circuit for the Measurement of Conversion Conductance of a Hexode
Valve by means of the 50 c.p.s. Mains Supply.

The proof of the above expression may be derived from 5.2b, thus :
I, = (ao+a,E ;) (be+b,E ).
Replacing E,; by (£, cos 6 — E,;) and B, by (B, cos 6 — Ey3) we
have for the in-phase current
(@o+ay(B, cos 0 — Ey;))(bo+b:(E, cos 6 — Eyy))
the p.c. component of which is

Ial = aobo — alboEbl —_ aoblEbg + t%blE he

For the out-of-phase condition B, = — E, cos 6 — E,;, and the
D.Cc. component is
ab
I; = aho — arboliy; — aoh Bpz — lzlEsEh
Ial — a2 & alblEaEh'
But from expression 5.3b (Section 5.1.3)
alblE _ Ay — 1y
2 " °B,
The above result assumes that there is no distortion of the
hexode I,E, characteristics, and since in practice it is rare to obtain

ge =
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linear characteristics there are possibilities of error in the measure-
ment. The error is, however, not usually very serious, particularly
if the signal voltage is not made large.

A second indirect method 2! employs one A.c. voltage only—no
signal voltage being used—and the circuit is shown in Fig. 5.13.
A filter in the anode circuit attenuates all but the fundamental A.c.
voltage. The input fundamental, which must be completely free

oM T+

Fundamental
o Ilnput

MH.T=

Fia. 5.13.—A Circuit for the Measurement of Conversion Conductance of a Hexode
Valve by means of the Change of Fundamental Output.

from distortion, acts as the oscillator voltage, and the input signal
is simulated by varying the signal grid bias a predetermined amount
such as 0-5 volts. The change in fundamental output is noted and
conversion conductance is given by,

_ output fundamental voltage change
2 x signal grid bias change X Z, (anode circuit filter)’

ge

This may be proved as follows :
Ia = (ao+a1Eg1)(bo+b1EgB)

where Ey =B, cos 0 — By
S I, = adotabEy, +aeh, (B, cos O — E,;) +a1b1E’gl(Eh cos 0 — E,3)
and the fundamental A.c.,component in the above is

I, = (aob1+alb1E’g1)Eh cos 6.
If £,, is decreased by a value of +E, the change in fundamental
current component is

a4l = alblEsE,, cos 0

but g, = a;blEh
_Al, _AlLZ, AE, _ AE,
2B, 2EZ, 2827, Z,

if E, = 0-5 volts.

1
b
St
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Both indirect methods can be made to give satisfactory results
compared with direct measurements, but for frequency changers
operating over short wave ranges it is often preferable to use a
direct method which takes into account coupling between signal
and oscillator circuits, and electron transit time effects.

5.6.4. Direct Measurement of Conversion Conductance.
For direct measurement of conversion conductance a signal fre-
quency is chosen at approximately the centre of the desired range
of tuning frequencies. Suitable values are 700 kc/s for medium
and long wave bands and 10 Mec/s for the short wave. A schematic
diagram is given in Fig. 5.14. The signal voltage, supplied by a
signal generator, must be limited to a value not exceeding 0-5 peak
volts, though for high gain frequency changers, with a high anode
impedance, it may be necessary to reduce to 0-1 peak volts if anode
voltage distortion is to be prevented. The oscillator voltage is
obtained from an oscillator followed by an amplifier, the gain of

Sigral frequency 1 é ; " .
alve
Generstort——] Changer | T ortmeter
Osc/lator
Amplifier Drode
DscsHator V?;Nab/e oltmeter
arn

F1c. 5.14.—Schematic Diagram for the r.F. Measurement of Conversion
Conductance.

which is changed by bias variation. In the anode circuit of the
amplifier is a tuned circuit, which rejects oscillator harmonics.
This is essential for harmonic response measurement. Large
oscillator voltages are obtained by capacitance-resistance coupling
from this tuned circuit to the appropriate oscillator electrode in the
frequency changer. Voltages not exceeding about 15 peak volts
are obtained from a pick-up coil wound on the earthed end of the
tuned circuit. A diode voltmeter may conveniently be used for
measuring the oscillator volts across the pick-up coil, and it may
also be calibrated to give the voltage across the tuned circuit by
noting the diode current for different voltages measured by a
slide-back or peak voltmeter across the tuned circuit.

The anode circuit of the frequency changer consists of a parallel
tuned circuit resonant at the 1.¥., and a slide-back or peak voltmeter
is used to measure the output voltage. This type of voltmeter has
two advantages; its range of measurement is large—the output
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may reach a peak value of 100 volts—and its grid input conductance
can be made very low so that there is little damping of the output
circuit. To calculate conversion conductance we must measure
the resonant or dynamic resistance of the tuned output circuit, and
this can be accomplished as follows. The bias on the signal grid of
the frequency changer is increased to a value (about — 8 volts) at
which the anode slope resistance can be expected to be much higher
than the tuned-circuit impedance. The input signal is adjusted to
give a certain output voltage, such as 1 volt peak (a low value is
chosen to prevent the possibility of non-linearity between input and
output voltages). The tuned circuit is next paralleled by a known
non-inductive resistance and the input signal increased to give the
same output voltage, viz., 1 volt. If B, and £,” are the input peak
signal voltages with and without the non-inductive resistance R, we
have
E'o =1= gc ,RD chs”sz_RR

where £, = the output peak voltage

g. == conversion conductance

R, = the dynamic resistance of the tuned circuit

Ef "
. B, =R _ 1]
- 7
If we can assume th-+ R, > R, we can now calculate conversion
conductance for
g,
gC == —

ES'RD

5.6.5. Measurement of Oscillator Harmonic Response.
Interference whistles from interaction between undesired signals
and harmonics of the oscillator are normally more serious than
undesired signal harmonic interference, and the ratio of conversion
conductance for the second and third oscillator harmonics to that
for the fundamental is a good indication of the interference capability
of the frequency changer.

The apparatus is the same as that used in the previous section,
but the signal frequency is adjusted to give the L.F. by interaction
with the particular oscillator harmonic under consideration. For
example, if desired signal and 1.7. frequencies are 700 and 465 ke/s
respectively, the signal frequencies for measuring second and third
harmonic responses are 1,865 (2 x 1,165 — 465) and 3,030 kc/s
(3 x 1,165 — 465). It is essential that the oscillator voltage
source be free from harmonics, and this may be checked with

5.16.
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oscillator amplifier at full gain by placing a potentiometer across
the output and reducing the oscillator voltage applied to the
frequency changer to about one-fifth of its optimum value. The
oscillator harmonic response under these conditions should be
not greater than 19, of the fundamental. The percentage oscillator
g————vcg;u}rlxz:?n(;rrl::al X 100%) is plotted in Fig. 5.15
against signal grid bias under normal conditions for the hexode
type (full line), and the pentode with common electrode application.
Increase of oscillator voltage increases both second and third
harmonic response maxima and may change the position of third
harmonic minima. The harmonic response for the hexode has
generally lower maxima than the pentode and is less variable with

harmonic response (

40 «
) -s 8
A2, 38
> - 20 N*
//”“/ ‘\ gg
- = 1\ 0S8
Pz Jardy | N 0 $8
P ], 8%

=30 -20 -0 0

Grid Bias Vo/tage

Fig. 5.15.—Typical Oscillator Harmonic Response Curves for a Pentode and
Hexode Valve.
(Dotted Line—Pentode. Full Line—Hexode.)

bias change, because oscillator harmonics are caused by curvature
of the [,F, characteristic, which is less affected by signal grid-bias
variation than the [ E, characteristic of the pentode.

5.6.6. Signal Handling Capacity. The maximum modulated
input signal and output I.r. voltage, which can be handled by a
frequency changer, is defined as the carrier peak voltage modulated
K%, which gives 5%, total harmonic distortion of the audio frequency
envelope of the carrier. The modulation percentage is usually
fixed at 809, in order to keep distortion low in the apparatus other
than the frequency changer. The apparatus is substantially
similar to that described in Section 7.11, except for the inclusion
of the oscillator voltage at the appropriate point.

Typical curves for a pentode with cathode application of the
oscillator and for a hexode are illustrated in Fig. 5.16. The input
and output carrier voltage curves for the hexode are lower than
those for the pentode because of the semi-screened grid I E, char-
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acteristics of the former. Conversion conductance obtained by
calculation from the input and output voltages is always higher
at a large negative bias than conversion conductance measured with
a small signal voltage. This is due to the fact that the input
signal is large and the variable mu characteristic of the signal grid

12 —T—y%
S Input - "+ f S
S 0 . 0utput\ o S
3 ~HA 1 3
oy a = AT 80
X 74 ~
S / ?,\ S
Q (]
NG} / ! RN 60°€
.§ / / v \\\ .8
g 4 ~_ I\ $
S v N 4“8
- / / “ \\

3 2HH—A4< 3
P 7 SR
0 0

-50 -40 -30 -20 -10 0

Grid Bias Voltage

Fia. 5.16.—Typical Signal Handling Capacity Curves for Pentode and
Hexode Frequency Changers.

(5% A.F. Envelope Distortion and 809, Modulation of Carrier.)
(Dotted Line—Pentode. Ful, Line—Hexode.)
causes the output voltage to increase at a greater rate than the
input. The importance of these curves is discussed in Section 12.4.2
on automatic gain control.

5.7. The Properties Required of a Frequency Changer Valve,3!

5.7.1. Introduction. Having discussed the salient features of
frequency changing, we can now specify the essential requirements
of a frequency changer valve. It should have

(1) A low value of anode and total current, and high slope

res.stance.

(2) A high value of conversion conductance, which is maintained

in the short wave ranges.

) Low oscillator harmonic response.

) Minimum cross-modulation.

) Minimum coupling between oscillator and signal circuits.

6) Minimum variation of signal grid-cathode capacitance for
bias variations on the signal grid.

(7) Low signal grid input admittance.

(8) Small oscillator frequency drift.

(9) Minimum microphonic effects.

5.7.2. Anode and Total Current, Slope Resistance. Low
values of anode and total currents aid economy of operation (this

(
(
(
(
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is only an absolute essential in battery receivers), but their import-
ance, in conjunction with g,, is their influence on shot noise. The
equivalent shot-noise voltage at the grid of the frequency changer

. . KVI, J 2.4Af .
tel . V; f: de-
is approximately 7 10,000 uV ; where K is a factor de

pendent on the type of valve and varying between 0-5 and 1-5,
and 24f is the pass-band width of the r.r. amplifier. The total
current does not appear directly in the formula, but is actually
contained in K, which is increased as the total current is increased.
The importance of minimum I, and I, is thus apparent.

Since for the triode valve, anode and total currents are equal,
signal-to-noise ratio is comparatively high, but this type of valve
is quite unsuitable for frequency changing because of its low slope
resistance, R,, which results in low amplification and heavy damping
of the primary of the 1.F. transformer with consequent loss of
selectivity. The tetrode or pentode valve is superior to the hexode
or heptode because it has a lower ratio of total cathode to anode
current, about 1-3 to 1 as compared with from 2 to 3 to 1 for the
heptode and hexode. In certain beam tetrodes with aligned grids,
screen current is reduced from the usual value of 25%, of the anode
current to 109, or less, and signal-to-noise ratio for these valves
approaches that of the triode. Taking the signal-to-noise ratio of
the latter as a basis of comparison, the beam tetrode with aligned
grids, the normal tetrode or pentode, and the heptode or hexode
have signal-to-noise ratios of about 0-8, 0-5 and 0-25 (respectively) 3
of that for a triode. If the difficulties introduced by coupling
between signal and oscillator circuits can be overcome, such as by
using an untuned signal circuit, a tetrode with grid-cathode oscillator
application is preferable to a hexode or heptode when there is no
preceding R.F. stage, because of its greater signal-to-noise ratio.
The effects of coupling on the short wave range can also be reduced
by using a high 1.F. and preset signal-tuned circuits, as occurs in
some types of band-spread receivers. In the multi-electrode valve,
any secondary emission currents to the anode add their quota of
noise so that a high anode resistance R,, which indicates small
secondary emission from the screen or any other possible emitting
surface (apart from the cathode) to the anode, is desirable ; at the
same time it increases the conversion stage gain, which leads to
increased signal-to-noise ratio.

5.7.3. Conversion Conductance. In order to obtain the
highest signal-to-noise ratio the conversion conductance should
have the highest possible value. As this tends to produce high
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harmonic response, a compromise value of conversion conductance
must be chosen, and generally it is about 85%, of the maximum value.

5.7.4. Oscillator Harmonic Response. For small oscillator
harmonic response the curve connecting g, and oscillator voltage
should be straight, and oscillator voltage limited to the maximum
value which can be obtained on the straight part of this curve.

5.7.5. Cross-Modulation. Cross-modulation is reduced by
high r.F. selectivity before the frequency changer and by having
minimum curvature of the g.£, characteristic of the signal grid.
Signal harmonic response is also reduced by this method.

5.7.6. Signal and Oscillator Circuit Interaction. In an
ideal frequency changer, variation in signal circuit tuning should
have no effect on oscillator frequency and amplitude. Coupling by
interelectrode capacitance and the common electron stream occurs
in practice, and the signal circuit tuning always has some influence.
Its effect is most pronounced at the higher short wave frequencies
where the frequency ratio between oscillator and signal is smallest.

5.7.7. Signal Grid-Cathode Capacitance Variation. A
capacitance variation of about 2 uuF occurs when the signal grid
bias is varied and is due to variation of the distance between the
grid and the virtual cathode produced by space charge. It is a
function of the total current passing through the control grid and the
greatest mistuning effect occurs for small signal-tuning capacitances,
i.e., at the high-frequency end of any given range. The effect is
much less pronounced in the heptode than in the hexode valve.

5.7.8. Low Signal Grid Input Admittance. The con-
ductance component of the signal grid input admittance of a hexode
frequency changer generally increases as the signal frequency
increases due to the inductance of the cathode lead and feedback
through the grid-cathode capacitance, and also due to transit time
of the electrons. A heptode valve may show a negative input
conductance, which decreases as the signal grid bias is increased,
becoming zero at a particular bias voltage and finally asymptotic
to a positive value equal to the losses in the valve-holder, etc., as
measured when the valve-heater is open-circuited (the valve is
cold). Both these effects are discussed in Section 5.8. Anode-grid
capacitance coupling has little influence on input conductance
because the value of capacitance is small and the anode circuit is
an LF. transformer offering a very low impedance to the signal
frequencies.

5.7.9. Oscillator Frequency Drift. Oscillator frequency
variations due to the frequency changer valve itself are covered by
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5.7.6 and are more fully discussed in Section 5.8.1. Those due to
the oscillator and its component parts are dealt with in Sections 6.6
and 7.

5.7.10. Microphony. Microphony is largely affected by
electrode structure and supports. The position of the valve with
respect to the loud-speaker and the use of a shock-absorbing valve
mounting can determine the extent of microphonic noises. Sound-
wave coupling may also occur between the loudspeaker and
rotor plates of the oscillator tuning capacitance, and to reduce this
the complete tuning capacitance chassis is often mounted on rubber.
Increasing the thickness and spacing of the rotor plates of the
oscillator tuning capacitance also reduces the tendency to sound
coupling.

5.8. Special Considerations in Short Wave Frequency
Changing.2s

5.8.1. Introduction. Short and ultra short wave frequency
changing is chiefly complicated by the increased effect of capacitive
and electronic coupling, the reduced frequency ratio between signal
and oscillator and increased signal grid input admittance, which
becomes comparable with the resonant conductance Rl— of the

D
signal-tuned circuit.

Capacitance coupling has the same effect in hexode or heptode
valves. It normally precludes the use of common electrode applica-
tion of signal and oscillator frequencies, though for special reasons
(such as increased signal-to-noise ratio) a tetrode 3 may be used
as a frequency changer with common coupling for ultra high
frequency conversion (40 Mc/s). The signal circuit is then either
untuned or preset tuned, and the oscillator voltage made as low as
possible consistent with satisfactory frequency changing; the
oscillator frequency can be less than that of the signal. Inter-
electrode capacitance coupling has a two-way effect which can be
observed when the valve-heater is open-circuited (no emission).
The signal circuit reflects through the signal grid-oscillator grid
capacitance an impedance into the oscillator-tuned circuit, and both
tuning and amplitude of the oscillator voltage are affected. In the
reverse direction this coupling induces in the signal circuit an
oscillator voltage component which is generally in phase with the
initial oscillator voltage. Conversion conductance is consequently
increased.

Frequency and amplitude variations of the oscillator due to
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signal circuit tuning changes are illustrated in Fig. 5.17. Assuming
that f, < f;, tuning the signal circuit towards the oscillator fre-
quency, i.e., reducing the signal circuit capacitance, causes the
oscillator frequency to fall because the signal circuit appears as a
capacitance and resistance in parallel (Section 4.2.2). The capaci-
tance component reaches a maximum at a signal tuning setting of
C;, and then falls to zero when signal and oscillator circuits are
tuned to the same frequency. Below this value of C, the signal
circuit is inductive and the oscillator frequency increases, reaches
a maximum at C,, where ¢, — C; = C; — C,, and then falls as the
signal capacitance is further decreased. Amplitude is 2 minimum
at the signal tuning capacitance setting of C,.

The reverse direction effect of capacitance coupling causes an
oscillator voltage component in the signal circuit, which adds to
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Fi16. 5.17.—Curves showing the Effect of the Signal Tuning Circuit Capacitance on
the Oscillator Frequency and Amplitude with Capacitance Coupling between
the two Electrodes.

the true oscillator voltage when the signal circuit is capacitive, i.e.,
fs < [fu and opposes when the signal circuit is inductive, i.e., f; > f;.
For grid-cathode application of the oscillator voltage the reverse is
true, i.e., the oscillator voltage component in the signal circuit
opposes the true oscillator voltage when the signal circuit is capacitive
(fs <fn)- A voltage in the grid circuit in phase with that in the
cathode circuit means that the net voltage from grid to cathode is
reduced. The magnitude of the oscillator component voltage
depends on the value of intermediate and oscillator frequencies,
the interelectrode capacitance, and to a less extent the @ of the
signal circuit. As an example let us assume the following signal
circuit constants L, = 2 uH, C;, = 125 uuF, f, = 10 Mc/s, @ = 100,
fi =465 ke/s, Oy oo aee. = 02 puF. Using expression 4.8
(Section 4.2.2), the impedance of the signal circuit at the oscillator
frequency 10-465 Mc/s is

Ry _ oL@ 12,560

1+j@(@_h_gs,) 1401 1+9]]

Wy wp,
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The reactance of the signal to oscillator interelectrode capacitance is
_ — jlot2 B
T 628 X 10465 x 105 x 0-2
and the ratio of oscillator voltage across the signal-tuned circuit to
oscillator electrode voltage is
12,560 _ 12,560
—776,000j(1+9-1j) +12,560 712,000
which is negligible. The undesirability of grid-cathode oscillator
application under normal conditions can be demonstrated by
assuming a grid-cathode capacitance of 3 uuF when the voltage
ratio becomes 0-213.

Electron coupling and transit time give different results in the
hexode valve from those in the heptode and they will be considered
separately.

5.8.2. The Hexode as a Short Wave Frequency Changer.
Since the signal grid of the hexode is next to the cathode, increase
of operating frequency causes increased input admittance due to
cathode lead inductance and electron transit time (Sections 2.8.3
and 2.8.6 show that input conductance is proportional to the square
of the signal frequency.) The inclusion of a series resistance R, in
the cathode circuit decreases input capacitance and conductance
and their variation with signal grid bias change. A resistance of
from 20 to 502 may so reduce input conductance at high frequencies
that the loss of amplification due to negative feedback (the equivalent

conversion conductance is reduced to —-2¢_ | is more than offset,
1+9.Z,
and overall amplification may actually be increased, as described
in Section 4.10.3. Coupling from the signal to the oscillator circuit
due to the common electron stream is not very important in the
hexode, but in the reverse direction (from oscillator to signal) signal
circuit performance is adversely affected by the repulsion of electrons
from the neighbourhood of the oscillator grid back to the signal
grid region. Some of these electrons (e.g., those repelled at the
time when the oscillator voltage has its maximum negative value)
may gain sufficient velocity to be collected by the signal grid. The
effect occurs at all operating frequencies, but the occasions, when
conditions favourable to the collection of electrons by the signal
grid are realized, are multiplied as the oscillator frequency is
increased. This electron collection causes grid current to flow in
the signal circuit, and to prevent it the negative grid bias must
be increased—about — 2:5 volts may be required at 20 Mc/s as

szig. osc. - 763000j

= 0-01762,
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compared with — 1-0 volt at 1 Mc/s. This increase in minimum
negative bias means a lower conversion conductance in the short
and ultra short wave ranges. The collection of electrons by the
signal grid is proportional 24 to the square of the amplitude of the
oscillator voltage, and to the square of the distance between the
first screen @, and the oscillator grid G;, and inversely to the p.c.
voltage on G,. Hence excessive oscillator voltage must be avoided,
and the distance between G, and G, should be as small as possible.
Raising the screen voltage on G, has disadvantages since G, and
@, are connected together, and increasing E,, reduces the anode
slope resistance, thus causing damping of the L.F. transformer.
5.8.3. The Heptode as a Short Wave Frequency Changer.
A frequency changer having an oscillator in the same electron
stream suffers from a number of disadvantages. A high oscillator
mutual conductance is difficult to obtain, so that oscillation at the
low frequency end of a short wave range requires tight coupling,
which tends to produce a large oscillation amplitude and possibly
squeggering at the high-frequency end. Another defect is that
mentioned in Section 5.3.2, viz., the oscillator anode current is
affected by bias on the signal grid and therefore application of
A.¢.c. bias varies oscillator amplitude and frequency. The second
defect is largely eliminated by the constructions shown in Fig. 5.8a
and 5.8b, or by using ‘ electron coupling >’ 15 for the oscillator with
a cathode coupling coil as in Fig. 5.18. The current in the cathode
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F1e. 5.18.—A Heptode Frequency Changer with Cathode Coupled Oscillator.

coil is independent of signal grid bias. Both defects are largely
overcome by employing a separate oscillator valve.

The signal grid input admittance of the heptode valve may be
positive or negative. It is often negative at low signal grid biases,
i.e., it appears as a negative capacitance and negative resistance in
parallel. This is due to the fact that there is no reservoir of electrons
in the space between the two screens, G; and G; (Fig. 5.7), and the



222 RADIO RECEIVER DESIGN [cHAPTER 5

space current tends to be constant and independent of signal grid
bias variation (the shape of the I E, characteristics of the signal
grid are similar to those of the oscillator grid of the hexode as shown
in Fig. 2.10). Let us consider an A.c. voltage applied to G,; as
this is increasing (the signal grid voltage is becoming less negative)
electrons in the G,G, space are accelerated and their velocity
increased. Since the electron space current is the product of electron
density and velocity, it follows that constant space current entails
reduced electron density when velocity is increased. The reduced
electron density means reduced negative charge in the neighbourhood
of the signal grid, which is equivalent to reduced positive charge
on the grid, i.e., the charge on the grid is 180° out of phase with
the signal voltage producing it. If we assume that the signal
voltage is

E, = F sin ot,
the charge on the signal grid is
Q= — Q sin wt.

The current in the grid circuit due to this charge is the differential
of @, with respect to time so that

g=—d%’=—fcoswt=fsin(wt——90).

The phase relationships between E,, @, and I, are shown in
Fig. 5.19a. I, lags behind E, by 90° and the input admittance
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Fic. 5.19a.—The Phase Relationship of the Signal Voltage and the Grid
Current due to Electron Motion.

appears as a negative capacitance, — C,, as shown by the vector
diagram of Fig. 5.196. Electron transit time causes a lag in the
charge so that

Q, = — @ sin (wt — ¢)
where ¢ = angle of lag due to the time of travel of electrons
between G5 and G, (the signal grid)
and I, = I sin [wt — (90+4)].
This modifies the vector diagram to that of Fig. 5.19¢, which means
an input admittance with a negative conductance (— G,) as well
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as a negative capacitance component (— Cj,). The actual value of
input admittance is determined by the voltage on the oscillator grid ;
it is generally negative for low negative voltages on G,, becoming
smaller, and finally positive to a value equal to losses in the valve
base and holder, as this bias is increased. Under normal conditions
the signal grid input admittance varies considerably over a complete
cycle of oscillator voltage and measurement gives an average value
of input admittance. For television reception, the signal circuit

E ~% Z,
éu
x v -
Iy Egjel-Gy,) L Eje(-cy,)
Fra. 5.195.—The Vector Diagram for Fia. 5.19¢ —The Vector Diagram for
the Signal Voltage and Grid the Signal Voltage and Grid
Current. Current showing the Lag due

to Electron Transit Time.

connected to the frequency changer may require damping in order
to prevent the negative input conductance from reducing to too
great an extent the width of the pass-band. The average value of
negative input conductance is generally decreased as the oscillator
voltage amplitude is increased, because the latter increases the
D.C. self-bias on the oscillator grid and also carries the frequency
changer current into cut-off during some part of its negative half-
cycle. Whilst the valve is cut off, the instantaneous input con-
ductance is positive. The improvement to be obtained in this
manner is limited and it has the disadvantage of increasing oscillator
harmonic response.

It is interesting to note that the above description of the cause
of negative input admittance can also be used as a basis for explaining
positive input admittance when the signal grid is next to the cathode,
as in the hexode. In this instance increasing signal voltage means
increased density of electrons in the neighbourhood of the grid (the
cathode forms a reservoir of electrons which can be drawn upon as
required) and therefore increased positive charge on the grid, i.e.,
the signal voltage and induced charge due to the motion of the
electrons are in phase and

E, = P sin ot
Q,= Q sin wt
2 I, =1 cos wt

so that I, leads upon E, by 90°, or the input admittance is equivalent

to a positive capacitance. Similarly transit time introduces a lag
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in I, and a positive conductance component in the admittance. If
the heater voltage is reduced so that current saturation is approached,
the input admittance of the hexode signal grid can become negative,
because the cathode electron reservoir disappears.

Electron coupling from the signal to oscillator grid has a tendency
to start grid current at increasing negative biases on the oscillator
grid as the operating frequency is increased, but electron repulsion
from G, to G, is much less than in the hexode since the signal
voltage is usually much less than the oscillator voltage, and in any
case grid current is required on G, for self-bias purposes. Hence this
form of electron coupling is unimportant. In the reverse direction,
oscillator to signal electrode, a very undesirable form of coupling
exists. It can be shown 3% by varying the signal circuit tuning ;
as this frequency, initially lower than that of the oscillator,
approaches the latter, the anode current of the frequency changer
decreases to a minimum, from which it rises to its normal value
when f, = f,. From this point it increases to a maximum and then
falls back, becoming asymptotic to its normal value as f, is further
increased. This can be explained if the oscillator voltage com-
ponent induced in the signal circuit is out-of-phase with the true
oscillator voltage for f, < f, and in-phase for f, > f,. This is the
reverse of what happens with capacitive coupling between the two
circuits (Section 5.8.1, Fig. 5.17). Electron coupling must therefore
be equivalent to a negative capacitance from @, to @Q,, and it may
be explained by considering the charge induced on the signal
grid @, by electron movement due to the oscillator grid voltage.
Increasing voltage (less negative) on the latter increases total
current and the electron density in the GG, space. The increased
negative space-charge induces an increased positive charge on @G,,
i.e., the charge on @/, is in-phase with the voltage on ¢;. This is
the reverse of positive capacitance coupling which, for increasing
positive voltage on @,, induces an increasing negative charge on G,.
The equivalent negative capacitance coupling, which has a value
from — 2 to — 0-5 puF, can be neutralized by the addition of
capacitance externally between G, and @, Neutralization is,
however, only complete at one particular set of operating conditions,
and change of the p.c. voltages on the electrodes, or oscillator
voltage amplitude varies the electron coupling negative capacitance
value.

The coupling current flowing from @, to G, lags behind the voltage
applied to G, and the vector relationship is as shown in Fig. 5.195
when B, = E; and I, = I,,. Transit time of the electrons causes
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a lag in the current vector and at high frequencies the vector
diagram is similar to that of Fig. 5.19¢; the coupling admittance
includes a negative conductance component and neutralization
involves the use of a series RC circuit between G, and G,. Another
factor complicates the problem ; the negative conductance com-
ponent increases as the operating frequency increases so that elec-
tron coupling is dependent on the oscillator frequency as well as
on the electrode voltages. Only partial neutralization can therefore
be achieved when operating over a range of frequencies.

Owing to the negative capacitance coupling the oscillator
frequency is affected by signal tuning, but in the reverse direction
to that due to positive capacitance coupling. A curve of oscillator
frequency variation against signal-tuning capacitance shows the
change in f, to be positive when f, < f, and negative when f, > f, ;
the curve is the reverse of Fig. 5.17.

5.9. Image Signal Suppression Circuits.!!, 28

5.9.1. Introduction. Section 5.1.3. indicates the necessity for
discrimination against the image signal (f,+f,) in the Rr.F. circuits
preceding the frequency changer, and a special filter is sometimes

Amplitude

L 4 L
s KK
Frequency Increasing ——

Fr1a. 5.20.—The Required Selectivity Curve for the R.F. Circuits preceding the
Frequency Changer.

included to attenuate particularly this frequency. The effect of
the filter is to give a selectivity curve with a pronounced dip at the
image frequency (Fig. 5.20). There are two important methods of
achieving image suppression, (1) by the use of series or parallel
circuits tuned to the image signal and (2) by feedback of the image
frequency component from a later stage into the input so as to
neutralize the input component.

5.9.2. Series and Parallel Suppression Circuits. The
simplest form of series circuit is obtained by tapping the output
circuit down the coil of the parallel tuned signal circuit as shown
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in Fig. 5.21. The top part of the coil and the tuning capacitor
form the series resonant circuit rejecting the image frequency. The
particular case shown is that of the aerial circuit and for the output
voltage we have, neglecting resistance components

Byp— I[ij o+ fa‘t@] + LioM
and for £ 5 to be zero
PR S
27V (Ly+M)C
If the input generator is a tetrode valve instead of an aerial, the
constant current generator conception (Section 2.7) gives L, in

5.17a.

F1e. 5.21,—The Equivalent Circuit for the Tapped Coil Image Suppressor.

parallel with L,C, and as L,C are a short circuit at their resonant
frequency there can be no current in L,, so that

f=—X . . . . s

2rV L,C
is the condition for E ; to equal 0.
Generally M <€ L, and 5.17a¢ and 5.17b are almost identical.
This method suffers from two disadvantages; it reduces the
amplitude of the desired signal, and it can only give maximum
image suppression at one particular signal tuning frequency since
variation of C over the tuning range makes it impossible to maintain
the rejection frequency equal to the image frequency. We will
illustrate this point for the aerial generator case. Let us assume
that currents I, and I, flow in the circuit at the signal and image
frequencies respectively. If tapping down is not employed, the
image discrimination is given by the ratio of signal to image voltages
across C and this is
Be . 1, joiC _ L fi 5.18
ECi jwsC. Ii Ii.fs ' ) ) )
1
2aV (Ly+L,+2M)C’

where f, = fi = f,-+2f,, and f, = intermediate
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frequency. Across the points 4 B the signal to image discrimination

E
is S4B

EABl
but Bp — 18[12234r j(ws(L,-f—M) _ wl 0)] . 5.19
where R,, = resistance of the L, part of the coil at f,
jwy(Ly+M) 1
E.. —ILR.|14J0LatM)(r 1
ABs 8 23[ + Rgs ( wez(Lg+M)O
:IsR23[1+jQ,s<l —ﬁ_’.ﬂ .. .. s
B 1 o JL,+L2+2M
where f,= S Lar e 22V (Lt L+ 2000 L.+ M
- kfs
_ v+ L, +2M
where £ = J I.iM

If we assume the total resistance R,+ R, to be proportionally
divided between L, and L,
_ 0L+ M) _ wyL,+L,+2M)

% Ry, Ry, + Ry, = &
and E, 5, =1R,|1 +jQi(1 - '%:)]
. EABs — ISRZS[I +st(l —&2)] . . . 5.20.

The improvement in rejection due to tapping down is

|EABs, IECA db.
'EABL| IECSI

)

2\ 2
If there is only a small variation in @ from f, to f;

Ry _fs
R?i fr,

20 log,,

Rye-f, ]2
= 10 log,, 2”f8] . 5.21.

Rzifi

and 5.21 reduces to

1010g1.,f37i93fz"f’% . . . b5.22,

[ +Q S — [
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Curves in Fig. 5.22 show the increased image attenuation achieved
by the tapped coil in comparison with the full coil over the medium
wave-band of a receiver. The 1.F. is 465 ke/s, the coil inductance
156 yH and @ = 100. Curve 1 gives f, =f, = 1,530 ke/s at
fs = 600 ke/s, and curve 2 gives f, =f, = 1,930 ke/s at
f. = 1,000ke/s. Curve 1 is more satisfactory because attenuation is
greatest for image frequencies either in the medium wave range or
close to it. Curve 2 actually has less discrimination for these same
image frequencies and gives greatest attenuation on frequencies
well outside the medium wave range. If the optimum suppression
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F1a. 5.22.—Image Frequency Rejection Curves for the Tapped Coil

Suppressor.

point is chosen at too high a tuning frequency, the tapped coil
may give less discrimination against the image than the full coil
as the tuning frequency approaches the low-frequency end of the
range. This occurs when

fc"‘{"QZ(fsz _f22)2

fArQurE = £ !

or (f:* 4% 1+Q > 2f,2 . . . 5.23a.
By noting that f; = f,+2f,, f, = /vfs and ng == 1, expression 5.23a
reduces to

fs < JL_W. . . . 5.23b.
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If an r.F. amplifier precedes the frequency changer, a better average
image rejection curve is obtained by tapping down the aerial input
and anode coils of this valve by differing amounts so as to stagger
the frequencies of optimum rejection.

Tapping down the coil has the disadvantage of reducing the gain
at the signal frequency and the loss is

Ee, |
20 lo Ii
8 [ Eam |
Since wy(L,+L;+2M) = 1 & expression 5.19¢ may be rewritten
ws
EABs = s[R2s+jws(L1+M)]
also Bo, = Isa)s(L,—i}L,+2M ).
Thus 20 log,, | Bcs |_ 20 log,, 0Ly + Ly +2M) 5.24a
| E 454 V Ry +w, (L, +M)?
_ LitLo+2M
if Ry, < wy(Ly+M),
1
= 20 log,, T ]
L,+L;+2M
= 20 lOgm . 5.24b-
1 —

%2
The loss for curves 1 and 2 (Fig. 5.22) is 1-4 and 2-72 dbs. respectively.

5.9.3. Image Suppression by Neutralizing Feedback
Voltage.2® Image suppression by feeding back part of the output
voltage into the input, or vice versa, necessitates some form of
selective circuit (accepting the desired and rejecting the image)
between input and output. Let us suppose that equal amplitudes
of desired and image frequencies are applied to the input of the
band-pass filter of Fig. 5.23a.

In the second tuned circuit of the filter the signal voltage is
increased and the image voltage decreased owing to the selectivity
characteristic of the first tuned circuit. By coupling to this circuit
a coil connected to the input, signal and image voltages may be
injected into the second tuned circuit direct from the input. By
correct adjustment of the amplitude and phase of the image voltage
complete cancellation may be obtained. Some reduction of the
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signal voltage must also occur, but this may be made quite small
with coils of normal @ value. Generally no attempt is made to
secure accurate antiphase conditions, and maximum image sup-
pression is obtained by adjustment of the number of turns of the
coupling coil. A single turn, wound on the earthed end of the
second tuned coil, is often adequate.

By assuming the resistance components to be zero, and the
coupling reactance between the two tuned circuits to be small in

Fig. 5.23a.—Image Suppression by & Neutralizing Voltage applied from the
Aerial to the Second Tuned Circuit.

comparison with the reactances in the tuned circuits at the image
frequency, we have for the voltage transferred to the second circuit
across the coupling capacitance C,

I, joM
aeJ @ oo
Ee, = TN 5.25
il oL — { — 4+
1ot~ (aotac)]
where I,, = current in the aerial circuit
and M, = coupling from aerial to first tuned circuit.

The neutralizing voltage transferred to the second circuit by direct
coupling from the second aerial coil is I,,jw, M, and for cancellation

I, %{J
LafoMs =~y
J(wiL - inC’o>

M,

JoM, = Co
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c+C,

but w? = Lo, 5.26
. wizMzL(l _ g_z) _ JC”_‘
(0 — w®) = %CTO
Combining the above with 5.26
.2
%_1=E%_§(70_) .. L s

Only one point of maximum suppression is obtained, but a second
can be produced by tapping the output from a part of the second
coil as described in Section 5.9.2.
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Fig. 5.23b.—An Alternative Circuit to Fig. 5.23a¢ for Image Suppression
by a Neutralizing Voltage.

An alternative circuit is that of Fig. 5.23b. The current and
voltage equations are

E, =1,,2+1LjoM,+1joM,
0=1I,joM,+I1,Z;+I,joM,
0 =1, j0M+I,joM,+1,Z,
where Z,, Z, and Z, are the series impedances of each circuit, e.g.,
Z, = R+ R, +j(Xz0+wL,), where B ,+jX,, is the aerial terminal
impedance. If the resistance components are negligible I, = 0 at
the optimum rejection frequency, thus

1.2, = — I joo, M,
LjoM, = — I,jo,M,
Z, M,

=1 5.28.
jwiMa M,

from which
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B Zy = jlo — LY = jopf1 =%
ut s = J[ w; __w_iC = jw; —f?
1
where = —— . the desired frequency.
Je = ovio quency
Replacing Z, in 5.28
JA MM,
—Jds | = . . . 5.29,
[1 X ML 5.29

Again only one point of optimum suppression is obtained since the
R.H.S. of the equation is a constant. The actual optimum suppres-
sion frequency may be set by sliding the coupling coil in the last
circuit so as to vary M, and M, in opposite directions. Generally
the aerial coil is wound on the earthed end of the first tuning coil,

F1a. 5.23c.—Image Suppression by a Neutralizing Voltage Applied from the
Aerial to the Cathode Circuit of the First r.F. Valve.

and the coupling coil in the last tuned circuit is arranged to slide
over it.

A circuit permitting two points of optimum suppression in the
wave range is shown in Fig. 5.23c. The neutralizing voltage is
inserted in the cathode-earth lead of the first R.F. valve by a coil
coupled to the aerial circuit, which is broadly tuned to the centre
of the wave range to be accepted. By neglecting the resistance
components, the rejection frequency may be calculated as follows :
the equation for the tuned circuit is

1 . 1 .
(Too = L)oo = Il(awiL + 770) L ejoo M,
. N 7 il 1
Il]wiL< fz—z = Iac.? th1+wi01
where f,= o
27.‘ LCC]_
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C, is a comparatively large capacitance (about 0-005 uF) and its
reactance is low enough to allow the impedance on the aerial side
in parallel with it to be neglected, i.e., the tuned circuit frequency
is determined by LC and C,.

Voltage between grid and cathode = E, — E,

= _Il —IaejwiM,

JwiC
(w20 52)

= — Iy 1A +jo, M
w1L<1 —fj—2>'7d)10

=0
_ S 1
2
when w; LC’( fz Ma+ TN
But o = 9*¢
w2C,
[J;t ~ 01+0 M f“ .. 530
A
where SO
fa = 27:\/111,01

Two points of optimum suppression may be achieved over the wave
range because the r.H.s. of equation 5.30 contains two independently
variable terms. The first term is of importance at high frequencies.
The circuit can give a fairly constant suppression over the wave
range and has the advantage of introducing little damping from the
aerial into the tuned circuit. The grid-cathode capacitance should
be as low as possible as it modifies considerably the image suppression
characteristics.

In all image suppression circuits the maximum reduction varies
between 20 and 30 dbs.

5.9.4. Image Suppression on the Short Wave Range. The
need for image signal suppression on the short wave range is even
greater than on the long and medium wave ranges because the
signal-tuned circuits are less selective, and the image-to-real signal-
frequency ratio is less. For example, at a signal frequency of
1 Mc/s and an 1.F. of 465 kec/s, the image signal is reduced by
43 dbs. (see expression 4.8a) for a single r.F. tuned circuit of ¢ = 100
(an average value), whereas for a signal frequency of 15 Mc/s and
Q = 50 (an average value) the image signal is only reduced by
15.8 dbs. Methods of image signal rejection outlined in 5.9.2 and
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5.9.3. are not successful for the short wave band because the
frequency ratio between the image and real signal is so much
smaller. The rejection of the image signal (10-930 Mc/s) for a signal
frequency of 10 Mc/s is equivalent to the rejection of an image
spaced 93 ke/s from a signal at 1 Me¢/s. There have been no
special developments for image suppression when a receiver is
tuned over the whole of the short wave range, but two methods
have been successfully applied with band-spread receivers having
preset signal tuning.

One method %7 is illustrated in Fig. 5.24a. The preset signal
circuit consists of a transformer, the primary and secondary of
which are tuned to the centre of the band to be received. The
aerial circuit is tuned by the series capacitance C, and the inductance
L,, and the latter is coupled to the secondary coil L, by combined

Fie. 5.24a.—Image Suppressxon on the Short Wave Band by Combined
Mutual Inductance and Series Capacitance Coupling.

positive mutual inductance and series capacitance coupling (C; in

Fig. 524a). The capacitance C, tunes the secondary -circuit.

Section 3.4.10 shows that the equivalent shunt coupling for this

form of coupling is

ZC=__[R,a)(Ll—M)+R1w(L,——-M)+w2(L1 M)(L M (R1+R,):l
B,

and the rejection frequency is obtained when the reactive com-
ponent of Z, is 0, i.e.,

when oM —

w?(L, — M)(L, — M)
B,

Replacing B, by 7*5 —o(ly+L, — 2M)
5

li:% — o(Ly+Ly — 2M):, = w¥L, — M)(L, — M)

= 0.
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or W = _1_ . . . 53la
Jcs(Lle — M3
M
= 11 = . . . 5.31b
«/ MU“( k? )
where =—¥:.
vIL,L,

The method of adjusting the image rejection is as follows:
With C; disconnected, C, and C, are tuned to give maximum signal
frequency output at the centre of the band-spread range, the
modulated input signal voltage being obtained from a signal
generator through a standard dummy aerial. C; is next inserted
between L, and L,, so connected to give positive mutual inductance

R R.F. Choke

F1e. 5.24b.—Image Suppression on the Short Wave Band by a Series
Parallel Suppression Circuit.
(see Section 3.4.2), and the signal generator is tuned to the image
frequency (f,+2f,). OCs is adjusted to give minimum audio output
from the receiver. An average value for the extra image rejection
is about 12 dbs.

Another circuit 4 for obtaining image suppression is shown in
Fig. 5.24b. C, is the normal coupling capacitance (0-0001 yF) from
the anode of the Rr.F. valve to the frequency changer. A capacitance
C, is inserted between the top of the preset tuned-signal circuit and
the grid of the frequency changer. It forms a series resonant
circuit, at some frequency lower than the signal frequency, with
the inductive reactance of the LC circuit, which itself is tuned to
the signal frequency. In this instance it means that the image
frequency must be less than the signal frequency, and the oscillator,
contrary to normal practice, has a frequency of f, — f;. This
causes no particular complication as the signal circuits are preset
and no ganging problems therefore arise. The use of an inductance
in place of C, would enable the more normal oscillator condition
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of f, = f,+f, to be realized, but satisfactory rejection is difficult to
obtain owing to resistance in the inductance, and stray capacitance
from the grid of the frequency changer to earth. The series im-
pedance of the LC circuit is (expression 4.4)

7 - R +.wL(1 — wiLC) — wCR?
DB = (1 — 0iLC): + (@CR)? ¥ (1 — wiL0)*+(wCR)®
R . wL
Zpp =

T = o'L0)* ([T = o'L0)
since R is usually much less than wL. For series resonance at the
image frequency

w;L 1
1 —w2lC w0,
o= e = ... 532
VI(C+Cy) Jl +gj
and then Z,; = = aI)i“LC)
. R
w2 ]2
[1-5;
where w2 = i
¢ LC

In the absence of the capacitance C,

Z 4B(c,=0) = Zpp = - ———(@——w—)— [Expression 4.8a]
8
8

145Q,

s0o that the increase in image rejection is

L[0T,

T oT
Nl

For f, = 15 Mc/s, @ = 50 and f, = 465 kec/s

w;

But =

and increased image rejection = 20 log,,
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14-07\ 272
2} 1 —
-]
J1+502 1407 15 72
15 1407

= 15-34 dbs.

The ratio of g’ for this signal frequency is given from

02 fs 2
— =) —1=0135
¢ =(7)
or C, =108 uuFif C = 80 uuF. (Anaverage value

for band-spread signal tuning.)

The above represents the maximum image suppression for a signal
tuned to the centre of the band-spread range and the average
rejection over the whole range would be about 13 dbs. Higher
values of image suppression are obtained at lower frequencies due

increased image rejection = 20 log,,

expression 5.32.

to the increased ratio of j}f; thus at 6 Mc/s for the same @ the
i

maximum extra image suppression is increased to 21-6 dbs. Expres-
sion 5.32 shows that the ratio gﬁ must be changed when the range
is varied, and it has to be increased as the central signal frequency
is reduced. The required increase in C, is less when L is switched
and C is fixed than when C is switched. Usually the first condition
applies for reasons discussed in Section 4.10.2.

Stray capacitance C, across the points AB should be reduced to
the smallest possible value as it affects adversely the image rejection
performance, chiefly by reducing the impedance to the signal
frequency across the points AB. Thus, denoting the dynamiec
impedance of the LC circuit at the signal frequency by R,

Z4p(Cs = 0) = Rp+-

COC’

1 1
Z,45(Cs #0) = jle', '7;0 Cs

RD+jw0,+jw03

2
( D+jw0 >o,+os

when ——+ > Ry
wC, oC;

Z45.(C,=0). . . 534,

C,
ZAB*o +C
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5.10. Push-Pull Frequency Changing. Push-pull frequency
changing possesses certain advantages over single valve frequency
changing.

(1) The signal or oscillator frequency currents in the anode
circuit can be cancelled. This is of most advantage when the signal
or oscillator frequency approaches that of the 1.F.

(2) The interaction between the signal and oscillator circuits
due to electrode capacitance and electron coupling 3 may be
considerably reduced.

(3) All even oscillator harmonic responses may be cancelled.

If the oscillator grids of the two valves are connected in parallel
and the anode circuits are in push-pull, matched valves give no
resultant oscillator current in the anode circuit. Even oscillator
harmonic responses are therefore cancelled ; this may be proved by
assuming the I E, relationship of each valve to be represented by

Ia == (ao+a1Egl—f—a2E012+ CEETY )(bo+b1Eg3+b2Eg32+ .. .)

if E, =E, cos wgi
E ;3 = B cos wt
(the bias voltage for simplification is assumed to be .ero)
the coefficient of 1.F. current in the first valve = &E%Lbl
second _ _BiBad
»” » 3 bR 3 bad 2 bR] 2 .

Since the valves are in push-pull with regard to their anode circuits
we must subtract the two currents, hence the total 1.F. current

= E.B,a,b,.

The coefficient of the 2nd harmonic response current in the first valve
. Ethsalbzz
=y

The coefficient of the 2nd harmonic response current in the second
valve

(— Eh)zAEsa’lbz2

2
BB a.b,?
—

Subtraction of these terms gives zero coefficient, and this will be
found to occur for all even harmonic responses. If the valves are

not matched, a,” =2 a,” and b, = b,” and some oscillator harmonic
response is found.
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CHAPTER 6

OSCILLATORS FOR SUPERHETERODYNE
RECEPTION

6.1. Introduction.! Any reversible system which is capable
of storing and releasing energy, i.e., changing its form from potential
to kinetic and back again, can be made to oscillate. If the release
and storage can be achieved without loss of energy the system will
continue to oscillate when once set in motion. This condition
cannot be realized in practice because energy is always dissipated
when any interchange takes place, and the oscillation amplitude
decays according to an exponential law unless the loss is made
good. The simplest form of oscillator is the pendulum, which
stores energy when rising and releases it when falling. The potential
energy is a maximum at the top of the stroke, when the pendulum
is momentarily stationary, and storage is complete. Kinetic energy
is maximum at the centre of the stroke, and the potential energy
is then zero. The pendulum has as an electrical counterpart, the
LC circuit, for energy storage is possible in the capacitance and
energy release in the inductance. A fully charged capacitance
corresponds to maximum potential energy in the pendulum at the
top of its stroke, whilst maximum current in the inductance corre-
sponds to maximum kinetic energy in the pendulum at the centre
of its stroke. The energy stored in the capacitance is 1CE?, and
is a maximum when the voltage is maximum and current through
the system is zero. The energy released in the inductance is }LI?
and is zero when I is 0, i.e., when }CE2is maximum. It is maximum
one-quarter of a period later (90°) when E is zero. The analogy
with the pendulum is therefore exact, for the potential energy and
kinetic energy maxima are separated by one-quarter of the oscillation
period.

In the pendulum, energy is lost mainly in friction at the bearings,
and this loss is made up by energy transferred through a suitable
impulsing mechanism to the pendulum from the unidirectional driv-
ing source, a tensioned spring, a suspended weight, or an electrical
power supply. This impulsing must be made in the right direction
and at the correct instant so as to restore the decaying amplitude
to its original value. Correct timing or phasing of the impulse is
essential if the natural oscillation of the pendulum is to remain

241
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unaltered, and it should be applied when the pendulum is at the
centre of its stroke. An impulse given at any other position
increases or decreases the frequency of oscillation. If the impulse
is given on the down stroke in the direction of pendulum motion,
the frequency is increased, whereas it is decreased if given in the
opposite direction.

Energy loss in the tuned circuit occurs due to the resistance
component of the inductance and of the capacitance. The former
is generally far more important than the latter, which can be
reduced to a very low value by the use of suitable dielectrics.
Make-up energy to compensate for these losses can be derived
from a D.c. source, and the impulsing action may be supplied
mechanically by a buzzer or electrically by a valve. In the case
of a buzzer the impulse is of short duration and at intervals separated
by perhaps many cycles of the LC circuit oscillation frequency.
The result is a train of oscillations of decaying amplitude built up
to the initial amplitude at regular time intervals, when the buzzer
contacts close and connect it to the p.c. power source. Conditions
are different in the case of a valve, which is able to sustain oscillations
by virtue of its amplifying action. An essential condition is that
energy is fed back from the valve output circuit to the input circuit.
This input energy is amplified in the valve and helps to make up
the losses in the output circuit, which is usually directly or indirectly
the LC circuit. The decay of an oscillation once started in the
LC circuit is prolonged by the energy feedback and amplification,
and if sufficient feedback occurs oscillations can be prolonged
indefinitely. The make-up energy may be supplied to the LC circuit
during a part or the whole of the oscillation cycle. Short period
impulsing (Class C operation) over about a third of the cycle is the
most efficient method of operation, and is consequently widely used
for transmitting oscillators. For a superheterodyne receiver oscil-
lator, Class C impulsing is not normally employed and Class B
operation is more usual. The impulse is applied over about three-
quarters of the cycle and this has the advantage of causing less
harmonic production. Low harmonic content is essential to prevent
whistle interference in the frequency changer (Sections 5.4.3 and
5.4.4), and oscillator efficiency is of little consequence.

An essential component of the valve oscillator is the feedback
impedance between the anode and grid circuits, which allows the
valve to apply the make-up energy in the correct phase relationship.
If the phase angle of the feedback voltage is not correct the
oscillation frequency is different from the natural frequency of the
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LC circuit and the frequency is decreased or increased in the same
manner as that of the pendulum.

In a valve-driven circuit oscillation occurs as soon as the ratio
of the energy feedback to the output energy exceeds the energy
gain of the valve, and oscillation amplitude builds up to larger and
larger values until balance is restored by a reduction in the energy
gain of the valve. The efficiency of the valve as an energy amplifier
is only independent of oscillation amplitude for small amplitudes,
and usually the energy gain progressively falls when the amplitude
is increased beyond a certain value. The limit of oscillation
amplitude is determined by cut-off of anode current at one end,
and either by grid current damping or saturation of anode current
at the other. Grid current is usually the more important limiting
factor. The non-linear action of the valve is essential to the
stabilisation of amplitude and it is clear that harmonics of the
oscillation frequency cannot be avoided. The amplitudes of the
individual harmonics in comparison to the fundamental can, how-
ever, be made very small by careful design and operation.

6.2. Types of Valve Oscillators and the Conditions for
Self-Oscillation.

6.2.1. Introduction. There are five chief types of valve-
maintained oscillators. In the tuned anode oscillator (shown in
Fig. 6.2a), the LC circuit is connected to the valve anode, and a
coil coupled to the inductance branch is used to return energy
to the grid circuit for amplification by the valve. The tuned grid
oscillator is similar to the tuned-anode oscillator of Fig. 6.2a
except that the positions of the LC circuit and feedback impedance
are reversed, i.e., the former is connected between grid and earth.

The simplest form of back-coupled oscillator is the Hartley
(Fig. 6.4). The tuned LC circuit, connected between anode and
grid, is its own feedback impedance. The position of the tapping
point of the cathode on the coil governs the amount of feedback,
and is such that the latter is in the right direction to increase the
energy supply from the anode of the valve to the LC circuit.

The Colpitts oscillator of Fig. 6.5 is a variant on the Hartley,
the only difference being that the capacitance branch is split to
provide a tapping for the cathode instead of the inductance branch.
The LC-circuit is again its own feedback impedance.

In the last form of oscillator (Meissner) shown in Fig. 6.1 the
LC circuit is not inserted in either grid or anode circuit. Coils
L, and L, coupled to the tuned cireuit, supply energy to the latter.
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We will now proceed to an examination of the conditions neces-
sary to start oscillations in all the above types of oscillator except
the Meissner. One assumption is made, viz., that the valve is

HT+
Q

Fi1a. 6.1.—The Meissner Oscillator,

functioning as a linear amplifier. In actual fact, once oscillation
has started, constant amplitude can only be maintained if the
valve has non-linear characteristics.1® 13 Nevertheless, the linear
theory is most useful in giving an understanding of the principles
underlying valve oscillators, and is helpful in indicating the effect
of the valve on the frequency of oscillation.

6.2.2. The Tuned Anode Oscillator. The actual and equiva-
lent circuits for the tuned anode oscillator are shown in Figs. 6.2a
and 6.26. Making the assumptions of linear 2! operation and high

7 T oH.T+
L c
RE} __f,
=t
7 e
I o4
M [_: Ry ’
\
R, ®)
O H.T-

(a)
Fi1g. 6.2a and 2b.—The Tuned Anode Oscillator and its Equivalent Circuit.

grid input impedance, the current-voltage equation for the anode
circuit is

uB, = IR, +I,(R+joL) . . . 6.la
where —E, = voltage induced in the grid circuit, the negative sign
must be included since the vector direction with reference to the
cathode is opposite to that for the generated anode voltage, i.e.,
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when uF, is increasing in a positive direction, £, is increasing in a
negative direction. Hence the voltage equation for the grid circuit is

— B, =joMI, . . . . 6.2,

Combining 6.la and 6.2.
— wjoMI;, = I,R +1I,(R+joL) . . 6.1b
but I, =1I,+1, . . . . 63
and I (R+jwLl)y = —IQ . . . . . 6.4

JjoC
From 6.3 and 6.4

I, = I;[1+(R4+jol)juC] . . . 65

replacing I, in 6.16 by 6.5.
— pjoMI; = I,[R,[(R+jwL).joC+1)]+R-+joL]
I,[R+R, — 0?®LCR,+j(uwM +wL+RR,wC)] =0 6.6.
Since I; = 0 is obviously not a possible solution, the term in the
bracket must be zero. Equating real and imaginary terms separ-
ately to zero we have

-
0= — — = — . . 6.7
\/LC’N/ Itg =on/tg
where w, = -\/—_— the natural pulsance of the LC circuit
and M= — [Iﬂ"] [L+QI?] . . 6.8.
# B G

The negative sign for M is to be expected since the grid voltage
E, with respect to the cathode must be in antiphase to uE, also
referred to the cathode. The physical significance of — M is
treated in Section 3.4.2, and the grid coil L, is shown reversed in
Fig. 6.2a to emphasise this feature. Two points of interest arise
from expression 6.7 ; the valve slope resistance affects the oscillation
frequency, making it higher than the natural frequency of the
LC circuit, and the difference in frequency is least with smallest
coil resistance and largest valve resistance. The increase of oscilla-
tion frequency means that the impedance of the LC tuned circuit
is capacitive, and this is clearly shown from the vector diagram of
Fig. 6.3, in which all voltage and current vectors are referred to
the cathode. The generated voltage vector uE , shown as horizontal
to the right, is taken as the datum. It has two components (see
expression 6.1a), that represented by I, R, across the valve resistance

and that, E, = I (R+jol) = ;C* across the tuned circuit. Since
w
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the oscillation frequency exceeds the natural frequency of the
tuned circuit, I, is capacitive with respect to u&, and leads it as
shown. Of the two current components of I,, I, leads E, by 90°
(assuming the capacitance €' to have no resistance component)
and I, lags behind E, by less than 90° due to the coil resistance R.
The grid voltage Z, lags behind I, by 90° and is at 180° to uF,;
i.e., for continuous oscillation I; must always lag behind uE, by
90°. This is not possible if I, is inductive, for E, then leads on
ukl,, and as the angle between E, and I, cannot exceed 90°, I, can
never be at 90° to uE,. The effect of an increase of R, is shown
by the dashed vectors of Fig. 6.3, I, is reduced to I,’, but the vector

Fi6. 6.3.—The Vector Diagram for the Tuned Anode Oscillator.

IR, is increased to IR, because I, is reduced to a less extent
than B, is increased. Since I;’, and therefore E,’, must remain at
the same phase angle relative to uE, it follows that I,’R,’ and
therefore I,” must have a smaller phase angle with respect to uf,.
I,” must have a smaller angle of lead on E,’, which means that the
LC circuit impedance is less capacitive and the oscillation frequency
closer to the natural frequency of the tuned circuit thus confirming
expression 6.7. The same process can also show that decrease of
R reduces the difference between the oscillation and natural
frequencies.

Let us now consider the effect of a finite grid input impedance
due mainly to grid current. If I, is the current in the grid circuit
and R, represents the grid input impedance (assumed to be resistive),
the equations become

pB, = —ul,B, = IR, +1;(R+-joL)+1,joM . 69
I, =1, +I, . . . . 6.10
I(R+jol)+1,joM == Te . . . 611

joC
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From 6.10 and 6.11

I, = I;[1+joC(R+joL)] — I,w2MC . . 6.12,
But I, joM = I (R,+jwL,)
I joM
= T 6.13.
I R,+juL,
Replacing I, and I, in 6.9 by 6.12 and 6.13.
— Wl RowM
B +joL,
. . . . joM . M — M
_ILI:Ra(l+JwC(R+]wL))+R+‘7wL+—-——«Rg+ijv(‘7w " CRa)]

I{pjo MR, +[B,+joC(R +joL)R,+ R +joL)(R,+joL,)
+joM(joM — w?MCR,)] = 0.

Equating the real term to zero gives the value of w
R(R, — w2LCR,+R) — w?LL, — «@®*L,CRR, — 0>M? =0 . 6.14.

Hence w = J Ry(B+R,)
LCR,R,+LL,+L,CRR,+M?*

R

/ 'R,

6.15.

p— wD
L, LR M?
“/ 1+CRaR,+LR,+L0RaR},

It will be seen that expression 6.15 reduces to 6.7 when R, is infinite.
The frequency of oscillation is least affected when R, is as large as
possible, i.e., grid current should be small ; L, should also be as
small as possible. The larger the value of C the less effect has R,
so that we should expect the departure from the natural frequency
to be less at the lower frequencies of a given tuning range.

6.2.3. The Tuned Grid Oscillator. If the effect of grid
current is neglected the following equations are obtained for the
tuned grid oscillator.

wE, = I (R, +joL)+LjoM . . . 6.16
where I = the circulating current in the tuned grid circuit
I
= - 6.17
7 juC

1
Lj (oL — Y] =0 . . 6u1s.
a]w]l[+l[R+j(wL | 0)] 0 6.18
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Combining 6.16 and 6.17

1 = LdBatjols) 6.19.
—j #
J (wM+wC>
Replacing this value of I in 6.18
R—[—j(wL — L)](Ra+ija)
Il oC
el joM 4= u =0
— il oM+ #
i{om+4c]
M 1
212 = _ - .
or w*M24+p G +R,R wLa<wL - C)
. 1
+j|:Ra<wL — m) +RwLa:| =0 . 6.20

Equating the imaginary term to zero gives the oscillation frequency
as

o = —lf—R‘ . . . 6.2la
J LC<1+ LaRa)
= % .. . .21
«/ 417

This is less than w, and the LC circuit is thus an inductive
impedance at the oscillation frequency, exactly the reverse of the
tuned anode oscillator. Least frequency variation is obtained
when R, is large, and R and L, small.

Equating the real term to zero and replacing w by expression
6.21a gives a quadratic in M

M2 uM L L,

(e T o PR g T
where * = Lot
IR,
and
ar— —#L(+e) £ \/[uL(1+o;)]2 — 4 LLa+RELO(L )] o op)

The minimum value of M required to start oscillation is that with
the positive sign before the root.
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_ 4[L,La+RR,LO(1 +rx)_]]*
[#L(1+a)]?

—uL(1+4a) +,uL(l+oc)[1
Thus M =

2

expanding the last term by the Binomial theorem.
(LyLoa+RR,LC(1+a)]
,uL(l—{—oc)

l: :I . . . 6.22b.
l+oc Im

Expression 6.22b is similar in form to 6.8 and M is again negative.
The value of « is unlikely ever to be greater than 1 and L, is usually
much less than L, so that a smaller value of M is required to initiate
oscillation for the tuned-grid oscillator than for the tuned-anode
oscillator.

6.2.4. The Hartley Oscillator. The fundamental equations
for the Hartley oscillator (Fig. 6.4), neglecting grid currenf, are
as follows :

M=

uk, = I R +1,(R,+joL,) — I,joM.
In this equation and in all others that follow, M denotes the

~OH.7T+

F1a¢. 6.4.—The Hartley Oscillator.

numerical value of mutual inductance and the negative sign, which
the circuit clearly indicates is necessary, is placed outside M.

— E, = I(R;+joL,) — IjoM
I, =1,+1,.
Hence
— ulI (B, +jol,) — I[joM] = (I,+1)R,+I,(R,+jolL,) —I,joM.

But I(R,+joL,) — I,joM = I,(R,+jwL,)

LR A Ri+jo(L; — ﬂM)][Rz+jw(Lz+M) o

+[B,4-uR,+jo(ul, — M)I[Ry+jo(L,+M)] =0 6.23.
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Equating the imaginary term to zero we have
RioLy — pM)+(Bort Ra)| Tt 1) - = |

+Riw(uLy — M)+(R,+uR)o(L,+M) = 0

W Ry(Ly+Ly+2M)+ Ry(u+ 1)L, +Ry(u+1)L,] = &Z_RL

Generally R,(L,+L;+2M)> Ry(u+1)L, and R,(u+1)L, so that

145
YN A S— [14+E 6.24
(Ln+Ly+2M)0 F 7

where w, = the natural frequency of the LC circuit. The oscillation
frequency, as in the case of the tuned anode oscillator, is higher
than w,, but the frequency difference is small when R, is large
and R, small.

The condition for oscillation is obtained by equating the real
part of expression 6.23 to zero.

(Bs+R))Ry — w¥(Ly — pM)(L,+ M)+
+(B,+pRBy)R, — w*(uLy, — MY(L,+M) =0

Ry(Ri+Ry)+B.Ro(1+11) +£l:a_/£[ — w¥LLy — MH(u+1) = 0.

Neglecting R R,(1+4) and replacing w? by 6.24

R
@Iy — 0143 Ly
— Lo iU RARARY).
(L +L,+2M)C ¢

L —pi
Y

R,
If Z <L

(LiLy — M¥(u+1) = (Ly — pM)(Ly1+L,+2M)
+CR,(B,+R)(L,+L.+2M)
which reduces to

_L+M CR,(R,+R,)(L,+L,+2M)
S A 7L ) AN (1) A (R 6.25a
for continuous oscillation.
By changing the ratio of L+ M i.e., the cathode tapping
L+ %

point on the coil, it is possible to adjust the oscillating conditions.
A larger inductance between the grid and cathode makes for easier
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oscillation. The frequency requirement of high R, points to the

need for a high g,, for expression 6.25a¢ approaches
A, C(R,+R)(L,+Ly+2M) 6.256
-Ra m (L1+M)(L2+M) . . . -
6.2.5. The Colpitts Oscillator. The conditions for start of
oscillation may be determined in the same manner as for the previous

OH.T+

S R.F Choke

-OH. T~
F1a. 6.5.—The Colpitts Oscillator.

circuits. Referring to Fig. 6.5, we find the following current and
voltage relationships (neglecting grid current) :

I, =1,+1,

uBy — IR+ Ic, =1, a+Il(Ra+mJa>
=

s, ~ L)

ul, 1\.
- - I,[(R oL+ 02)(13,, o Ol> chl+Ra:|.
I[p+jR,wC; — 0*R,RC,Cy+jwCs R— joiLR,C,Cs
— w!LCy+jwC R, +1] =0 6.26.
Equating the imaginary term to zero
R,wCy+wC,R — 0*LR,C,Cy+wCR, = 0.

1 1 R
2 - b T
“* = 16,710, T R.LC,
1 RC, )
= 1 . . . 6.27a
e\ TR C.+Cy)
C,+C,
R/ C,
_ af © ) e2m
or w w°N/1+Ra(CI+O,) 6.2

where w, is the natural frequency of the LC circuit.
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The condition for start of oscillation is obtained by equating the
real term to zero.

ILe, u+1 = w¥LC3+RR,C,C,)
Replacing w by the value in 6.27a

a1 = [01+C, RR(01+0,)][1+ RC, 2)]

R,(C,+C
H A <!
pt1 = 14024 T BOAD)
or for oscillation to be sustained
- a+RmR(%+C') . 6.284.

The ease with which a Colpitts circuit may be made to oscillate
is very clearly indicated by expression 6.28¢. In practice C; = C,,
so that for normal values of circuit components even a very low
p valve can be made to sustain oscillation.

We also note that for small frequency variation due ’ro the valve,

R should be small and R, large. Whe +0) > > 2t:he valve

parameter determining oscillation is g, for expression 6. 28a becomes
Loy BOHC) o gog,

R, " L

Summarizing the results of the examination assuming linear
operation we find that for minimum frequency variation due to the
valve, R, and R, (the grid circuit input resistance) should be as
large as possible, whilst R, I, and the inductance of the feedback
coil should be as small as possible. The valve makes the oscillation
frequency greater than the resonant frequency of the LC circuit
for the tuned anode, Hartley and Colpitts oscillators and less for
the tuned-grid.

Ease of oscillation is secured in all cases by a low value of R and
high value of g,, and oscillation conditions for the Hartley and
Colpitts circuits are particularly easy to fulfil.

A lower value of M or u is required as the tuning capacitance
is decreased, i.e. frequency is increased.

6.3. The Conditions to be fulfilled by a Superheterodyne
Receiver Oscillator. An oscillator supplying the oscillator
voltage to a frequency changer must fulfil the following requirements
if satisfactory operation is to be achieved :
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1. The conditions for self-oscillation must be easily realizable.
An oscillator requiring a feedback coil comparable in inductance
to the LC circuit inductance is obviously unsatisfactory. Exces-
sive anode current in the normal oscillating condition cannot be
tolerated.

2. Oscillation must be maintained over the required frequency
range without ‘blind spots™, frequencies at which oscillation
ceases.

3. The variation in amplitude over the frequency range should
be as small as possible. The necessity for this is clearly indicated
in Section 5.5.

4. The oscillator must not have a number of degrees of freedom,
and must not be liable to parasitic or squegger oscillations.

5. Supply voltage variations should have minimum effect on
the oscillation frequency.

6. The frequency should be independent of bias or supply voltage
variations on the frequency changer.

7. Harmonic frequency voltages generated by the oscillator
should be small.

8. Temperature and humidity variations should have minimum
effect on the oscillation frequency.

Each of the four types of oscillator fulfils some of the require-
ments, and generally by careful design those not normally fulfilled
can be approached.

The tuned anode oscillator, for example, has generally less
harmonic content, a larger amplitude, and is more stable to supply
voltage fluctuations than the tuned-grid, whilst the latter has a
more constant amplitude as the oscillator frequency is varied over
the tuning range.? The tuned anode oscillator has the added
advantage of being less affected by bias variations on the frequency
changer valve, when the oscillator grid of the frequency changer
and grid of the oscillator valve are connected together.

The Hartley and Colpitts circuits, on the other hand, can be
made to oscillate without difficulty even at high frequencies in the
short wave range.

We will now consider requirement 3 in detail.

6.4. The Maintenance of Constant Output over the Fre-
quency Range. In Section 5.5 it is shown that the oscillator
voltage at the frequency changer must not be allowed to exceed a
given value, otherwise harmonic interference whistles are produced
by the frequency changer. Conversion conductance is rapidly
reduced if the oscillator voltage falls much below the optimum
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value. Hence it is essential to maintain the oscillator output
voltage close to the required value over the frequency range.

The tendency in most oscillators is for the amplitude to increase
as the frequency increases. The conditions for start of oscillation
given in Section 6.2 indicate that this is to be expected, since
decrease in the tuning capacitance C reduces the value of M or u
required to start oscillation. It is not practicable to reduce the
value of M or p as C is decreased. The decrease in C is offset to
some extent by an increase of coil resistance R, but this is not
sufficient to prevent increasing amplitude. The only alternative is
to insert an impedance which increases the damping of the tuned
circuit or reduces the feedback as the fraquency rises. A normal
method of achieving this is to include a resistance between the grid
of the valve und the self-bias resistance and capacitance. This is

—0
HT-

Fi16. 6.6.—The Tuned Anode Oscillator with Series Grid Resistance as an
Amplitude Stabilizer.

shown in Fig. 6.6 for the tuned-anode oscillator. The resistance
R, forms with the grid input impedance a potentiometer which
reduces the proportion of voltage transferred to the grid as the
frequency increases. Its chief effect as an amplitude stabilizer
is, however, in combination with the grid-earth capacitance for it
produces across the grid coil a parallel damping resistance, which
decreases as the frequency increases. For example, if B, = 1,000
and the grid earth capacitance C, = 10 uuF, the admittance of
these two in series is

Y — 1 _ JwCy(1 — joC\R,)
R + 1 1 +w2012R12
el
R0?C,? joC,

14+ w2C2R,2  1+w?C,2R,?
= +GjB.
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The damping resistance across the grid coil is therefore

B, — 1 _ 1H@C R
7 Qq Rw2C,?
= 0-84 MQ at 550 kec/s
= 0113 MQ at 1,500 ke/s.

A typical curve showing the amplitude correction obtained by this
method is given in Fig. 6.7. A value of 500 to 1,000 is suitable
for long and medium waves and 502 for the short waves. R, and
C, are R.F. decoupling components in the anode circuit and have
values from 20,000 to 50,0008 and 0-1 uF, respectively. Limitation
of amplitude variation in the tuned-grid oscillator can also be

! L1 ’5§
. panct S
eS'sta "3
sk $
Sef‘ 12
wr | g
th Serves Reg,: 09
R el s A I
//."" 8 §
T ™
S
6
S
PEEY
8
23
b
0 S
S00 1400 9500
Frequency (kc/s)

Fia. 6.7.—Curves showing the Stabilizing Effect of the Series Grid Resistanco
in the Tuned Anode Oscillator.

achieved by inserting a resistance between the anode and feedback
coil, and the values given above are suitable.

Negative feedback, by inserting a small coil L, in the cathode
lead, can be applied to limit amplitude variation when the oscillator
valve is separate from the frequency changer. The increasing
impedance of L, reduces the effective mutual conductance of the

valve to ¢, = m%uf; as the frequency increases, and so
reduces oscillator output.

Amplitude variation in a tuned anoae oscillator may be reduced
by using resistance-capacitance coupling to the LC circuit as in
Fig. 6.8. The anode resistance R, reduces the gain variation due

to the increase in the tuned circuit impedance (51—2) as the oscillation
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frequency increases. This resistance has the disadvantage of damp-
ing the LC circuit and increasing the possibility of harmonic produc-
tion in the oscillator itself. It also reduces oscillator frequency
stability with respect to changes of H.T. voltage, because R, is

OH.T+

L

OH. [~

Fic. 6.8.—Amplitude Stabilization of the Tuned Anode Oscillator by a Shunt
Resistance,

effectively in parallel with the tuned circuit; it increases R in
R
expression 6.7 with the result that 7 is increased and variations
of R, produced by changes of H.T. voltage have greater effect.
Amplitude stability may be increased for the tuned-anode
oscillator by using a diode connected to the tuned circuit to supply
the grid bias. A suitable circuit is shown in Fig. 6.9. This method
considerably reduces the maximum amplitude, and a long grid-base
oH. T+

S R.F Choke

—oH. ]~

Fia. 6.9.—Amplitude Stabilization of the Tuned Anode Oscillator by Grid Bias
derived from the Tuned Circuit with a Diode.

valve may be necessary to obtain sufficient voltage for the frequency
changer.

6.5. Frequency Stability.3:8 One of the most important
requirements in an oscillator is that its frequency should remain
constant. Any variation of frequency from the correct setting
causes the I.F. carrier to be displaced from the centre of the pass-
band of the 1.F. amplifier. For an amplitude modulated wave,
frequency distortion, producing high-pitched shrill reproduction, is
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the chief result, but if the off-centering is excessive the equivalent
of single side-band transmission is obtained and amplitude distortion
occurs. Rapid fluctuations of H.T. voltage, due to hum, interference,
etc., are more serious in the frequency modulation receiver, since
they cause frequency modulation of the oscillator rather than
amplitude modulation. The detector system in the amplitude
modulation receiver has no response to a frequency modulated
LF. carrier. In the case of frequency modulated reception, slow
variation of oscillator frequency is serious because it limits the
permissible frequency deviation of the carrier and causes amplitude
distortion at high modulation levels.

Frequency variation may be separated into long- and short-
period effects. Long-period changes, i.e., slow drift of oscillator
frequency, are generally the most troublesome and produce greatest
frequency variation ; heat and humidity are the chief causes by
varying the inductance and capacitance of the tuning -circuit.
Increase of temperature normally increases inductance and capaci-
tance and lowers the oscillation frequency. Heating of the valve
also adds its quota by producing a change in the parameters,
I, 9, and R,, and in the electrode spacings. Short-period changes
are chiefly due to H.T. supply voltage fluctuation from hum, mains
interference or feedback from the audio frequency stages, but an
important source is also the frequency changer. Frequency varia-
tions from the latter are mainly a result of A.¢.c. and coupling
(electronic and capacitive—Sections 5.8.2 and 5.8.3) to the signal
circuit. For this reason a.¢.c. is often not applied to a fre-
quency changer operating on the short and ultra short wave
ranges.

Though long- and short-term fluctuations form a convenient
classification it is preferable to analyse under the headings of the
components, causing the frequency variations, e.g., the valve, the
LC circuit and its associated components, such as the range switch,
coupling capacitors, etc., and frequency changer.

6.6. Frequency Variations due to the Valve.2!

6.6.1. Introduction. Frequency variations due to the valve
may be ascribed to four causes:

1. The valve is not functioning as a pure negative resistance,
but has a reactive component, the value of which is affected by
power supply voltages. This reactance is in parallel with the LC
circuit and directly affects the resonant frequency.

2. Harmonics are present. They are essontial to stabilized
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oscillation, but the smaller the harmonic content the less is the
frequency variation.

3. Interelectrode capacitance change. This capacitance is made
up of two components, one due to the electrode dimensions and
spacing, and the other to the space-charge distribution of the
electrons. Change of the former due to heating of the electrode
structure is a long-period effect, whilst the latter may have a long-
period effect due to heating of the valve changing the emission
properties, and a short-period effect due to H.T. supply voltage
variations. Greatest space-charge capacitance is usually in the
neighbourhood of a negative electrode, and hence grid-cathode
space-charge capacitance is greater than anode-cathode space-
charge capacitance. A tuned grid oscillator therefore shows greater
frequency variation than a tuned anode for given fluctuations of
supply voltage.

4. Variation in valve slope resistance R, resulting from power
supply fluctuations. The frequency formulae developed in pre-
ceding sections indicate that changes of R, affect the oscillation
frequency.

6.6.2. Valve Reactance. The valve has the effect of reducing
the resistance component of the LC circuit to zero so that the
slightest random disturbance sets up oscillation. At the same time
it introduces a reactive component which modifies the equation for
start of self-oscillation to

. 1 .
R-H(wL = ;;a) — (R +X,) = 0.

. . . 1
If X, = 0 we see that the oscillation frequency is f = — and
' Vil = o vie
is independent of the valve. The frequency f is ___i__
27 J ( L — &)C
w
or _1__ if X, is respectively inductive or capacitive.

e

From the above it would appear possible to neutralize the frequency
variation due to X, by inserting a suitable correcting reactance in
series with the grid or anode lead. An improvement in frequency
stability can be brought about by the inclusion of a neutralizing
reactance but, since the latter must be varied when the LC circuit
frequency is varied, it is not feasible for correcting oscillators
covering a large frequency range. Furthermore, owing to non-
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linear operation of the valve, reactance neutralization cannot
prevent, but can only reduce frequency variation due to the valve,
The effect of valve reactance can be reduced by using very loose
coupling between the valve and tuned circuit, and one way is to
tap the valve connection into a part only of the tuning coil, rather
than across the whole coil.

6.6.3. Harmonics. In oscillators there must be an energy as
well as power balance. The latter entails neutralization of LC circuit
resistance whilst the former requires equality of inductive and
capacitive energy. Harmonic currents, generated by the valve, flow
more easily through the capacitance than the inductance branch of
the LC circuit so that the capacitive energy tends to exceed the
inductive energy. To restore energy balance the current through
the inductive branch must be increased. This may be realized by a
reduction of fundamental oscillation frequency. Experiment has
tended to show the opposite effect, viz., that increase of harm-nics
result in an increase of frequency, and it is assumed that another
effect is occurring simultaneously in the opposite direction. Never-
theless, better frequency stability is registered when the harmonic
content is low. A valve having a high R, a coil resistance as low
as possible, a low L/C ratio, and minimum grid current all con-
tribute to low harmonic content.

6.6.4. Interelectrode Capacitance Variation. Variation of
interelectrode capacitance due to space-charge effects is greatest
between grid and cathode. There is usually an increase in grid-
cathode capacitance of about 2 puF from the cold to hot condition
(filament on and off), but the variation under operating conditions
is much less than this, being of the order of 0-04 yuF. The magni-
tude of the variation is dependent on the anode current, grid voltage,
heater voltage, and mutual conductance. A valve with a high
anode current and mutual conductance generally produces large
capacitance change. The space-charge capacitance change is not
linearly proportional to grid voltage so that there is a mean as well
as periodic change of capacitance. Any change in the oscillation
amplitude therefore affects the interelectrode capacitance. This
may be minimized by using a large value of tuning capacitance in
the LC circuit, by employing a tuned anode in preference to a tuned
grid oscillator, and by tapping the valve into a part of the tuning
coil. Interelectrode changes between anode and cathode are usually
less than 0-01 uuF, and their effect on the oscillator frequency may
be reduced by the insertion of a resistance, R, in Fig. 6.10, between
the anode and tuned circuit. This has the advantage of reducing
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the effect of changes of R,, but it is not very suitable for the short
wave ranges because of stray capacitance across the resistance.

6.6.5. Valve Internal Resistance. The linear theory of
oscillation shows that frequency is dependent on R,, which should
be a8 high as possible consistent with a high g¢,, value. One method
of reducing the influence of changes of B, is to use loose coupling
between the valve and tuned circuit, i.e., tapping across a part
instead of the whole tuning inductance. The series resistance
mentioned in 6.6.4 helps in this direction, but the use of two valves,
as in the Franklin oscillator of Fig. 6.12, is a better solution.

~oMH.T.+

OH.T~

Fig. 6.10.—Reduction of Valve Effects on Frequency Stability by a Series
Resistance.

6.6.6. Miscellaneous Effects causing Frequency Variation.
Rapid fluctuations of the H.T. voltage may be prevented from
influencing frequency by a resistance-capacitance decoupling circuit,
R,C;in Fig. 6.6. The decoupling resistance is also useful in reducing
long-period variations in H.T. voltage, because it acts as one arm
of a potentiometer with the oscillator valve p.c. resistance as the
other, so making the ».c. anode voltage change less than the mH.T.
voltage change.

Frequency variation due to valve temperature change is a com-
paratively short-period effect occurring in the first 5 or 10 minutes
after switching on, for the valve internal temperature settles down
quite rapidly to a value not greatly affected by normal external
temperature changes.

6.6.7. Special Methods of Reducing Frequency Variations
due to the Valve. Various methods may be used to reduce the
effect of the valve on frequency. One is by negative feedback ; an
impedance, consisting of a resistance, or a resistance and inductance
in series, is inserted in the cathode circuit of the valve. The series
RL circuit is preferable since it is a better amplitude stabilizer than
the resistance alone, across which there is stray capacitance tending
to make negative feedback less effective at the higher oscillating
frequencies. A triode oscillator with the tuned circuit connected
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between grid and H.T. negative, the cathode tapped partway up the
tuning inductance, and the anode connected to H.T. positive is an
example of negative feedback control.

The electron coupled ¢ oscillator is another alternative. A
screened-grid or pentode valve is used with the grid and cathode as
the active oscillating elements. Negative feedback compensation is

OH.T+

b—=0utput

Fig. 6.11.—The Electron Coupled Oscillator.

realized because the cathode is connected to a tapping point on the
LC circuit. The diagram of connections is shown in Fig. 6.11, and
the normal anede merely serves as a means of developing the
oscillator voltage for application to the frequency changer. The
screen carries no R.F. voltages (capacitance C, has a high value—
0-1 uF), and therefore reduces the capacitance coupling between
the oscillator proper and the anode. Two advantages are gained
from this type; the voltage applied to the frequency changer is
not obtained direcily from the oscillating circuit so that variations

oH.T+

wv—y

AAA

L
AAAAAA. T@

yyvyvy

: oOH,T—
Fia. 6.12.—The Franklin Oscillator.

in frequency changer conditions have almost no effect on oscillator
frequency. The second advantage is that the frequency variation
due to increase or decrease of screen voltage is in the opposite
direction to that for increase or decrease of anode voltage. Hence
by suitably adjusting R, and R; the oscillation frequency can be
made almost independent of H.T. supply voltage changes.

A very successful method of reducing valve effect is the Franklin
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circuit 1 of Fig. 6.12. The capacitances C, and C, are very small
(1 to 2 uuF) so that the LC circuit is only very loosely coupled to
the valves. Since two valves are required the method is not very
suitable for use in broadcast receivers.

6.7. Frequency Variations due to the LC circuit and its
Associated Components.

6.7.1. Introduction. The chief cause of variation of the
inductdance, capacitance and resistance of the LC circuit and its
associated components is temperature change, though humidity can
have a more serious effect if care is not taken in moisture-proofing
the coils or fixed capacitors. By the use of high-grade waxes or
varnishes, humidity variations can generally be reduced to a second
order effect. Increase of humidity has much the same effect as
increase of temperature, viz., it increases the capacitance (in the
case of a coil, its self-capacitance) and reduces the oscillator fre-
quency. The increase in capacitance is due to the displacement of
air in the insulating material by water vapour, which has a higher
dielectric constant.

Variations in the values of inductance and capacitance of the
LC circuit are largely responsible for the total frequency variation.
Associated components, such as the padding and self-bias capaci-
tances, the range switch and wiring, also add their quota to the
frequency change but are much less important. The trimmer
capacitance can cause very large changes of frequency when the
tuning capacitance is small.

6.7.2. Inductance Variations. Changes of temperature pro-
duce a variation in the inductance, resistance and self-capacitance
of a coil. The last two are not, however, important in comparison
with the change in inductance. Taking the formula for a single-
layer solenoid (the shape most likely to be used on the medium
and short wave ranges) given by expression 4.12

riN2
© 9rt10
where I = length of winding

r = radius of winding
N = total turns in the coil

we see that increase of length decreases L, whereas increase of radius
increases L. Change of radius has the greater effect and increasing
temperature therefore increases L. If we assume that the coefficients
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of radial and axial expansion, o, and o, respectively are equal, the

inductance for an increase in temperature of ¢° C. becomes
r¥(1+uat)2N?

9r(1 Fof) -+ 100(1 +f)

TzNZ
L+AL = (1 o)

6.29a.

L+A4L =

i.e., the increase in inductance is directly proportional to the change
in temperature multiplied by the coefficient of expansion of the
conductor. E:pressing the result in a more convenient form, the
coefficient of inductance increase equals the cozfficient of expansion
of the conductor, or

AL

=
the value of « for copper is 16 x 107% parts per degree Centigrade.
But

%5

1
I=vic
1
d A==
" f-4 2nV/(L+A4L)C

where Af is the decrease in oscillator frequency due to the increase

AL in L
f—4_ [ L
f _N/L+AL

_Af AL\t
1 7= <1+T> ) ) . 6.30a.

2
Expanding by the Binomial Theorem and neglecting <L%> and

all higher powers—this is justified because 4{1 is so small—

expression 6.30a may be rewritten

a_ l<ﬂ’> ... .63
f 2\ L

Thus the ratio change in frequency due to the unhindered expansion
of a copper coil is 8 x 107¢ parts per degree centigrade, or for the
normal temperature rise of 30° C. the ratio change of frequency is
240 in 10%. Frequency variations, due to coil expansion, of 240
and 2,400 c.p.s. at oscillator frequencies of 1 and 10 Mc/s respec-
tively, would be expected under these conditions.
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Since increase of radius has the opposite effect to increase of
length, it is possible by suitably choosing «, and «, to make induct-
ance independent of temperature. Re-writing 6.29a with «. and «,

r2(1 +a,) 2N

L+AL = ——— 4 . . . 6.29b.
+ 97(1 4o, ) + LOI(1 + o f)

Differentiating the above with respect to temperature ¢ and equating
the result to 0 gives the condition for no change of inductance

r2N(97(1+o,8) 41001 +-o2)) (1 4-o1,8) 202,

d(L+A4L) — (1 4o,8) (970, + 101e;)]
dt o [97(1 +o,t) +100(1 4-ot) ]2
whent = 0
d(—L;i*_TA—L—) = Y7o, +101(20, — ;)
=0
oy _ &
when e 2+10l . . . . . 6.31.

By satisfying the above expression for the ratio of axial to radial
expansion, it is possible to make L independent of temperature.
The practical application involves winding the coil turns loosely,
and fixing the ends firmly to the coil former so that radial expansion
is determined by the conductor, and axial by the coil former.
Suitable coil-former materials, having coefficients of expansion
greater than twice that for copper, are not easy to obtain, but
experiments have shown the validity of the theoretical argument.
An alternative is to reduce the radial and axial expansion, either
by shrinking the coil on to a former having a lower coefficient of
expansion, e.g., ceramic material having coefficient of 7 x 1076 parts
per degree centigrade, or by using copper-plated low-coefficient
material, such as invar, for the coil. The latter is not an economic
proposition for receivers, and the best alternative is the ceramic
coil former. Synthetic resin or bakelite coil formers are not to be
recommended because they tend to show a non-reversible ageing,
which results in a permanent change in inductance after several
cycles of temperature change. They are also more affected by
humidity variation than ceramic material.

6.7.3. Capacitance Variations. Temperature variation has
two effects in capacitors; it changes the permittivity of the
dielectric and also changes the disposition of the plates. In fixed
capacitors, mica is the most suitable dielectric and capacitance
change is largely a result of pressure variation between the plates.
This effect can be considerably reduced by replacing the metal
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plates by metal (silver) sprayed on to the mica dielectric. Both
sides of the mica are sprayed and each side forms an active plate ;
adjacent sides are connected together so that spacing variations due
to changes of pressure become of little importance. This type of
silvered mica fixed capacitor has a very small temperature coefficient
and its effect on oscillator frequency variation is very small.

Fixed capacitors (maximum value about 3 uuF) with a bimetallic
plate can be constructed to give a decrease of capacitance with
increase of temperature, and they may be used to compensate for
the increase in capacitance and inductance of the main elements of
the tuning system.

Variable capacitors often have a high temperature coefficient
and their effect on oscillator frequency is generally much greater
than that of the coil. For this reason tuning by inductance varia-
tion with fixed capacitors, which can be constructed with low
temperature coefficients, is to be preferred, and is employed in some
short wave band-spread receivers. By observing the following
points the temperature coefficient can be reduced. The dielectric
should be air, as the use of a solid dielectric, such as mica, tends to
distort the plates and increase the high-frequency resistance com-
ponent. The insulating end supports have an important effect,
particularly when the capacitance is minimum, and ceramic material
is best as it has a low permittivity change with temperature.
Synthetic plastic materials are not usually satisfactory and have
non-cyclical variation. The rotor shaft and stator frame should be
of the same material, so that expansion allows the rotor plates to
remain centrally disposed with respect to the stator. Initial
accurate alignment of a rotor plate midway between two stator
plates reduces capacitance change due to differential expansion,
because a given change of spacing has much greater effect when the
rotor-to-stator plate spacings are unequal. Increase of stator-rotor
plate spacing also reduces capacitance change for a given change
of spacing. Good mechanical rigidity and construction are essentials
for small capacitance variation with temperature.

Particular care is necessary in the choice of the trimmer capacitor,
which can have a very large influence on the oscillator frequency as
the temperature varies. Mica dielectric pressure-type capacitors
are generally unsatistactory and show an appreciable increase in
capacitance with increase of temperature. Air dielectric capacitors
with ceramic insulation should be employed.

6.7.4. Frequency Variations due to Associated Com-
ponents. By the use of silvered mica construction, frequency



266 RADIO RECEIVER DESIGN [cHAPTER 6

drift due to fixed capacitors associated with the tuned circuit can
be reduced to very small proportions. That due to the wave-
change switch and wiring 14 can also be made a second-order effect
by observing certain precautions. The switch should be of rigid
mechanical construction with ceramic insulation, and the wiring
rubber-covered or enamelled. Especial care is necessary to ensure
that leads are securely fixed and not in tension. Preliminary
cyclical heating is an aid to frequency stability.

Stray capacitance between the tuning inductance and the
feedback coil must be reduced to a minimum as this generally has
a high temperature coefficient. It is preferable not to wind the
feedback coil on top of the tining inductance but to have an air
space between them.

Examples of the capacitance-temperature coefficients of typical
insulating materials given below show the desirability of using
ceramic 2 rather than other forms of insulation.

Varnished cambric 4-2,100 parts in 10 per degree Centigrade
Synthetic resin  -+1,600 , » PR »
Enamel + 470, Bom » o ow »
Ceramic + 100 ’ s a e »

6.7.5. Compensation for Temperature-Frequency Change.
Certain types of capacitors can be constructed to give a negative
temperature coefficient, i.e., capacitance decreases with increase of
temperature, and they may be used to compensate for the positive
temperature coefficient of the normal tuning inductance and
capacitance. Compensation is only complete, however, at one
particular frequency, and the temperature of the corrector must
follow that of the component it is intended to compensate. Two
corrector capacitors may be used, one, with a heater winding
generally supplied from the A.c. mains transformer, to compensate
for the rapid initial frequency change due to the valve warming-up,
and the other placed so as to follow the temperature of the tuning
system and to correct for change in L and C. The corrector
capacitor may be connected in parallel with the tuning inductance
or capacitance—the bimetallic construction described in Section 6.7.3
has a capacitance change of the order of 0-5 uuF for 30° C. variation—
or in parallel with the padding capacitance. Compensation does
not obviate the necessity for aiming at the smallest possible frequency
variation of the uncompensated oscillator.

6.8. Frequency Variations due to the Frequency Changer.®
The input admittance at the oscillator grid of the frequency changer



6.9] OSCILLATORS 267

includes three possible variables, grid current, space-charge capaci
tance, and space-charge and capacitance coupling to the signal grid.
The effect of grid current variation due to bias changes on the
frequency-changer valve is least important when the oscillator and
frequency-changer grids are connected together, as in the triode-
hexode. It is more important when an R.c. coupling is employed
between the two grids, as for suppressor grid application in the
pentode (Fig. 5.4), but the frequency variation can be reduced to
small proportions by using a high resistance (1 M£2) from suppressor
grid to earth.

Frequency variation due to capacitive and space-charge effects
is largely beyond the receiver designer’s control, because it is most
dependent on valve construction. All the effects can be reduced
by making the coupling between the oscillator-tuned circuit and
the frequency changer as loose as possible consistent with adequate
oscillator voltage. The greatest load effect is produced when the
oscillator grid is directly coupled to the tuned circuit as for the
tuned grid oscillator connection. By the use of a tuned anode
oscillator a reduction in frequency variation of about 5 to 1 may
be obtained for a given change of frequency changer bias.

A reduction of load-frequency variation is achieved by using a
low impedance LC circuit, i.e., a high capacitance and low inductance,
for the addition of a resistance and reactance in parallel with any
LC circuit has least effect when the L/C ratio is small.

Space-charge coupling between signal and oscillator grids is very
much less in hexode than in heptode type frequency changers.
The use of a neutralizing capacitance about 1 yuF may be used in
the latter case as described in Section 5.8.3.

Stray capacitive coupling between the signal and oscillator grids
must be avoided if the tuning of the signal circuit is not appreciably
to affect the oscillator operation on the short wave ranges.

6.9. Precautions Necessary to Preserve Frequency
Stability. The following summarizes the steps which may be
taken to increase the frequency stability of the oscillator.

1. A valve having a high ¢,, and high R, is required.

2. Grid current should be as low as possible, i.e., a high grid
self-bias resistance, provided squeggering is not experienced, and
feedback coupling only just sufficient to sustain oscillation at the
required amplitude are necessary.

3. The coil resistance should be as low as possible.

4. The L/C ratio is required to be low so that variations of
stray capacitance and load reflected from the frequency changer
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have less effect. Too low a value, however, makes oscillation
difficult. Except in band-spread receivers with fixed signal tuning,
and push-button operated receivers, the values of L and C are fixed
by ganging considerations, and little control is possible.

5. The use of a phase-correcting reactance is not feasible as it
is only suitable for fixed-frequency operation.

6. The feedback coupling, if a coil, should have the smallest
value of coil inductance with maximum value of mutual inductance
coupling to the tuned LC circuit.

7. The tuned circuit should be loosely coupled to the valve,
i.e., the valve should be connected across a part of the tuning
inductance, and tuned anode is preferable to tuned grid because
space-charge capacitance changes are greatest at the grid elec-
trode.

8. The H.T. supply should be adequately decoupled and smoothed.
The possibility of audio-frequency feedback from the power output
stage may be reduced by a push-pull audio-output connection.

9. Temperature-frequency variations are reduced by mounting
inductances and capacitances away from such sources of heat as
the mains transformer, the power output and rectifier valves.
Low-loss coil formers of ceramic material are to be recommended.
Different rates of radial and axial expansion for the coil are a
possible means of reducing the temperature effect. High-loss
insulators must be avoided as these almost always have high
positive temperature coefficients. Rigid mechanical construction
of coils, variable capacitors, range switches and wiring is very
necessary. Variable capacitance values should be minimum, and
inductance tuning with fixed capacitance is desirable.

10. Compensation by a capacitance having a negative tempera-
ture coefficient may be provided.

11. Humidity effects demand the use of non-hygroscopic insulat-
ing material, waxes and varnish.

12. The optimum oscillator voltage required by the frequency
changer should be as low as possible, as this allows loose coupling
to and reduces the load reflected from the frequency changer into
the oscillator tuned circuit.

13. A frequency correcting device may be connected to the
oscillator in order to introduce additional reactance in parallel with
the LC circuit as the frequency tends to vary from its correct
setting. The magnitude of the reactance is determined by the
amount of error, and high initial frequency errors may be reduced
to quite small values. Thus an uncorrected oscillator frequency
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error of 20 ke/s can be reduced to a final error of on'y about
200 c.p.s. Methods of automatically correcting frequency varia-
tions by means of a variable reactance valve are discussed in
Chapter 13.

6.10. Squegger and Parasitic Oscillations. Two undesir-
able effects, known as squegger and parasitic oscillations, may be
met in self-oscillating valve circuits. Squegger oscillation is a
regular or irregular interruption of the normal oscillation, and is a
result of excessive amplitude. The large positive pulses of grid
voltage produce sufficient grid current to charge the capacitor
across the self-biasing grid leak to a negative voltage much greater
than anode current cut-off. The anode current ceases and oscilla-
tions cannot be maintained. The capacitor gradually discharges
through the grid leak until the grid voltage is low enough to allow
anode current to flow and oscillation to recommence. Grid current
again biases the valve beyond cut-off and the cycle is repeated.
The squegger effect is equivalent to a 1009, modulation of the
oscillator by an approximately square wave. The period of the
interruption depends on the time constant of the capacitor and grid
leak, and it may produce in the output of a receiver an audible
note (if the interruption frequency is in the audible range), reduced
desired output, excessive whistle interference and noise. It can
normally be prevented by using a low value of self-biasing capaci-
tance and grid leak, and feedback coupling only just sufficient to
give the required oscillator amplitude at the frequency changer.
Values of 100 uuF and 50,000 ohms are typical for the medium and
long wave ranges, but for short wave operation the capacitance
may be reduced to 50 uuF. A large H.T. decoupling resistance
(R. in Fig. 6.6) also helps to preveri squegger oscillations, for the
oscillator anode voltage is increased by decrease of mean anode
current and this moves the cut-off voltage to a higher negative
value.

Parasitic 1® oscillations are oscillations at a frequency other
than that of the controlling LC circuit. Generally they are at very
high frequencies and are due to the inductance of the leads from,
and the stray capacitance across, the valve electrodes. These
inductances and capacitances form tuned-anode and tuned-grid
circuits (Fig. 6.13) and the necessary feedback coupling is provided
by the anode-grid capacitance. High-frequency parasitic oscillation
is more likely with high x and g,, valves, but it may also be produced
by a negative resistance characteristic in the I E, curve of the
oscillator grid of the frequency changer. This negative resistance
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effect more often occurs at appreciable positive voltages on the
oscillator grid, and it can be reduced by preventing excessive
oscillator amplitude. A small resistance (about 20£2) connected
close to grid or anode pin of the valve is helpful in damping the
parasitic control circuits. The series grid resistance R, of Fig. 6.6
performs this réle as well as that of amplitude stabilizer.

g ;

~OH.T-
F1a. 6.13.—Parasitic Oscillation due to Lead Inductance and Stray Capacitance.

The modified Colpitts oscillator for short wave operation
(Fig. 6.14) uses the anode-cathode, grid-cathode capacitances as
the capacitance tap, and parasitic oscillation is possible when the
tuning capacitance C is large, for the lead inductances can act as
the control inductance, and C; and C,, as the control capacitance.
A remedy is to connect the tuning capacitor as close to the anode
and grid pins as possible.

The Hartley oscillator may be troublesome at high frequencies
by attempting to act as a modified Colpitts. The introduction
of a small r.¥. choke or resistance between the centre tap and

[0 A. T, +

. OH.]~
Fi1c. 6.14.—Parasitic Oscillation in the Modified Colpitts Oscillatox.

the H.T. supply is a solution, for the oscillator functions as a
Hartley for low frequencies and as a modified Colpitts for high
frequencies.

Parasitic oscillation not far removed from the desired frequency
is possible when the feedback coil has an inductance comparable
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with that of the tuned LC circuit. Such a condition is unlikely to
arise on the medium and long wave ranges, but it is quite possible
on the short wave range. As the oscillator frequency is increased,
i.e., the tuning capacitance decreased, a point is reached at which
the oscillation frequency jumps to a value approximately given by
the resonant frequency of the feedback coil and its stray capacitance.
The original functions of the feedback and control LC circuit are
now reversed, the former acting as the control. The remedy for
this type of parasitic oscillation is to use the lowest possible value
of feedback coil inductance and to obtain sufficient feedback by
tight coupling to the coil of the LC circuit.

6.11. Problems in the Design of Short Wave and Ultra
Short Wave Oscillators.® Oscillators for the short wave and
ultra short wave ranges present in a more acute form all the problems
encountered on the medium and long wave ranges. In addition
they are more prone to squegger and parasitic oscillations and, in
the case of the tuned grid and tuned anode circuits, are more
difficult to maintain in oscillation over a range of frequencies.

A high g, valve is an essential as it enables looser coupling to
be employed, and this reduces the tendency to squegger and parasitic
oscillation. With tuned grid and tuned anode circuits the feedback
coil is often interleaved with the main tuning coil in order to obtain
high coupling with a small feedback coil.

The ease with which the Hartley and Colpitts circuits can be
made to oscillate is a great advantage at high frequencies, and the
possibility of feedback coil frequency control is removed. The fact
that the Hartley circuit tuning capacitor rotor is not earthed and
that the Colpitts requires a split capacitor is no serious disadvantage
on band-spread receivers with preset signal tuning. The negative
feedback oscillator of Section 6.6.7, with the cathode tapped into
the tuning coil, has the advantages of the Hartley circuit and also
that one side of the tuning capacitor may be earthed. The modified
Colpitts oscillator of Fig. 6.14 is satisfactory at high frequencies
and obviates the necessity for a split capacitor, the anode-cathode
and grid-cathode interelectrode capacitances performing this func-
tion. The tuning capacitor rotor cannot, however, be earthed.
The disadvantages of having neither side of the tuning capacitance
connected to earth can be overcome by using inductance tuning.
On the short wave range this may be accomplished by varying the
position of an iron dust core in the tuning coil, and on ultra short
waves by inserting a metal plunger of high conductivity material
into the coil axis.
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Frequency drift of the oscillator due to changes of temperature
is more serious as the frequency is increased, partly because the
LC circuit components have to be reduced in value, but also because
the frequency error Af, even for a fixed ratio of frequency change

<Z—}f> increases as the oscillation frequency rises. Thus for a
frequency ratio change of 1 part in 103 the frequency drift is 1 ke/s

at a frequency of 1 Mc/s, whilst at 45 Mc/s it is 45 ke/s, sufficient
to take the 1.F. carrier outside the pass range of an 1.F. amplifier
for amplitude modulated sound signals. Since variable and stray
capacitances are the chief offenders, it means that the frequency
ratio tends to increase as the oscillation frequency is increased and
the tuning capacitance decreased. A low L/C ratio helps to reduce
the frequency ratio, but at the same time makes oscillation more
difficult to sustain. When the 1.F. has a high value, as for the vision
signals of a television programme, and the sound signals of a fre-
quency modulated transmission, the use of an oscillator frequency
(f» =f, — f1) lower than the signal frequency is an advantage in
reducing frequency drift. An alternative is to employ a harmonic
of the oscillator to combine with the signal ; Section 5.5 shows that
a 2nd harmonic response approaching 809, of the fundamental
oscillator response is obtainable when a large oscillator voltage is
applied to the frequency changer. Provided the increase in possible
interference whistle production is no disadvantage, oscillator fre-
quency drift can be reduced to approximately one-half by using
the second harmonic of the oscillator. For example, suppose
temperature change produces an increase of capacitance by 0-05 uuF ;
at 45 Mc/s, the maximum value of tuning capacitance 1s about
40 puuF if adequate oscillation amplitude is to be realized, and the
frequency drift is

14¢C
F=rse

45 005
=_ X — X1
3 X 0 X 1,000 ke/s

= 28-1 ke/s.

(The proof of this is similar to that developed in Section 6.7.2 for

inductance change.)
When the oscillator frequency is halved, the tuning capacitance

L
may be increased to 80 uuF for the same OR value (this is a measure
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of the oscillation capability of the ecircuit, and doubling L and
C doubles the frequency with little change of %) Thus the
frequency drift of the oscillator becomes

22:5 x 0-05
="~ " 7" 1,000
af 2 x 80 X%

= 7-025 ke/s,

which is one-quarter of that at 45 Mc/s. The frequency drift for
the second harmonic is twice this value, i.e., 14-05 ke/s, so that
the net frequency drift has been reduced to one-half of its original
value for an oscillator of 45 Mc/s fundamental frequency.

The need for short, firmly secured, leads from the valve to the
control LC circuit cannot be over-emphasized, and adequate
decoupling with non-inductive mica capacitors (0-001 to 0-01 uF)
of leads carrying D.C. or mains A.c. voltages is essential. Only a
very small inductance can provide undesirable coupling at ultra
high frequencies, and decoupling capacitors should therefore be
returned to the same point on the chassis. In a shunt-fed circuit
(see Fig. 6.10) with a choke between the anode and H.T. positive,
particular care must be taken in the construction of the choke,
which, if used to cover a number of ranges, should be wound in
separate sections, becoming smaller at the anode side. This is to
prevent resonance of the choke with its self-capacitance, thereby
causing absorption and dead spots at particular frequencies corre-
sponding to parallel resonance of the whole or a section of the
choke with self and stray capacitance. When this does occur, it
may be possible by adjustment of the turns in the sections nearest
the anode to remove the absorption frequency outside the range.
When the oscillator is intended for operation at ultra high frequencies
only, adjustment of the anode choke, and also of any other decoupling
choke in the cathode or heater circuits, may have considerable
effect on oscillator amplitude. too large a value of choke reducing
the amplitude as well as too small a value.

6.12. Ganging of the Oscillator and Signal Cir-
cuijts.5 11, 12, 18 T order to reduce the number of receiver controls
to a minimum, it is usual to couple mechanically the signal and
oscillator capacitor rotor plates. Since the oscillator capacitance is
required to tune its own circuit to a frequency greater than the signal
frequency by a constant amount, a specially shaped rotor and
stator are necessary to maintain the correct oscillator frequency.
In certain types of receivers the oscillator capacitor is designed to
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give the required capacitance law over the medium wave range,
but then the same shaped capacitor is not correct for the long and
short wave ranges. It is not economical to have a separate capacitor
for each range and a compromise is obviously desirable. Such is
possible by providing a number of preadjusted components in the
oscillator tuned circuit, the term preadjusted or preset being applied
to a component, the value of which is under the control of the
designer. This component is constant for a given wave range, but
is varied when the latter is changed. The oscillator frequency can
be given its correct value at the same number of signal frequencies
as there are preset components, and by using such a circuit an
oscillator capacitor identical with that tuning the signal may be
employed.

A circuit having two preset components, the tuning inductance
L, and the padding capacitance C,, is shown in Fig. 6.15. The

F1a. 6.15.—An Oscillator Ganging Circuit.

padding capacitance may be placed between the high potential
ends of L, and the tuning capacitance C, or it may be placed as
shown between L, and earth. The second position has the advan-
tage of not adding to the capacitance in parallel with the coil, for
in the first the capacitance to earth of C), is in parallel with C,, the
coil self-capacitance (C, in Fig. 6.15). The oscillator frequency is

1
h= : 6.32.
c,C
27‘/JL"[0°+01)+C

For any two values, f,; and f,,, this equation may be satisfied
simultaneously by suitably selecting L, and C,. Suppose that
these two oscillator frequencies correspond to two signal frequencies
f.1 and f,,, for which the tuning capacitance C has values of €, and
C,. The following simultaneous equations result

1 1 C,C,

- = L] C,+ 6.33a
(2nfu]?  [2a(fa+f0)]? hl: ’ Cp+Ci

1 1 c,C
==Ll 6.33b
[2ﬂfhz]2 [2n(fs2 +f1)]2 h[ +Cp +Cz

where f, = the intermediate frequency.
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Solving for C, gives a quadratic

01)2[01 :fz —(C, +02)] —CplCo(C1+Cy) +C,0:]1—-Co0iC,=0.  6.34

e 4
fh2]2 f.&'Z'Jf_fl]z
rh o= i == -t
whnere x [/’“ f31+f1
and
0y(C,+C) +C.,C [Oo(Cat O+ T
(Gt G +CC +4000,02[01"q’--(00+02)]
0 —_ — « 1 —6.35
: e, .35.
[nv~ — (Co+C)
a — 1

The second solution of C, with a negative sign before the square
root is not a practical possibility. The value of L, is found by

substituting expression 6.35 for (', in either 6.33a or 6.33b.
1

= c,C
2 L
[27th1] <Co+0p+01>

The most suitable values of fa and f,, are those giving the
minimum error variation over the wave range, and to determine
them the error curve shape must be known. The best choice is

6.36

Thus L,

-/ 0 +
Fia. 6.16.—The Ideal Curve for Two-point Zero Error Ganging.

clearly either that which gives errors equal in magnitude at the
ends and centre of the range, or least error at the low frequency
end of the range where the signal circuits are normally more selective,
Let us consider the first alternative and assume that the error curve
is parabolic as in Fig. 6.16, with equal errors at the ends and centre
of the range. By designating the error axis as y and the frequency
axis as x, the general expression for the parabola is

¥y =ax?+brtc . . . . 6.37.
Taking f,., the frequency at the centre of the range, as the origin,
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f. and f, the end frequencies, as © = — 1 and -1 respectively,
and the maximum error as d ke/s, the general expression reduces to
y = azx’+c
=d when z = — 1 and + 1,
= —d when z =0
80 that ¢ = — 2¢ = 2d and
y=d(2x2 —1) . . . . 6.38.
The frequciicies of zero error are obtained by equating 6.38 to 0.
Thus = +V1=407017.

The required signal frequency values are therefore

fsl =fc — 0-707 (fc _fa)
and fs2 :fc + 0-707 (fc _fu)
for fc _fa :fb _fc'

Let us now consider the above procedure applied to the design
of an oscillator circuit to gang with a signal circuit of 156 uH
inductance for an I.F. of 465 ke/s, and covering the medium wave
range from 550 to 1,500 ke/s. The capacitance required to tune the
signal coil at selected frequencies is given below

fike/s) . 550 600 700 800 900 1,000
C(uuF) . 5368 451 3311 253-7 200-5 162-38
Ffilke/s) . 1,100 1,200 1,300 1,400 1,500

C(upF) . 13448 112-76 96-1 82-84 72-17

Not all the tuning capacitance is found in the tuning capacitor and
some is made up of stray capacitance due to the range switch,
wiring, self-capacitance of the coil, and the trimmer capacitance
(required for signal circuit ganging) across the coil. An average
value for each of these capacitances is 10 uuF, making a total stray
capacitance of 40 uuF. Hence the actual value of the tuning
capacitance is obtained by subtracting 40 puF from the values
given in the above table. We will make the assumption that the
oscillator tuning circuit has similar stray capacitance values, except
that there is no trimmer capacitance, and that C, is located close
to L, and permanently connected to it, i.e., the range switch and
wiring is on the tuning capacitance side of C,. The value of
C at a signal frequency of 550 ke/s (f, = 1,015) is therefore the
value of the tuning capacitance (536:8 — 40) plus the stray capaci-
tance (20 puF) due to the wiring and range switch, i.e., equals
516-8 uuF. The centre signal frequency of the range is 1,025, so
that the signal frequencies of zero error are 1,025 4 0-707 (475),
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389 and 1,361 ke/s. The oscillator frequencies f,, and f,, for zero
error are 1,154 and 1,826 ke/s, the tuning capacitances €, and C,
are 322 and 67-6 puF ; if the oscillator coil self-capacitance C, is
10 puF the quadratic for ’, (expression 6.34) is

o,
9-2 C,% — 2,5664-6 C, — 21,750 = 0

C, = 288 uuF.

Hence L, =117-3 pH.

The actual oscillator frequencies at different signal frequencies
may be calculated by replacing C,, C, C,, and L, in 6.32 by their
appropriate numerical values. An error curve for the 1.F. is plotted
in Fig. 6.17 and it is seen that the parabolic shape is approached.
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Fi6. 6.17.—The Calculated Error Curve for Two-point Ganging.

A greatly improved error curve is obtained by adding another
preset component, a trimmer capacitor C,, in parallel with the coil
L,. Tt is more usual to place the trimmer C, directly across L,
rather than across L, and C,, since in the first position it can com-
pensate for variations in coil self-capacitance and stray capacitance.
In the formulae given below, C, is the total value of capacitance
across L;, including self and stray capacitance. Zero error can be
realized at three signal frequencies f, f.; and f;, and from the
following three equations the values of C,, C, and L, can be
calculated.

1 1 [~ C.C 1
- =L,|C px1
Caful Bl Hf0r LG t
1 1 B C.C, i
— = L,| 0, +_"P72% 6.39.
Brful  CalfaifoF LT 10 |
1 1 B C.C
- = L,] ¢+
Bafi? ~ BaleifE LT, 10, J
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Eliminating L, and C, we have

_ACY(Cy — C4) +BCY{(Cy — C) +C4(C, — C)

C, = 6.40
’ A(Cs — Co)+B(C, — Co)+(C: — C))
4
where 4= @_]2 and B = fhj]z
Al 2
Solving for C,
i ACC c.C 1
C,= TE T . 6.41
tT|lC.+C, CitC,li—4
1—-4
Ly = - — 6.42.
[27fns]? €O, _ GGy

Ci+C,  Ci+C,

Now we must fix the optimum signal frequencies of zero error,
and this we can do by assuming the error curve to be a cubic as
shown in Fig. 6.18. Thke general expression for the curve is

y = ax®+bx?tcx+d . . . 6.43a
and it is clear that the optimum error curve should be symmetrical

x— e
- S
S O
‘ --------- ro == " """"’e)’
~——f Nl
R R S O
o | :Lfaz | | &
A B % % A

F1a. 6.18.—The Ideal Curve for Three-point Zero Error Ganging.

about the centrel frequency f, with zero error at this frequency.
The maximum errors (y = + ¢) should all be equal at the four
frequencies f,, f;, f; and f,. By letting 2 = 0, +1 and — 1 corre-
spond to the centre and end frequencies, f,, f, and f, respectively,
we find that d = 0 (for y = 0, when z = 0), 6 = 0 (y = + ¢, when
z =T 1) and (a+¢) = —e. Thus expression 6.43a reduces to

¥y = ax®+cx . . . . 6.43b.

At f, there is a point of inflection so

9y _ 0 = 3az,® +¢
dzx

—c¢
d 'y = —.
an €, +\/3a
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Replacing this value in 6.43b and noting that y = e = — (a+¢)

—c\? —c\?
—(a+c) =a <—3~({> +c(—3&—> . . . 6.44.

A cubic equation is obtained by squaring 6.44
3
%+acz+2azc+a3 =0

and one solution of this is ¢ = —43a.

Inserting this value in 6.43b we have
y =ax(x? — }) . . . . 6.43c.
Zero error is obtained when expression 6.43¢ equals 0, i.e., when
=0 and + V3, and the signal frequencies of zero error are
therefore
fs2 =fc

fsl :fc — g(fc _fa)
fs3 = fc+ \/%(.fc - fa)'
Hence for the medium wave range (550 to 1,500 kec/s) the signal
frequencies of zero error are

foa = 1,025 ke/s, f,, = 614 ke/s, f3 = 1,436 ke/s.

Again assuming a stray and trimmer capacitance in the signal
circuit of 40 uuF and a stray capacitance of 20 uuF across the

+0

Iy, 7rcredsing
+ - —r--s\
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rd
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F16. 6.19.—Calculated Error Curves for Three-point Ganging.

oscillator tuning capacitor, the values of C;, C, and C; are 410-5,
134:58 and 58-74 uuF respectively. Replacing these in expressions
6.40, 6.41 and 6.42, and noting that f,,, f;, and f,; are 1,079, 1,490
and 1,901 kc/s respectively, we find that

C, = 601 uuF, C;, = 365 uuF and L, = 77-4 uH.
The calculated error curve is curve 1 of Fig. 6.19. A very con-
siderable reduction of maximum ganging error (from 35 to 5 ke/s)



280 RADIO RECEIVER DESIGN [CHAPTER 6

has been achieved by employing three instead of two preset com-
ponents, and the form of the curve shows the use of the cubic
expression for it to be justified.

Inspection of equations 6.39 indicates that variations of C, affect
the error curve at the high frequency end, whilst C,, controls the
error curve mainly at the low-frequency end. This therefore
suggests the procedure for ganging a receiver. The receiver should
first be set to the highest required zero error signal frequency
(f;3 = 1,436 ke/s), and C, adjusted to give maximum audio output.
The tuning is next changed to f;; = 614 ke/s and C, adjusted to
give maximum output. Returning to 1,436 ke/s, C, is readjusted
if necessary and the procedure is repeated until the best results are
obtained.

If we assume that this is the method employed for ganging
we can calculate the error curve resulting from manufacturing
errors in the value of L,, and curves 2 and 3 (Fig. 6.19) show the
result when L, is 59, below and 59, above its correct value. High
accuracy in calculating these errors is not easy to achieve as the
difference between the actual and correct oscillator frequencies is
very small (less than 19,) in comparison with the oscillator frequency
itself. The values shown should therefore only be taken as indicative
of the trend of the error curve against frequency. C, and C, have
values of 665 and 41:5 uuF for L, = 73-53 uH, and 546 and
32:9 uuF for L, = 81-27 uH. In both cases maximum error is
increased, and the central zero error frequency is changed to a
lower value when L, is 5%, low and a higher value when L, is 59,
high. Curve 2 (L, 59 low) has the advantage that the error is
less at the low-frequency end of the range, where the signal circuits
are usually more selective.

The effect of errors in the value of the tuning capacitance C
cannot easily be assessed because it is unlikely that the error can
be represented by a constant percentage over the wave range, as
is possible for L,.

6.13. Graphical Determination of the Oscillator Tracking
Capacitances C, and C;.% ¥ Graphical methods for determining
C, and C; have been developed, and they are particularly helpful
when a rapid calculation of C, and O, is required for a number
of signal circuits having differing LC values. Their accuracy is,
however, limited.

The method is well illustrated by taking the three numerical
values C,, C; and C, given above. The first step involves the
construction of a diagram giving the total capacitance of C; and
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C, in series. Vertical lines, AB and DE in Fig. 6.20, are scaled in
equal values of capacitance from 4 and D and are separated by
any convenient distance. 4 and D are in the same horizontal
straight line, AB is the C axis and DE the C, axis. The C axis is

Cour)|? E el
600 600
500 // 500

F1a. 6.20.—Graphical Construction for the Determination of the Padding and
Trimming Capacitances.

projected below A and the reason for this is shown later. The
length of a perpendicular on to the line AD from the intersection

of lines drawn from A and D to particular points on the C, and
C scales respectively gives the capacitance for O, and C connected
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in series. Thus if ¢ = 410-5 uuF and C,, = 601 uuF, we join D to
410-5 puuF on the C scale and 4 to 601 uuF on the C), scale and find
that the capacitance of C' and C,, in series is GH = 244 uuF. The
procedure for finding C, and C, is as follows. Join D with
C =0C; = 4105 uuF, C, = 134568 and C, = 5874 puF ; the line
from A to the C, scale cannot yet be drawn because C, is unknown.

» 14
We do, however, know that the total oscillator capacitances,

0t+00fg’ etic., must be proportional to I:f ] , etc. The next
1 hl

step is therefore to draw three lines on transparent linear graph
paper, the vertical intercepts XX,, XX, and XX,, of which from

the base line ST are in the ratio of I:f ] [f :I l:f ]
n2 13

transparent sheet is placed over Fig. 6.20 and manceuvred until a
‘ yertical ”’ line on this sheet passes through 4 and the intersections

P, L and @ of the l:—fl 2, ete., lines with DC,, DC, and DC, lines.

13
The point where this line SG cuts the C, axis gives the required
value of Op, viz., 601 yuF. A line parallel to AD through S cuts
the C axis below A, and this point gives the value of C,, viz.,
36-5 puF. The proof is as follows:

Triangles SPR, SLN and SGK are similar so

spossise - [ L] [,W] )

— PR:LN:
= (PQ+QR) : (LM+MN) . (GH +HK)
but QR = MN = HK = C..

30 020 010
I LM = _Zp QH = P
Ca+0 C'2+Op 01+0p

aIAREANEA)
-[oraig ] [oeie ] [ore )

The value of C, can be found with reasonable accuracy, but C, may
be difficult to read exactly. The value of C, may, however, be
checked by substituting the graphical value of C, in expression 6.41.

No particular difficulties are met in ganging band-spread receivers
with signal tuning, and the design proceeds on the lines set out
above, the formulae 6.40, 6.41 and 6.42 give the values of the

and PQ =




6.14] OSCILLATORS 283

oscillator tuned circuit components. The values of the tuning
capacitance for different signal frequencies are decided by the
degree of band-spreading and may be calculated as indicated in
Section 4.10.2.

6.14. Approximate Expressions for Ganged Oscillator
Circuit Components for Different Intermediate Frequencies.’
If the assumption is made that the oscillator tuning capacitance is
equal to the total tuning signal capacitance, including strays and

. . . . C
trimmer, expressions may be derived for the ratios 2, L
mar. Oma:t.

Ly,
L,
capacitance at the minimum signal frequency, and L, and L, are
the oscillator and signal inductances respectively. The above can
then be given in terms of the ratios of the intermediate and the
three zero error signal frequencies to the minimum signal frequency.
The expressions defining the signal and oscillator frequencies for
zero error are therefore

and =%, where C,,,, is the maximum value of total signal tuning

1 1
fa= g fa=
2.
AVIG, 2 for (0t )
D 1
1 1
fs2 = o fhz = e
2
v fafer )
P N
1 1
Jos = 50— frs =
22V L,0 o J C,C
s~ 3 Ls 0 _ P 3
¢ ( ‘+0p+03>

where L, =aL,.
Combining the above expressions

_&_ 2 _ A _ Cp+01
| fra ' C,

C,C,
r—[sl_ : =4, = a<0t+0p +C2>
| fa2] : C,

C,C,
o g O 0, 5)
_fh3.j C,
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Solving for C,, a and C,
_ACHC, — C)+A4,C,%C, — Ca)+A44L:%C, — Cy) 6.45a

O = Ao = CFALHCs = C) +ACH(Cr — C)
~ (40— ‘é;f(zc),(lofrof;)(oﬁc’) ... .86
C, = AIC‘(C;(ZfJ;) o) °GC . . . . . 64%.
1
But fiin. = m
Writing

Kl o
K e
AR 0:1;

and dividing the numerator of 6.45a by (C,,,, )® and the denominator
by (Cpez)? we have

Cp _ AB.(B, — B)+4,BB; — B)+AB%B, — By . .

Cma.r. N 1Bx(B - B +A Bz(B - Bl) +AaBa(B - B ) )
But A1 == f81]
il T +f1]
fsl
for Jm =Ffa+h
where f, = the intermediate frequency.
. 1
’ Al - 1+ min. f 2
I: fsl fmm]
o 1
~ (1+VB,.D)?
where D=2
fmin.
Similarly = _. L_,ﬁ
[14-VB,.D}p
and !

T [1+VB,.DF
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Replacing 4,, 4, and 4, in 6.45b
BBy — B,) , Bs*By — By) | BB, — By)
G _ (1+DVE,)' (+DVB,)* (1+DVB,)*
Onas. " By(B, — By | BBy — By) BB, — B,)
(1+DVB,)* (1+DVB,)® (1+DVB,)?

. 6.45¢.

Hence Co is defined completely in terms of the ratios of the
mazr.

intermediate, and the three zero error frequencies to the minimum
signal-tuning frequency.

Dividing the numerator and denominator in expression 6.46a
by (Craz)®

B, :'
_ F+B,)(F+B,)
_La+DVB,))? (1+D\/B ( N 6,465
- F¥B, — By) :
where F = C .

Dividing numerator by (C,,..)? and denominator by (C,..) in
expression 6.47a.

B,
+B,) — aFB
¢, _ (1+DVBy: 7 ' 6.478
Cmax a‘(F +B 1) ' ' '
Thus a and C’Ct can also be defined in terms of the frequency
max.
ratios.
Expressions 6.45¢, 46b and 47b are plotted in Fig. 6.21 against
fi g
or
f min.

fo1 = 1.091, Joz = 1-82, Jos = 2:545,

fmm fmin. min.
which means that for the medium wave range and f,,;, = 550 kc/s,
fo1 == 600 ke/s, f,, = 1,000 ke/s, f,, = 1,400 ke/s. These were the
original zero error frequencies chosen by the authors of this method.
From the curves in Fig. 6.21, the component ratios for an 1.¥. of

465 ke/s are ( Ho_ 0- 845)

min.

C,Q'_ = 1067, a = 0-535, Cy

mar. max,

and if the maximam value of the total tuning capacitance is
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536-8 uuF, and the signal inductance 156 uH as for the previous
example in Section 6.12,
C, = 572 uuF, L, = 835 uH, C, = 14-5 puF.
These are not very different from the values calculated in

Section 6.12. The difference is partly due to the assumption that
the oscillator tuning capacitor has a value equal to the total signal-

2 012
01 s o0
: o g — 0-09
~J - yiy b 0-08
7 07 ~ A 0-07
6 06 AN . Ls £ Ce 0-05
5 05 \\ - P Cmax! 005
~ ~ 7
s 0a € AN 008
NE
nax. 7
303 ot A \\ 003
N yd ™
N I / \
2 02 A AN 0-02
L N
N
E,}’_C 1p] > G
max. Ls A \\ \ &
/f N \ max
N
7 000 = 0-070
09 0:09 N {0009
08 0:08 0-008
07 007, V4 ‘\ Nooor
06 0-06 7 - Fs 0-006
~
0-5 005 — < 0005
Y ~N
0-4 0-04 > h 0006
'/ b .
03 003 = 0-003
~
\‘
02 002 0-002
o7 007 0-001
sof BB 02 03 04 05060708097 2 3 ¢ 556
Intermediate Fregquency

Minimum Signal Frequency in Range

Fic. 6.21.—Curves for Ganging Component Ratios against Intermediate to
Minimum Signal Frequency Ratios.

tuning capacitance, and partly to the fact that the zero error
signal frequencies are different. If the latter are the same as in
Section 6.12, viz., 614, 1,025 and 1,436 kc/s, the component values
are
C, = 578 uuF; L, =812 uH, C, = 133 uukF.
In spite of these differences satisfactory ganging is obtained.
The great advantage of the curves is that they may be used to give
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oscillator component values for any intermediate frequency in the
normal range, and for any maximum value of tuning capacitance
having a capacitance range factor not less than 7-43. The ratio
range of the extreme zero error signal frequencies is 2-33 : 1, and if
a smaller range is desired, as for band-spread reception, a new set
of curves is necessary. The curves of Fig. 6.21 are suitable for the
long wave (165 to 450 ke/s), the medium wave (550 to 1,500 ke/s)
and the short wave band (55 to 15 Mc/s).
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CHAPTER 7
INTERMEDIATE FREQUENCY AMPLIFICATION

7.1. Introduction. The intermediate frequency amplifier is a
special case of a radio frequency amplifier operating at a fixed
frequency. The values of L and C forming the tuned circuits are
not limited by the need for a variable capacitance range, but may
be chosen to give the best performance as regards selectivity and
amplification. High selectivity demands high ¢ values for the
coils, and for a given selectivity the required ¢ value is linearly
proportional to frequency. For example, a @ of 50 at 110 ke/s
gives the same selectivity as a @ of 211 at 465 ke/s. Stranded
wire generally becomes necessary in order to obtain the required
selectivity at high intermediate frequencies.

The amplification of an 1.F. amplifier stage is largely fixed by

the impedance of the 1.¥. tuned circuits, i.e., R and it is greatest

when L is large and C small. There is a limit to the possible
reduction of C, for valve and stray capacitances must not form a
large proportion of the tuning capacitance; variation of valve
capacitance due to A.G.c. and replacement of valves may otherwise
cause serious detuning. Furthermore, these stray capacitances
have resistive components which reduce the @ value and the
impedance of the circuit. A typical value for C is between 100
and 400 uuF. Too small a capacitance value not only means
greater liability to variation during service but also greater variation
with temperature change, for stray capacitance usually has a high
positive temperature coefficient.

Inductance or capacitance tuning may be employed, but the
former is preferable because a variable inductance is less affected
by temperature change than a variable capacitance. Moreover,
fixed capacitors, of the silvered mica type, may be made with very
small temperature coefficients (Section 6.7.3). Inductance tuning
is usually accomplished by a movable screwed iron-dust core at
the centre of the coil. When capacitance tuning is employed, the
dielectric should be air as this gives a much lower resistive com-
ponent than mica and allows greater mechanical stability. Pressure-
type mica capacitors are generally unsatisfactory owing to a high
positive temperature coefficient and poor mechanical stability.

Single-tuned circuits are not normally used in an L.F. amplifier
288
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since they give a selectivity curve with a comparatively narrow
pass-band and poor attenuation outside the pass-range. Coupled
circuits give a more satisfactory curve, approximating to the ideal
of a flat pass-band with sharper attenuation outside the band.
Often they have identical L, C and R values, an important advantage
in manufacture.

7.2. Types of Coupled Circuits.!®> Capacitance or inductance
coupling between two tuned circuits may be used to give a band-
pass selectivity curve. The coupling impedance may be in shunt
connection (sometimes called common coupling), e.g., Z, in Fig. 7.1,
or it may be in series connection (sometimes called top-end coupling),
e.g., Z, in the same figure. Alternatively, both forms of coupling
may be used as illustrated in Fig. 7.1. Combined coupling may
occur unintentionally, and an example of this is provided by stray
capacitance between two circuits having mutual inductance coupling.

Fia. 7.1.—A Circuit with Combined Shunt and Series Coupling.

The 1.F. valve is generally a pentode, so that the input source to
the coupled circuits may conveniently be regarded as a generator of
constant current I, = g, B, If E, is the voltage across the second
tuned circuit, the selectivity curve is obtained by plotting the ratio

£, against frequency. This ratio, =

I, 1’
impedance Z . (note that g, E Z gives the secondary output voltage),
may be calculated by normal procedure, but before doing so it is
always advisable to estimate the frequency limits of the pass-band
and any rejection frequencies. A rejection frequency can only
occur for mixed inductive and capacitive coupling. If we assume
the resistance components to be zero, the pass-band limit frequencies

often called the transfer

are obtained by making %?—2 = oo, and the rejection frequencies by

making ?3 = 0. Calculation from the transfer impedance formula

is laborious and a much simpler method (due to G. W. O. Howe 1 2)
is possible.
Taking the shunt coupling impedance case, Howe shows that
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one pass-band limit frequency is found by series resonance in the

l_—_. The second
2V LC
is obtained by separating the two circuits as in Fig. 7.2, the coupling
impedance being doubled in the separation. This is logical because
on joining up the two impedances 2Z,, we have Z,. The second

YT

Fia. 7.2.—A Circuit with Separated Shunt Coupled Circuits.

outer ring of impedances excluding Z, ie.,

pass-band frequency is given by series resonance of the LC circuit
and 2Z,. Thus if Z, = jwL,, the other limit frequency is
1

2nV (2L, +L)C

or if Z, = , it is

1
JjowC,
1

o J LCC,
2C+C,
for the coupling capacitance C; must be halved to double Z,.
It is important at this point to introduce the term,* coupling
coefficient, k. This is defined, for shunt coupling, as the ratio of
the coupling reactance to the sum of the coupling reactance and

the reactance of the same form in either circuit. Thus for inductive

ling.
coupling oL, L
~ jo(L+L,) L+L/
whilst for capacitance 1
b= d90_ _ C
_l + 1 Cc+C,
joC  juC,
If the highest frequency is designated f,, for inductive coupling
f’ = -—-—-——1 —— and fl = “'—“’—-—‘——1
2z VLC 22V (2L, +L)C
20 Ly
and e TIFL R
I I 1

" 2V(L,+L)C
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(note f,, is the primary resonant frequency with the secondary
open-circuited or vice versa)

Jm Im Sm
fr = NE2 =i M T
L+L,
For capacitive coupling
o1 o1
' o JECC, [ = savic
20+C,
and 2R C 4 opgp - 1

fi+fir C+C,

2nJ LCe,
c+C,

(Again, f,, is the resonant frequency of the primary with the
secondary open circuited.)

fz /\/m fm 1+0+01 fm 14+
2C+0C,
and fi =faV1 —k.

The results for f, and f, in terms of f,, and % are different from
those for inductive coupling. The 7,z
difference is explained by the fact 7 F
that capacitive reactance is the in-
verse of inductive reactance and
that C, and C are in series, so that T
the total capacitance is reduced.  o— :
For series coupling, the coupling ¥. 7-3.—Separated Series Coupled
impedance may be halved, as shown
in Fig. 7.3, and the centre point joined to the junction of L and
C. The two half-coupling impedances are in series, and when
added make the total coupling impedance Z,. The pass-band

0

. . - . Z
frequencies are given by resonance of the circuits, excluding —2—?, and

then by including it. If Z, = jwL,

f2= ! fl !

9, J LLC ' "' 2ayIC
2L+L,
Coupling susceptance (L or C)
circuit +coupling susceptance (L or C)’
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The coupling impedance is virtually in parallel with L and C, hence
the use of susceptance to define it.

1
C o doL,  _ L
D | + 1  L+L,
joL oL,

fa? "'flg — L =k
fi*+hit L+L,

1
fm e i Ty
LL
2. 2
"NIFLL
. [PL¥L, ., i
fl =fm\/1 — k.

The coupling inductance is in parallel with the tuning inductance
L so that the total inductance is decreased, and f, and f, in terms
of f,, and k are identical with the expressions for shunt capacitance

. 1
coupling. When Z, = 5l
1 1
fo=gvie’ = 27V L(C+2C,)
— jwoz — C. =f12 ".fl2
ij—i—ija C+0, fzz‘l"flz
fo=—
" 2mVI(C+Ch)
= fm . — Jm
ft 1 — k ’ fl \/m

These last expressions are identical with those for shunt inductance
coupling.

In all the above examples we see that only one of the limit
frequencies is affected, and the results are best summarized in the
form of a table.

Effect of increase in

Frequency Peak Component on
Type of Coupling. Affected. Frequency. Peak Separation.
1. Shunt inductance lower decreases increases
2. Shunt capacitance higher decreases decreases
3. Series inductance higher decreases decreases
4. Series capacitance lower decreases increases



7.2] INTERMEDIATE FREQUENCY AMPLIFICATION 293

All possible forms of coupling have not been exhausted and
there is yet mutual inductance coupling. The equivalent circuit is
that of Fig. 7.4a, and the limit frequencies are

f _ 1 f ___ 1
T oV — MYC ' eaV(L M0
k _ M _ fai_flﬂ
T L fiifid
_ 1 __JIm N
In=govie T vicw Vi

Both limit frequencies are dependent on the coupling impedance
and the pass-band range increases as M increases. If k is small
(< 0Y), fs — fmn = fm — f1, 80 that symmetrical variable selectivity
may be obtained by variation of M. With L and C coupling
variation, f,, varies and the LF. carrier must be varied if it is to be
located in the centre of the pass-band, i.e., asymmetrical variable
selectivity is obtained.

In Fig. 7.4a the mutual inductance is given a positive value,

LM L-M LiM LiM
cl zu% % lc cl t:% %rzu Ic
0 T ~ T - o T T T% T -

F1e. 7.4a.—Mutual Inductance Coup- Fi1a. 7.4b.—Combined Mutual Induc-

ling with the Circuits Separated. tance and Shunt Capacitance Coupling
with the Circuits separated.

but it might equally be designated as — M. The horizontal
inductances then become (L-+M) and the frequencies f, and f,
merely reverse values. As long as no other coupling exists between
the circuits the sign of M is unimportant. If, however, there is
capacitance coupling, as in Fig. 7.4b, the sign of M is important.

When M is positive the coupling impedance is j(wM — 10 ) and
Ly

the limit frequencies are

1 1
= —_—— and = e
f o J(L+M)00, fi 2xvV(L — MYC
with a rejection frequency
1
Ja

" 22V HMC,
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produced by series resonance of the coupling arm. If M is negative

zZ, — ~j(wM+ ! > and
wC,

1 1
— and f; = — e -,
9 J(L — M)CC, 2nV(L+M)C
20+0,
but there is no rejection frequency, for f; is imaginary. The sign
of M is changed by reversing the primary or secondary coil connec-
tions as explained in Section 3.4.2.
A typical selectivity curve for positive M is shown in Fig. 7.4c,
the rejection frequency f; can be varied by changing C, and can
occur at any desired position. It may be used to increase attenua-

fz:

j.-", f;,fu }} f/nci'_eis/hg

Fra. 7.4c.—A Typical Selectivity Curve for Combined Positive Mutual Inductance
and Shunt Capacitance Couplir

tioc a the vdge of the pass-band, t' ough the vendency is then to
recvice the pass-vand ¢ < and response nearest f; and to cause
as™ mruetrical pass respouse.

£ there is series capacitance as well as r_utual inductance
c-aping, the equivalent circuit is that of Fig. 7.5. One limit
freque~cy i8 obtained from resonance of the circuit excluding the
mutmal inductance (C, is doubled). Thus when o is pos.ave

1
fr= 22 V(L — M)(C+2C,)
The other limi. frequency is given »y resc-ance of the circuit
excluding the series capacitance. The mutual .aductance is doubled
in separation and

1
T 2V H)C
Since there is mixed roupling, a rejection frequency is possible and
its value may be :..nd as follows.

fl
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For zero voltage across the second capacitance in Fig. 7.5
LjoyL — M)+1,jw, M =0

L—-M
or I =— 1,(M_H)
also
w,0,+I"7wa(L My+(I, — I)jows(L — M) =0
. _ (L — M _
jI:I:wa<2(L M)+ ) w,C’:l =0
from which fi= 1
o J(L+M)(L — M),
.M 2

The selectivity curve is similar to that shown in Fig. 7.4c. The
frequencies for negative M are found by replacing +M by — M in

W
L-M L&

o f

Lo
(o
T

Fi1a. 7.5.—A Circuit with Combined Positive Mutual Inductance and Shunt
Capacitance Coupling.

the above expressions and, as for shunt capacitance ahd mutual
inductance coupling, there is no rejection frequency.

We see from this preliminary examination that variable pass-
band width is most satisfactorily obtained by mutual inductance
coupling, because increase of M moves both limit frequencies away
from the mid-frequency. We will therefore proceed to a detailed
analysis of the 1.r. tuned transformer with mutual inductance
coupling.

7.3. The Design of an I.F. Transformer with Mutual
Inductance Coupling. The equivalent circuit diagram for the
double-tuned transformer with mutual inductance coupling is shown
in Fig. 7.6 ; the valve is represented as a constant current generator
of I, = g,,E,, and its resistance is assumed to be much greater than
the impedance of the primary of the transformer. The procedure

for calculating the transfer impedance ZT(%> is considerably
simplified by replacing the actual circuits by Z,, Z,, etc.
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E, Z,
Then E = 7,17,
B, _ Z(Z.4Z) | Z(Z,+Z) 17
E  Z,AZ+Zy Zo+Z,+ 4, !
E, ZZ,
E Z(ZAZ)+ZZs+Z+Zs)
Z,+Zy) (Z,+Z,
But E =IaZ1[Zz+ ,J(rZ +Z]/Z +oit g +Z4+Z)5.
Hence E—Y’ = _____‘_w_ig Zs
I, (Zi+Z)Zs+Z,+2)+24Z,+Zy)
72,77y
” br = (21 +2,+ 22y + 2+ Zy) — 7.la
22,2, 7.1b

N Zsl'Zs2 - Zsz )

F1e. 7.6.—The Equivalent Circuit for a Double Tuned I.F. Transformer.

where Z,, and Z, are the series impedances of first and second
circuits taken separately, i.e.,

Z81 e Z1+Z3+Z3 a;nd ZSZ = Z3+Z4+Z5.

1 . .
But Z, =jw0,’ Z, = R, +jo(Ly — M), Z; = joM
. 1
Z,= Ry,+jo(L, — M) and Z; =ij,'

It is assumed that the resistance components in the capacitive
branches are negligible (this is usually true of air dielectric capacitors
or of good quality mica fixed capacitors).

. 1
Zsl =2Z,+Z,+Zs = R1+]<wL1 - *')
o,

= R,(1+jQ.F)
where Q, = %’%&
1

F = iAf (see Section 4.2.3)
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and fn = central or mid-band frequency

1 1
" 2aVIC, 22V,

. 1
Ty = Rz-i—j(sz - _->

w(,
= .Rz(]. +jQ2F).
jolM .
T w2C,C
Hence Z, = - ; hadind g
T RR(147Q.F)1+jQ.F)+w2M?
. JoM
. w?C,C,R,R,
" wssam e 1A
(1+5@ F)(1 +5Q. )+R—,R:
M wM? o, L, w,L, M2 [ o)\?
But k=__—__—-_ad____=ml.m2. .(__)& k2
VIL M RE TR B Lk \ey) "9
if £ =1
Wy,
oM o, M _ On wﬂ,,,L,L,M]
w?C,0,R.R, | w,0.C:R:R,|] o R.R,
for w, L = and w, L, = ———l——.
wﬂl 1 me
oM o[l oLl M,
" w:C,C,R.R, w| R, R, L,

w,, [ M L_]
M Ry Qe ——no-. [Z2
w | D1+ @2 VIL, I

o 2]

where R;,, = dynamic resistance of the primary when not coupled
to the secondary circuit.
Generally we shall be concerned only with frequencies close to

fm (within 4 30 ke/s) so that Pm ~ 1 and
w

oM L.
= Rp,Q.k [2
w?C,C,R\R, 01 JL,

£

I

g
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— jRQuk «/‘

Thus Zr = Grjemasenteers - 0

Ror@k, [

VI1+@:Qu(k? — F2)*+(Q,+Q.)°F?

The conditions for maximum value of | Z, | are found by differentiat-
ing 7.2b with respect to F and equating to zero.

Thus  2[14-@,Q,(k? — F?)](— 2Q,Q.F)+2(Q: +@Q.)°F = 0

or Fonor.1zpn = sz__( )
(maz. | Zp ) = s\o Q,

We have now to estimate the importance of k, @, and @, in deter-
mining the behaviour of the coupled circuits. Three conditions
arise, viz.,

t<iorran) = wilortan) =1+ > Vilgntos)

When £ < J 1<~1 +i>, Fnar. i zp)y 18 imaginary and a maxi-
2\Q.*  @.?

mum occurs at ¥ = 0, when

mor %

7.2b.

IZTl:

] ZT 1+Q Q 7E) 7.3a.
1/1 1
FOI‘K_/J1<Q +Qg>’ F(ma:t.lZT])=Oalnd
12, | = RDIJ < +1> —2
7.3b.
) RS
2Q1Q:

The above value of k represents critical coupling and greater values
produce a double-peaked response.
When @, = @,

7.3c.
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Two maxima result when k> J ( Ql >
2

and F(mar)":tx/kz— (Q Q.* )

This corresponds to off-tune frequenmes

Afonazr 1271 szl:fm\/k2 < +Q1 )

1
Replacing F b iJLZ ( S
P g y 2\ 0,2 Q
after simplification

L
Ronik, [ 2

(@2 4QY) .
Ji- e ey

) in expression 7.2b gives

| Z7| =

This reduces to

when @, = @,, which is the same result as for k = J _;(Q_l_z_*_,@lv,z),
1 2
i.e., after critical coupling is exceeded two-peaked response is
obtained, but the two maxima have amplitudes equal to the
amplitude at critical coupling. Increased coupling merely increases
the frequency separation of the two peaks, but does not change

7IL

their amplitude unless coupling is very large when the term — in
w

the expression E.R, given above can no longer be neglected.

w?C¢ C’2
The effect of this term is to increase the lower frequency maximum
and decrease the higher frequency maximum. For couplings much
less than critical, the transfer impedance at any frequency is

f
YN

Z,| = =
| 2z VI+Q:Qs(— F2))*+(Q, +Qy)°F?

RpiQk ’\/m

V@ FH(1+QF?)
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The selectivity characteristic (Section 4.2.3), or the variation of
| Z; | with respect to F, is equivalent to that of two circuits of
@, and @, separated by a valve. The transfer impedance is how-
ever directly proportional to k, so that under these conditions
amplification (in association with a valve) is low.

In most cases the primary and secondary circuits are identical
and the expression for transfer impedance becomes

— RpQk . . 1.2
V[1+Qk* — F*)*+4Q°F?
and its maximum value is obtained when

F=iJk=—g?i’

when k < —l, Funaz. 1 zep = 0 and

| Z7 | =

¢ RpQk
_ _bp
|ZTI_1+Q%" . . . 1.3e.
1
For k =—Q, F(max]Z,D = O
|ZT|=1522. ... af

and k> % gives Finaz, |z, = -+ sz — ng and

= RD
wL M oM _ coupling reactance
It may be noted that Qk = R L~ "R T " coil resistance

This shows that the maximum amplification obtainable from a pair
of coupled circuits is only one-half that obtained with one circuit.
The loss of amplification is however offset by increased selectivity
and pass-band response.

7.4. Generalized Selectivity Curves for Mutual Inductance
Coupling. A series of generalized selectivity curves® may be
obtained for a pair of identical coupled circuits by plotting

20 log,, ll ngl db against QF for selected values of Qk. The
T Imar.

reference level, 0db, is conveniently taken as | Z; |,nqaz), i€, %P and

the decibel loss at any particular frequency f is

R, 1+Q2(k® — F3)[2+4Q%F"
20 logl°2|7m = 20 log,, VIL+Qxk 50k JI*+49 7.4.
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This expression is independent of the sign of @F and it means
that the selectivity curve is symmetrical about f,,. By plotting
expression 7.4 against QF (to a logarithmic scale) we have the
generalized curves of Fig. 7.7. The great advantage of these curves
lies in the ease with which QF may be converted to the off-tune
frequency Af as soon as we have fixed @ and f,,. As indicated in

-0 T

| 1

-2 = =
B

N

-
[

\) \
M
DA

\
\ XY
N

- AN
PSRRI
iy ke ekl
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-
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—
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/4
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>
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—
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]

s \ \
i \ AN
: 4 3 4 56789 QF_’A' 3 4 5 678370 20
T A 567897 y S S WKL) 30 0
47 (kefs)

Fie. 7.7.—Generalized Selectivity Curves for an I.F. Transformer with two
Identical Coupled Circuits.

Section 4.2.3, to obtain the selectivity curve against off-tune
frequency it is only necessary to slide a logarithmic Af scale under-
neath the QF scale until‘);ﬂ on the former corresponds to QF = 1.

Q

As an example of the use of these curves, let us consider coupled
circnits having @ = 120 and %k = 0-025 at an L.F. of f,, = 465 kc/s.

k = 3 and Fm 1. .

Q an 20 1-94
The logarithmic Af scale is adjusted so that Af = 1-94 lies
immediately under @k =1 (Fig. 7.7). The decibel loss at any
off-tune frequency is read directly from the curve @k = 3. Thus
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maximum | Z, | occurs at Af = 55 ke/s, whilst at Af = 15 ke/s
the frequency response is reduced by 18 dbs.

The assumptions made in order to obtain the generalized curves
lead to only small errors with normal couplings at an 1.F. of
465 kc /s or over and off-tune frequencies up to 450 ke/s.  For lower
intermediate frequencies (110 ke/s) and similar off-tune frequency
limits, the generalized curves are useful but their accuracy is limited.

7.5. Generalized Selectivity Curves for Shunt and Series
Coupling. Let us again assume that the primary and secondary
circuits are identical, and that shunt capacitance (C,) coupling is
employed. The transfer impedance is found by inserting the
following values for Z,, Z,, etc., in expression 7.1b.

1 1
Zl*—Zs—m, Za —th—ol
. 1
C+C,
From Section 7.2
1 c
® LCo, Cc+C,
C+C,
Ly = Zgy = R(1+jQF)
1
~ jw?C,C?R?
and Zyp = i . . . . 7.5
(l +.7Q—F)2+m—2}—32
1 _(ox\* C+C € (C+C)*  Cy?
0®C,C?R* \ o/ 0,CC,R C+C, 0,2C*C,*R (C+C,)?
~(“=\’.qxr, .G
“\w /) TTPC+0)?
= QkRp

L Wy . .
since — over the normal response range is nearly equal to unity
w

and C, > C.
Similarly _ 1 (%Y[M . ¢ ]2
w?C,2R? o) | w,CC.R C+C,
- ,‘i’!anzkz
w?

== Q%2
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_ R,Qk
VI +Qk* — F)+4Q7F?

which is identical with expression 7.2¢c. The generalized selectivity
curves are therefore applicable to this form of coupling so long as
we note that

Hence | Zp |

1
fm = s
on [ LCC,
C+Cl
i.e., it varies as the coupling £ = C’—f c. is varied.

The curves may also be used to estimate the performance of
shunt inductance coupling L, and in this instance

1 L
fm -

e —— &nd .
27V (L+L,)C L+L,

The generalized curves are also applicable to series coupling
provided the coupling reactance is large compared with the reactance
of the same kind in either of the tuned circuits. For series capaci-
tance coupling

1 Cz

S} ;|
! 22V L(C +C,) C+C,
and for series inductance

fm:

1 and k = L

97 J LL, L+L,
L+ L,

7.6. The Impedance of the Primary of Two Coupled Cir-
cuits. In the solution of certain problems, e.g., the calculation
of the voltage available for a.¢.c., it is necessary to know the
impedance (Z,) of the primary of two coupled circuits. Referring
to Fig. 7.6

7.7

=77 7.6
Zo(Z+Z,)
wh zZ =27 T\ Ta T s
ore Y

Z\[ZoZs+ 2.+ Zs) +Zy(Z 1+ Zs)]

— ZI[(Z2+Z3)(Z8+Z4+ZB) - Z?z].
(ZX+Z!+Z3)(Z3+ZC+Z5) —Zaz
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Replacing Z,, Z,, etc., by their appropriate components

1 . .
j——[Rle(l +jQ1)(1 +j@F) + B, R,Q:1Q:k?]

P T R R [T @ F) (1 1@ F) + Q.Q:k*]
where @, — a')”}nz?’ Q. = “’;;f* and ;);_1
Since @, > 1 and > Q,Q,k?
g - QUHQF)
? 7 wC (1 Q. F) (1 +j@. F) +@.Q:k2]
w"‘Rm(l +j@.F)
(1 Q. F)(1+jQ.F) +Q.Q:k?
Rpy(1+jQ.F) -

= THOF) (L 1. F) + Q.G

when w,, =

o Ry VITQF
? \/[1+Q1Q2(k2 - FZ)]2+(QI +Q,)*F? . 1.7
_ 1 Zr| V1+Q,°F? _ . . R

When the primary and secondary circuits are identical

Rp(1+jQF)
Z, = D . . . 1.7d.
P = (1 +iQP) Q% "
At the mid-frequency f,,, F = 0 and

R
Z = __ Dt
1% lim = TrQ.0u
from which we see that the primary impedance decreases pro-
gressively as k is increased. At critical coupling

s~ i{oite)
RDI

e
%11

e

when @, = Q,.
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It is sometimes helpful to use the equivalent primary circuit
developed from

4z
»Z.+Z
Zy(Z +Zy)
V242,72,
Z4? Z,2
=2yt 2y — = Z,+ 2, — .
2+ 3 Z3—+—Z‘+Z5 2 3 Z82
Zy? . .
The term — 777,77, can be separated into a resistive and
reactive component connected in series.
Z,2 wM? w2M? jo?M2Q,F

T Z,4Z42, R(15Q.F)  RE(1+QFYH  R(1+QFY

This result may be compared with that indicated by expression 3.18
in Section 3.4.2. The equivalent primary circuit is shown in

RI
G 4
WM
G Ro(7 "‘gz F) ’Zsz

W M3QF | Zsy
Xr‘ RZ(""OzF)

Fre. 7.8.—The Equivalent Circuit for the Primary of an LF. Transformer.

Fig. 7.8, the total resistance and reactance in the inductive arm
becoming

= &,+R,

w2M?
R[ * REAL 177
s Q1Q2
R[1+1+Q 2 . . . 1.8a.
_3(le+Xr)

o Q%2 F
_.ijll:l — 1_‘%0—:@—2] . . . 1.86

)
when — =~ 1,
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7.7. Variable Selectivity.

7.7.1. Introduction. The degree of selectivity required to
suppress adjacent channel interference depends to a large extent
on the strength of the received signal. For local station reception
the selectivity can be reduced with consequent improvement in
fidelity, but for distant station reception very high selectivity is
often necessary. Hence some means of varying selectivity is an
advantage, and in a superheterodyne receiver a very simple method
is to control the selectivity of the 1.r. amplifier.

Variable selectivity may conveniently be divided into asym-
metrical (one side-band only is affected) and symmetrical variation
(both side-bands are affected). Each has its merits and their
advantages are listed below.

Asymmetrical. Symmetrical.

. One side-band only is reduced,
that suffering from interference.
. Tuning is critical and the carrier
must be located correctly.

. Amplitude (harmonic) distortion
can be high if not tuned
correctly.

. Frequency distortion is not so
appreciable as only the high
frequencies in one side-band are
affected.

. Selectivity is better for given
fidelity (audio frequency re-
sponse) when interference is on

. Both side-bands are reduced.
. Tuning is not very critical.

. Amplitude distortion is small.

. Frequency distortion may be con-

siderable because the high fre-
quencies in both side-bands are
reduced.

. Selectivity is better when inter-

ference occurs on both sides of
the carrier.

one side of the carrier.

6. Signal to noise ratio is approxi-

mately — 3 dbs. down on that

for symmetrical variable selec-

tivity.

Amplitude distortion due to asymmetrical variable selectivity
can be reduced to a low value if there is symmetrical response for
side-bands up to --1,500 c.p.s.® on either side of the carrier. The
audio frequency output with two side-bands is +6 dbs. above that
with one, whilst noise is only +3 dbs. up due to the increased band
width. Sections 4.9.2 and 4.9.3 show that circuit and valve noise
is proportional to the square root of the band width, whereas the
audio signal is directly proportional.

7.7.2. Asymmetrical Variation. Asymmetrical variation of
selectivity is rarely used because of the need for skilled operation
if satisfactory results are to be realized. It may be achieved by
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detuning the oscillator so as to locate the carrier on the side of the
selectivity curve, or by detuning one side of the 1.7. coupled circuits.
The second method varies the total pass-band, whereas the first
varies only the relative widths of the pass region of each side-band.

7.7.3. Symmetrical Variation. Symmetrical variation of
selectivity may be accomplished by varying the mutual inductance
coupling between the LF. circuits, or the damping of the circuits.
The latter is not very satisfactory as it appreciably reduces the
discrimination against frequencies outside the pass-band.

7.7.4. Variable Selectivity by Mutual Inductance Varia-
tion.3, %, 1. We have already seen from Section 7.2 that a double-
peaked response may be obtained from two tuned circuits coupled
by mutual inductance. Increase of coupling causes these two peaks

~
ST
g EER RN
& P
PR R B
3 PLob
Lot

ABCOQCBA, —,

5 Fincreasing

Frc. 7.9.—The Overall Selectivity Curve for an Overcoupled I.F. Transformer
and a Single 3@ Circuit.

to travel by almost equal amounts from the mid-frequency f,. It
is important to note that the mutual inductance coupling between
the circuits can only be satisfactorily varied by changing the relative
positions of the two coils. The insertion of a shielding coil, ¢
paralleled by a resistance between the two coils, is equivalent to a

resistance shunting the mutual inductance arm. The effect is to

! and if the

2aV(L+M)C

resistance is made small enough this peak is completely suppressed.
One disadvantage of mutual inductance coupling variation is that
a trough is produced between the peaks and its depth increased as
the peaks separate. This results in variable frequency response
over the pass region between the peaks. It is, however, possible to
overcome this difficulty if the overcoupled circuits are used in
conjunction with a single tuned circuit of half the @ of the coupled
circuits taken separately. The overall frequency response of the
three circuits has three maxima of equal amplitude (see Fig. 7.9),
and the frequency separation between the two outside maxima
(contributed by the overcoupled circuits) is increased as the coupling

reduce the lower frequency peak at f, =
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between the two circuits is increased. At the same time the two
minima are reduced in amplitude so that an absolutely flat response
over the pass-band is not obtained by this arrangement. Neverthe-
less, for normal pass-bands of +10 ke/s the variation can be reduced
to very small proportions, less than 2 dbs. The proof that the
maxima have equal amplitudes is as follows : the frequency response
for the two coupled circuits is
RpQk
VI1+Q¥k* — F)]*+4Q7F"

and that for the single tuned circuit

20 log,,

Bpy .

VITQF

The overall frequency response of the two circuits coupled by a
valve is

20 log,,

RpQkRp,
V([1+Q%k? — F*)]*+4QF*)(1+Q,%F?)
The variable factor is F, and since it occurs only in the de-

nominator we can differentiate the latter and equate to zero in order
to find the maxima and minima of the overall curve. We will

7.9.

20 log,e

replace ¢, by % and check the final result by noting if three equal

maxima are obtained.
(Denominator)? = ([1-4+@?*k? — Fz)]2+4Q2F'~’)<l +;QZ_F2> . 110

aD)? _
dF

<‘+erp)<— 4Q2F(14+Q2(k* — F7))+8Q*F)
(1 +Qke — Fﬂ)12+402F2>(Q—;F)

- Q;f[(g  6QU2 Q%Y+ Q2212 — 4Q%E)+3Q4FY] . T.11
—0

3 k? 1
when F=O’iJk2_@andiA/§—@'

The three maxima in the overall frequency response curve,
B, O and B' in Fig. 7.9, are given by the first three values of F

(0 and -+ J k2 — Qiz ) and the two minima, C and C’, by the last
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1 g
two values <j: J’; — Q15> Replacing ¥ by 0 and - Jk? _@35
in expression 7.9 gives three equal maxima of

2010gm'RDQkB51. . . . 112

14+Q%2
thus proving the statement that one circuit of % in conjunction

with two coupled circuits, each of magnification @, gives three equal
maxima in the response curve. The value at the minima, obtained

by replacing F by - J

k2 1. . .
— — — In expression 7.9, is
3 2

3VBRp Rpy gy,
9+ Qe

Thus the ratio maximum-to-minimum response is

O+@rek gy

31V/3(1+Q%?2)

and from this expression the decibel ratio variation of frequency

response over the pass range can be determined for any value of Qk.

20 log,,

20 log,,

~
ER
3 E 3
$I3 : 63
<3 Overall Amplification v 88
5 / Ratio / 33
10 < 4 & 8
2 /; *\ / g g
£ 08 / \.\ 430
'F: ’I < % PassRange | -
6L N ] € |
3 o6 < Response N
§ i S - ) &
S 04 < §
§ i SR 4. o
= 02 / 3= 9
g L $
S 0 e 0
0 2 4 6 8 0

Qk

Fre. 7.10.—The Overall Amplification and Pass-band Ratios for an Overcoupled
L.F. Transformer and a Single 3¢ Circuit.

It is plotted in Fig. 7.10 against Qk. Expression 7.12 clearly shows
that overall amplification is a function of @k, and the condition for

maximum is found by differentiating Iffgi% with respect to Qk

and equating to 0. This gives @4 = 1 and maximum amplification

proportional to —Rifﬂ. The ratio loss of amplification from the
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maximum value is shown against @k as the dotted curve in
Fig. 7.10.

The pass-band is not strictly the frequency separation between
the two maxima, B and B’, but is more correctly that between the
two points 4 and 4’ in Fig. 7.9, i.e., the extreme frequencies at
which the response is equal to that at the minima, ¢ and ¢’. The
values of F corresponding to 4 and A’ are found by equating
expressions 7.9 and 7.13, which means that

Q2F2) _ Q2k2(+9Q2k2)2

[[1+Q3(k* — F2)12+402F21(1+

4 27
2 2], 2
or [Q2F2+1 — Q_3k2:|2<Q2F2+4 — 4Q3k ) -0
k1
= _ = —— . . . .15 .
F=12 J 3 g 7.15a
. 24f . .
Since F = Y, we may write for the maximum off-tune frequency

LR [few
Af(maac.) zfmJ§ — Q—*z = m/\/—Q—:}« —1 . 7.15b.

To illustrate the design of such a stage let us assume that the
coupled circuits are preceded and succeeded by valves and that the

g single circuit is in the anode of the second valve.

Let g,,; = 1 mA/volt = mutual conductance of the first valve.
Ime = 3mA/volt = ’ ., 5 second ,,
fm = 465 ke/s

Afnazy = 10 ke/s.

The following requirements are to be met :

The variation of the pass-band is not to exceed 2 dbs., the
amplification (4,) of the stage supplying the coupled circuits is to
be 50 at critical coupling and that (4,) of the second stage 100.

Figure 7.10 gives @k = 5 for a 2-db. difference between the
maxima and minima of the response curve.

Hence from expression 7.15b.

L 1 /253
Y2 [ 7% 431 x 10-5
R 271104\/ 3 X

w,, L
= " — 126.
R
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The amplification of the coupled circuit stage at critical coupling is

_, onl@
Al =Im 9
or 2 gge uH
Im1®m
Ry = w0, LQ = 100,00002
C = 430 uuF
L
R =% — 6280
Q
Qk =5 = “’mlén
M = 1075 uH.

The amplification of the single circuit stage is

A, = 100 = g9, L, X ‘g[Qx :%’).

thus L, =181 yH
R, = 33,0002
C, = 645 uuF

R, = 2only _ g4 0

Referring to the curve for overall amplification given in Fig. 7.10,
we note that the actual operating overall amplification at maxi-
mum desired coupling is only 0-38 of its maximum value ; i.e., the
operating amplification of the first stage is 0-38 x 50 = 19. If
the pass-band is reduced by reducing @k, overall amplification is
increased as far as critical coupling, and the variation over the
pass-band is reduced. When variable selectivity is obtained by
this method there is often very little change in volume when
Qk exceeds 1, because the increase in side-band width tends to
offset the loss of amplification at the lower audio frequencies.
Automatic gain control will also tend to compensate for the
reduction in operating amplification.

In order to obtain sufficient maximum selectivity, more than
two coupled and one single circuit are required in an 1.¥. amplifier,
but to preserve the flat pass-band we must maintain the ratio of
two coupled to one single circuit. Using two pairs of coupled
circuits and two single circuits each separated by a valve is not
very practical, and it is essential to consider a compromise. If we
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couple two tuned circuits loosely together, we obtain a selectivity
curve which approximates to that of two separate tuned circuits
connected by a valve, having zero anode-grid capacitance. It is
therefore possible to couple the tuned circuit of 1@ to the secondary
of the overcoupled circuits, and to obtain an overall selectivity
curve which very nearly approaches that of the circuits separated
by a valve. The actual effect of coupling on the pass-band response
is to depress the side maxima below the mid-frequency maximum.
The chief problem in design is to obtain a sufficiently high transfer
impedance with loose coupling.

By assuming that all three circuits have equal values of L and C
but that the @ of the last loosely coupled circuit is only 1 the @ of
the overcoupled circuit, the current in the secondary of the over-
coupled circuits is (from 7.1a)

E 1,Z.Z
I, =22 = L af1%s § 7.16
*T 2 CaAZA LN E A LA LA D) = 2yt *
LM, . 7.16b

~ oClRQ+jQF)R(1 +jQF) +2) + w?M,?)

where M, = mutual inductance between the overcoupled circuits
" R == effective series resistance of these two circuits
' Z' = impedance reflected into the secondary of the two
circuits from the loosely coupled @/2 circuit

w?M,2
’ _Z”
Z" = geries impedance of the @/2 circuit

(Section 7.6)

and M, = mutual inductance between the @/2 circuit and the
secondary of the overcoupled circuits
© _ Om

2R+ jme<— )

Wy o

ZII

Il

= R(2+jQF).
The current-voltage equation for the /2 circuit is
L, R2+jQF)+1joM, = 0
where Iy = the current in the /2 circuit.

The output voltage across the capacitance is
. — I,  —LjoM,
P joC  jwCR(2+jQF)
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and the transfer impedance is

E,
ZT == 7;
. — MM, B B -
wzczR(2+jQF)[R(l +jQF) [ (1 +]QF+R2((”2 i”yQF )] +w2M12]
— w:M .M,

=

w202R3[(2+jQF)(l+jQF)2+w
oMM, w,2L? 1 MM,

Bt igips = R epom L = @Rk

M M
where p = Tl’ and %k, = _ffz

w2M22 _ 2 2 wmsz-M’z sz 2
iz wn) TR L m
=~ Q2%,?
if @ o~
wm
Similarly “’2‘{12 =~ Q%2

Thus
By — Q%kik.Ep 7.17a

2 14Q(kt 45 — 287) | +iQFI5+ Q¥ —F)
or ]ZTI

QikaRp 7.17b
Ji[ et o) [ eps @ rha—pap

when Qk, is small

Q*k:k,Rp
VA1 Q¥ (k. —2F )+ QF 2[5+ Q¥(k,> F7)]*
The square of the denominator of expression 7.17¢ can be expanded
as follows

4[(1+Q‘~'(k12— ) — @2 L 114 Quee — Fﬂ))z]

. 1.17c.

| Zr| =

- 4[(1 1Qky2 — )t — 2QFH14Q2(k,? — F¥) Q4

+ 80w — P+ & 6 801 @k Fzm]
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= oo — P18 e reury |

= 41+ Q%k* — F”))2+4Q2F2]|:1 L%

and this is 4 X expression 7.10; | Z, | therefore reduces to
%k, R
kR = . 7.17d.

2 \/[(ng(klz - F2>)2+402F”1[1+%]

Hence the frequency response characteristic is the same as that
when the overcoupled and single circuits are separated by a valve,
and, provided @k, is small, the curves for the loss over the pass
range, and overall amplification ratio in Fig. 7.10 are applicable.
The value of @k, at which maximum amplification is realized, is
moved to a slightly higher value by the coupling to the single tuned
circuit and it can be found by differentiating the value of | Z; |,
for ¥ = 0 (f = f,,), with respect to k,. Thus from expression 7.17b

| Zr| =

2
| Zy lf,,, = ¢ klszl;c 2 7.18a
2[1 +Qz<k12+-;—>:|
a| Zrly, _ _\/k Q%k,*
and Tk =0 when @k, =  [14: 5

so that if Qk, = 0-2, @k, = 1-01, which is not very different from 1.
Replacing @k, in expression 7.18a gives
_ Qk.Ep

Q%z ‘

VZrly, =

. 7.18b.

If the required maximum overall ampliﬁcation, A, of the stage is
known, the value of Q%, may be calculated from 7.185, for

. Qk,R
A:gm'!ZTlfm: g Q Q:;c’
Wiy
44

il — . . 719,

W iRy — 84 e

To illustrate the design of the circuits, let us consider the problem
given in the previous example, viz., the overall response in the pass
range (4-10 ke/s) is not to exceed 2 dbs., the amplification required
at critical coupling is 50, f,, = 465 ke/s, and ¢,, = 1 mA /volt. If

from which
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it is assumed that the coupling %, is sufficiently loose to allow the
curves in Fig. 7.10 to be used, the 2 dbs. variation gives

The value of L must be as high as possible to obtain the highest
transfer impedance. Let us assume that the maximum permissible
value is 1,000 uH, which gives a tuning capacitance of 117 uulF.
Thus L = 1,000 gH. C =117 yuF, R = %L = 23-20.

R, = oL.Q = 368,000Q
g, R = 368.

From 7.19

Qk, = 290  _ o588

V3682 — §(50)2
This value of @k, is too large, and the single circuit will affect the
response of the overcoupled circuits to too great an extent. A
more suitable value of @k, is about 0-2. This entails increasing
either R, or ¢,, or decreasing A. Increase of R involves an
increase of L and decrease of C, and it is not very practicable since
stray capacitance becomes an appreciable proportion of the total
capacitance. A large ratio of stray-to-total capacitance increases
the probability of mistuning during operation (due to valve or
wiring lead changes, and to temperature effects). Furthermore, an
increase in R;, may not result in a proportionate increase in amplifica-
tion, due to R, becoming comparable with the valve slope resistance
R,; when R approaches R, the frequency response of the over-
coupled circuits is affected and the variation over the pass-band
increased. The only course is therefore to reduce 4, if g¢,, cannot
be increased ; let us therefore take 4 as 17 as this gives Qk, = 0-2.
The critical value of @k, corresponding to maximum amplification is

Qkyerity = A/ +Q—kL = 101

Qk,R 101 x 23-2 x 10°
0, 628 X 465 x 10
= 802 uH

Ml(max.) 1- OIMl(cru) = 39-7 yH

o, — QbR _ 02 X 232 x 108
' @, 628 x 465 x 10°

= 1-59 uH.

-Ml(crit.) =
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The following component values satisfy all the requirements except
that of amplification, the value of which cannot exceed 17 at critical
coupling :
for the overcoupled circuits

L =1,000 uH, C =117 yuF, R = 2320, R, = 368,000Q

Q = 126
M, = 802 yH (critical coupling)

= 39-7 uH (for the required pass-band of 4 10 ke/s)

and for the single circuit
L =1,000 yH, C =117 yuF, R = 4642, R, = 184,000Q
Q = 63

M, =159 uH.

Another possible arrangement for reducing the number of stages
is to follow two pairs of overcoupled circuits by a pair of loosely
coupled circuits of magnification @/2, each pair being separated
from the next by a valve. Since the @/2 circuits form the last
stage of the amplifier, the detector is connected across the secondary,
and an A.6.c. detector will probably be connected across the primary.
As a basis of design let us assume that each circuit has initially the
same @ as the overcoupled circuits, and that the detector damping,
and A.a.c. detector and amplifier anode damping reduce the magni-
fication of secondary and primary to ¢/2. We must now decide
on the minimum coupling. If it is made too small in order that
the selectivity curve of the coupled circuits may approach that of
two valve-separated circuits, there is considerable loss of amplifica-
tion to the detector. As a compromise let us take the coupling
coefficient as one half critical. From section 7.3 critical coupling
is realized when the coupling coefficient is equal to the reciprocal
of the magnification of either circuit, therefore the required coupling
coefficient is

05 1
Q/2 @

A lower value of coupling, for example = 0-4@Q is preferable

0-2
Q/2
for approaching the selectivity characteristics of two separated
circuits, but this reduces appreciably the voltage to the detector.

The values of the circuit components are estimated as follows :

Let Rppr = parallel damping resistance due to the detector
R, = parallel damping resistance. due to the a.c.c.
detector and the amplifier valve resistance R,

and R, and R,= primary and secondary coil series resistances.
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If the magnification of each circuit is reduced to one-half by damping,
it follows that the initial resonant impedance of each circuit equals
the parallel damping resistance, thus the circuit constants are
(Section 4.2.2)

ol,Q =R,; oL@ = Rpp

where ¢ = initial undamped magnification of either circuit.

B 1, — Boer
w@ w@
Gy __—aﬂlL1 C. = wzlL,
R‘=%ll R,:wa-L'
Qk=\/%=lorM—‘/ITa:R—'

The damping resistance due to the detector (Rpg,) and that
in B, due to the A.¢.c. detector may be taken as one-half of the
A.C. load resistance (see Section 8.2.10). If the a.c.c. detector is
delayed, its damping resistance only becomes fully effective when
the R.F. voltage is much greater than the delay voltage. However,
the maximum band width is not likely to be used unless strong
signals are being received. Taking the value of ¢ obtained in the
previous example, i.e., 126, and assuming that the a.c. load resistance
of a.¢.c. and detector diodes is 0-5 M2 and that the valve slope
resistance R, is 1 MQ, we have

R, =1%0% _goMQ.  Rppr =025 MQ
1-25
I — 0-2 x 1012 _ 0-25 x 1012
17628 x 465 x 105 x 126 P 628 x4-65x105x 126
= 544 uH = 680 uH
R, = twl,Q = 100,0002
C, = 215 yuF C, =172 puF
R, = 12-6Q2 R, = 15750
VR,R
M = Viule )
w0k 4-82 uH

Owing to coupling between the two circuits there is a greater
variation of overall frequency response over the pass-range, and the
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maximum at f,, is less than the maxima at the side frequencies.
The effect is not very serious if a coupling of one-half critical is
not exceeded.

The number of stages may be still further reduced by coupling
the two pairs of overcoupled circuits loosely together as shown in
Fig. 7.11a. The equivalent circuit is shown in Fig. 7.116 and the

Fic. 7.11a.—A Variable Selectivity I.F. Amplifier with almost Constant Pass-
band Response.

transfer impedance can be calculated by the method used in
Section 7.3. By replacing the impedances by Z,, Z,, etc., the
general expression for Z, is

E,

Zr =7’

_ Z,2.%.%.%,
(Zy+Zy~+25)(Zs+ 2+ Zs)Zs+ Lo+ Z:)( 2y +Zs + Zo)
~Z Ml AZ o+ 22y +Zs+2Zy) —Z Ly A Ziy+Zi)(Zy + Zig +Zo)

"Z72(Z1+Z2+Zs)(z +Z4+Z6)+Z32Z72'

éj’gmtiq Z, Zg Zs Zg
R LM MM R
L
¢ -I-Zz M3z 437 M

Fi¢. 7.116.—The Equivalent Circuit for Two Loosely Coupled L.F. Transformers.
[For Z, read L — M, and R.]

If all the circuits have identical component values, as indicated in
Fig. 7.11b
1 .
Zy=2y=—"—; Zy=2; = R+jo(L — M,)
JoC

Zy = Z, =jCUM1; Zy =12 = R+jw(L - M, - M,), Z =jwM,,
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. 1
Uhts,+24, = R+](WI - (1)0) = s+ 2424y = Zs+Zs+ 2,

= Z7 +Z3+Ze = (1+]QF)
w3M:M,
w?C?
RY(1 +jQF)* + 2w M 2(1 +QF )2+ Rrw? M (1 +-jQF )2
+R202 M 2(1+jQF)2 s M 5.

. Z’l' —

oMM, 0, L3 1 M2M
Numerator of Z, = = w_mli“ —"R" ,_m_zé?ﬁ,_l_l_;_,_f'
= wﬂmQSR,,k,zk,
== RYQ3% .2k, Rp.

Denominator of Z,
= R‘[(IHQF +3“if‘£—

= RY(1+jQF)*+2Q% X1 +jQF)2+Q2k22(1 +IQF) -+ QU
= RA(1+Q¥k,* — FY)* — 4QF*+Q%, (1 — Q2F?)
+72QF (2 +Q%,24-2Q% k.2 — F?))).

wtM ¢
Rt

Hence
Q-"Ic 2k Ry
[(1+@(k* —F?))* —4Q2F2 + Q%k,(1 —Q*F %) ]2
+4Q2F2[2 +Q!k.2+2Q2(k 2 F2 ]2
when k, is small this approaches
I YA 'l — stl2kaRD
T 4@k, — FY)*+4Q°F?
and the selectivity curve, which is determined by the denominator,
is the same as that for two separated pairs.
At the mid-frequency f,, ¥ = 0 and
| Zp| = Q3% R,
T (1 + Q%22+ Q%,*
differentiating this with respect to k, and equating to zero gives for
a maximum

. 1.20a

7.20b

le(mu,) = \‘/1+Q2k22 . . . 7.21.
Replacing @k, in 7.20b0 by this value
2.2
| Zr| = QksRy V11 Qs = Ok Rp . 7.20c.

1 +VIT0% 1 Qk2  2(1+VIrQw?)
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The overall amplification of the stage is

k., R
Ad=g,|Zp| = Im@Ep
ol Zel = S Vi )
or & AX1+Q%.?) = (g, RpQks — 24)°
whence Qk, 449, Rp . . 1.22.

- gn2Rp? — 442
Taking the component values already used for the overcoupled
circuits and loosely coupled single circuit, viz.,
L = 1,000 yH, C=117 uuF, Q=126, Qk,=0-2, ¢g,,=1 mA /volt
R = 2320, R, = 368,000
1 x 10—3 x 368,000 x 0-2
2(1+V1-04)

A::gmlle:

= 182,
This represents the maximum gain which can be obtained from the
stage with loose enough coupling between the pairs of overcoupled
circuits.
Qherieriry = V1+Q%,? = V104
= 1-01
uo kR _ 101 x 232 x 10°
Mot o om 628 X 465 x 108
= 8-02uH.
For 2db. loss at 410 ke/s, Fig. 7.10 gives Qk,n,,) = 5
" Mgy = 397 uH
02 x 232 x 108
' 628 x 465 x 10°
The coupling reactance between the two circuits may, if desired,

= 1-59 uH.

be a capacitance C,, its value being determined from Qk, = %ﬁ’
wl,y
108 108
th C, = = _
e 1T WRQE, 628 x 465 x 105 x 232 x 0-2
= 0-0738 uF.

The three compromise circuits give a frequency response over
the pass-band which is almost equal to that of the separated circuits
if the loose coupling coefficient does not exceed appreciably the
value given in the calculations. Stray capacitance coupling, in
addition to the mutual inductance coupling, may occur and produce
an asymmetrical overall frequency response. The effect can often
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be reduced by reversing the sign of each mutual inductance element
with respect to the preceding one.

7.8. Valve Input Admittance and Frequency Response.
In the preceding theory we have assumed that the input admittance
of each valve amplifier is zero over the pass-band. In practice the
input admittance due to the valve anode-grid capacitance may be
comparable with that of the circuits across which it is connected.
This input admittance may be separated into two parallel com-
ponents, resistive and reactive (see Section 2.8.2). The resistive
component is from expression 2.9a (neglecting B, in comparison
with B,)

(Ga+Go)*+B,?
gmBy Bo

R, = 7.23a

where G, = I%= anode slope conductance
a
G, = conductance of the external anode load admittance
B, = susceptance ,, ,, » » »
g, = mutual conductance of the valve

B, = susceptance of the anode-grid capacitance.

The sign of R, depends on B,, being negative when B, is inductive
and positive when B, is capacitive. With tuned anode circuits B,
is inductive at frequencies lower than resonance, and capacitive for
higher frequencies. The value of R, is minimum when B, = G,+-G,
and, for single or coupled circuits of normal ¢, the minimum occurs
in the pass-band of the amplifier. This tends to produce an overall
lop-sided frequency response curve higher on the low-frequency
side of resonance where R, is negative. The grid parallel reactive
component is always capacitive with a value (see expression 2.9,
again neglecting B, in comparison with B,).

Im(Ga+G) ]
c, _oga[ rames] e

The variation of this component over the pass-band is generally
negligible and compensation for its mistuning effect can be made
on the grid-coil tuning capacitance. The resistive component
cannot be ignored, and the only satisfactory solution is to isolate
each stage from the next by a semi-aperiodic circuit. The dynamic
resistance of this circuit must be much less than the minimum input
resistance component of the succeeding valve, and it must also
have a sufficiently low value to make the input resistance component
of the valve, to which it is connected, very much greater than the
dynamic resistance of the preceding circuit.. The ratio of minimum
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grid input resistance to tuned circuit dynamic resistance R, should
not be less than 10: 1. In order, therefore, to obtain satisfactory
results it is necessary to insert an isolator semi-aperiodic stage
between the variable coupling and the fixed coupling stages. The
modified circuit appears as in Fig. 7.11a.

In order to determine the constants of the aperiodic circuit, we
must calculate the input resistance component of valve V;, connected
to the two @/2 loosely coupled circuits. Using the equivalent
primary circuit developed in Section 7.6, the series resistive and
reactive components reflected from the secondary into the primary
inductance branch are

Re — 22 M2 — w:M2QF
S R,(41+QFY R,(4+Q%F2)
(Note that the equivalent secondary series resistance is 2R, because

the circuit is damped to @/2, and that @ = a%_l = a#)
' : 2w2 M2

R,(44 Q2F?)

&nd XS =

The equivalent primary series resistance is 2R;-+

and the reactance of the inductive arm is
JotM2QF .
T Rty ek
when F is small, i.e., in the pass-band range.
Hence the total equivalent parallel resistance of the primary is
very nearly (see Section 4.2.2.)
wil,?
202 M2
R,(44+Q2F?)
and, as this includes the amplifier valve anode resistance and A.g.c.
damping because the primary series resistance is taken as 2R, it

joL,

2R, +

1
i 1 e,
1s equal to .G,
wiM?

_ 2R+ g s v

w2l ?
B w2M?
14— "=
| mmarer)
- w?l,?
R,
B Qzk?
o]
= .R . . . 7.24a.

D1

or (Ga + GO)

ho
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1
N
' R,(44Q%F?)
The reflected reactance term cannot now be neglected since wC, is
comparable with 5%—1
*MQF0C
2 —-1-_9 1
Pt rsx )
o oL — w*M2QF
' R,(4+QF)
2
But WGy — 1 = [i’._z - 1:| =F
wm
w0 w1
_ wiM P
. By BRGEOT)
Q2k2
wL [ 4+Q2F”:|
i 7.24b
L PO D

Note that F is negative at frequencies below resonance, and hence
B, is negative (inductive).

If we consider the case of the two loosely coupled @/2 circuits,
as shown in the anode circuit of V; in Fig. 7.11a, @k = 1 and
expressions 7.24a and 7.24b become

2 1
q,+@G, = R_D;[1+4+Q2F2] . . . 7.25a
QF 1
B, = Y. _ . . 7.25
and T ! 4+Q2F 2] b

and replacing (G,+G,) and B, in expression 7.23a we have
B — 4(54+Q2F2)2 +Q2F %3 +Q2F2)?
* 9.B, Bp QF(3+Q*F*)(4+Q*F?)
= 2516Q2F2+Q4F* - . . . . 7.23c.
9By Bp1QF (3+Q%F7)

To find the condition for a minimum value of R, it is necessary to
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differentiate 7.23¢ with respect to F and equate to 0. A cubic
equation in Q2F? results :
Q8F®3QF4 — 57Q%*F2 — 75 = 0.
One solution of which is
Q2F* = 6-86 or QF = 1-2-62.
Replacing QF in 7.23c by 2-62 gives
4-38
‘Rﬂ(mm.) I BU, RDI.

If we assume that the anode-grid capacitance of V, (Fig. 7.11a)
= 0-005 uuF and g,, = 3 mA /volt and that the dynamic resistance
of one /2 circuit is R;, = 100,0008 (as calculated for the previous
example), the minimum grid input resistance of ¥V, is

P 4-38 x 1012

olmin) = 3710~ % x 6-28 X 465 x 10° x 0-005 x 100,000
= 1MQ

so that the dynamic resistance Ry, of the isolator or semi-aperiodic

tuned circuit must not exceed 100,000 if the ratio of Rygtnin, is not
DA

to exceed 10.

We have yet to consider the minimum grid input resistance of
the isolator valve V,, as this must not be less than 10 times the
dynamic resistance of the circuit between grid and earth. The
conductance and susceptance of the isolator anode circuit are from
expressions 4.7 in Section 4.2.2.

R 1
G = = —
° w2L2 RDA
g _oLC—1_F _QF
S L T WL TRy

Note that X, in expression 4.7 is positive and that a positive X, is
equal to — B,. Hence the change of sign in the numerator of /3,.

11\ QF>2
=)+
- _(Ra RI)A> <RI)A

where R, = — = the slope resistance of V',.
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At frequencies below resonance F' is negative and R, is negative.
Regeneration of the input circuit therefore occurs. For frequencies
above resonance R, is positive and degeneration occurs.

The condition for minimum E, is found by differentiating 7.26a
with respect to F and equating to 0. Thus

R
F = 14+-24 . . . 721
Q +3
If R,> R, , — in practice this is generally true — QF = 1 and
2
Ryiny = — . 7.26b.
otmin.) gmBgaRDA

Taking t 1e maximum grid circuit resistance as the dynamic resistance
of one ¢t the tuned circuits forming the two pairs of overcoupled
circuits in the anode of V,, i.e., as 368,000, the minimum grid
input resistance of the isolator valve V, must not be less than
3-68 M. If the grid-anode capacitance of V, is 0-005 yuF and
d.. 18 3 mA/volt, the maximum permissible dynamic resistance of
the isolator-tuned circuit is from 7.265.

2
R
b gmB Rg(mm)
2 x 1012
T3 x 1073 x 628 X 465 x 105 x 0-005 X 3,680,000
= 12,4000.

The amplification of this stage is g, By, = 37-2. It is clear in this
particular example that the factor limiting R, , is the input grid re-
sistance of the valve V,, in the anode circuit of which it is connected.
Having fixed the value of Ry, it is necessary now to decide on the
@, L and C of the circuit. From 7.27, the grid input resistance is
a minimum at QF =1, ie., at an off tune frequency Af = 5‘%
and the only condition governing Af is that it should be as far outside
the pass range as possible. Let us assume that 4f=30 kec/s, thewn

465
= _—— =T75
Q= 60
Rpa
and L =22 =547 uH
@@
R = 2060.

The isolator circuit does not give an absolutely flat response over

the pass-band and the loss in decibels is 20 log V1+Q2F? = 0-44 db.
for Af = 10 ke/s. The effect of the circuit on the overall response
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may therefore be neglected. The variation of R, (calculated from
7.26b) over a range of modulation frequencies from 1 to 100 ke/s
is shown in Fig. 7.12. The variation of C, over the same range of
frequencies is also shown ; its value from 7.23b is

o i55%]

ngDA
[+1+sz2]' ... 138

when R,> R,,.

Its variation over the pass-range is seen to be negligible ; since it
is dependent on g,,, C, is reduced if the g, of the valve is reduced,

100,
29
70
60
N7
30 N
~
2 NG T 02
g \ .4.\\4"5
S 'S
[ N .
[/ ™ . 0
i X 0-087
5 = 0-06 i
5 \ » [
4 = N 0-04¢ 5
3 h
y
2 0-02
7 0-01
7 2 3 4567890 20 60 80 709

OFF Tune Frequency ( kc/s)

F1a. 7.12.—Curves showing the Variation of Grid Input Resistance and
Capacitance for the Isolator Stage.

e.g., by a.g.c. action. A variation of g,, from 3 to 0-1 mA /volt
causes a change of 0-1798 uuF in C,, and this represents a mistuning
of approximately 0-358 ke/s for the over-coupled circuit having a
tuning capacitance of 117 yuF, a not very serious tuning error.
7.9. Cathode Feedback and Variable Selectivity,¢, 18
Cathode feedback may be used in an LF. amplifier to give a level
pass-band frequency response and to sharpen the attenuation
outside this range, when variable selectivity is produced by changing
mutual inductance between coupled tuned circuits. Two parallel-
tuned circuits are included in series between the cathode and earth
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as shown in Fig. 7.13¢. One is tuned to (f,,+9) ke/s and the other
to (f, — 9) ke/s. (Medium wave stations are normally separated
by 9 ke/s.) These circuits provide negative feedback with con-
siderable attenuation at the two resonant frequencies. The figure
shows the tuned circuits as transformer coupled, and this is done

—oH.T+

oH.T-
Fia. 7.13a.—An LF. Amplifier with Cathode Feedback.

in order to reduce the impedance at f,, so that the loss over the
pass-band range may be as small as possible. A fuller explanation
is given at the end of this section. The coil L (of low inductance)
and capacitance C (a small trimmer) are generally found necessary
with the transformer coupling arrangement, in order to produce
symmetry of the frequency response feedback characteristic. The
frequency response due to feedbauk is shown in Fig. 7.13b, and by

W

Ak [
F1e. 7.13b.—~The Frequency Response due to Cathode Feedback.

Response (db)

suitable design it is possible to neutralize the trough normally
produced by overcoupled circuits in the anode and grid of the
valve. The principle underlying the method has already been
discussed in Section 2.7, where it is shown that the output voltage
in the anode circuit is (expression 2.5d)

0 = ngyZT
1 '{‘gmzk
or overall amplification = %’ = r_—i%i% = gm'Zr
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g"l
m
loss in decibels due to cathode feedback, and adding this curve to
the Z; curve gives the overall response of the stage. To do this
we must obtain the generalized expression for the cathode impedance.
The expression for a paralle] resonant circuit impedance (obtained
by rationalizing expression 4.8b) is

4 _ Ro(l — j@F)

14+Q2F2

and f, = the resonant frequency.

where R, = 0}1-_{ F = 2?f
1

However, we do not wish to refer to f, but to the intermediate
frequency fm' If fl <fm

%f—’ Afl +A‘f . . . 7.29

fr fi

where f,, — fi = Af, and Af is now referred to f, as zero, i.e,
equa‘ls - [fm - (.fl+Afl)]

That this is correct is proved by noting that Af = — Af, re-
ferred to f,, gives Af referred to f,.

When Af, is small, f; =f,, and 7.29 becomes

Afx 4f
s
s salh.)]
and Z, = - Afm
Lo (i)
rewriting 24, as F, and 24f as F we have

fm ! fm
_ Ryl — jQ(F,+F)]
! 14+-Q*F,+F)?

Similarly for the other circuit (f,>f,, and the j term is positive)

_ Ry[14§Q(F, — F)]

2 14+Q*F, — F)?

_ Bp[1+jQ(F, — F)]

= L+ Q}F, — F . . 7.30b
for f2 fm:Af2_fm —flefl
Afy _Af,

The T

. 7.30a.
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B | 2R14Q2(F2FY) — jQF(1 — Q¥(F,® — F)]
Z =B+l = (11 Q¥F, 1 F)i[1+Q¥F, — F)?]

_ 2ByV{I+QUF 2+ FP £ Q1 — QUF,* — )
B L+2Q%F *+ F*)+Q4(F,* — F*)? '
o1y, [ F QI EFI— 4Gep )
_ +QIF([L — QUF,* — FY]-+4Q7F,Y)
B [1+QF 2+ F?)]* — 4Q*F *F*
op. [IA+QHF2+FY)t — 4Q4F,2F]
_ b +Q*F (14 Q*(F 2 +F?) — 4Q'F,2F?]
(I Q F, +F)]* — 4QF,F*
_ 2R, V1+@Q2F?
VI1+Q*F 2+ F?)]® — 4Q*F,*F¢
The above expression contains three possible variables R, @F, and
QF, and it is desirable to reduce to two if generalized curves are to

be obtained. It is possible to replace Ry, if the permissible loss
due to feedback at f,, is fixed. Let us assume this to be 3 dbs.

Z; 7.31a

7.31b.

At f = f,,, F=0, expression 7.31b becomes 1+Q2F_12; for 3db.
loss g’i, = 1-414
Gm
or 1+¢,,Z, = 1-414
gmzRD
= 0414 = e
ngk 0 1+Q2F12
. 2 2

or 2R, = (ﬁ*ﬂ;ﬂﬂ;) 7.32.

Replacing this in 7.316.

12, | = 0-414(1+Q2F12)J 1+Q2F?
kL T [1+@(F*+F?)]2 — 4Q*F,°F?

and the frequency response loss
20 loglo (1 +ngk)

=20 logwI:l—}-

7.33.

0-414(1+Q%F,2) V14 QF? ]
VI +Q:(F2+F)*—4Q'F2F2]

This is plotted in Fig. 7.14 against QF for different values of @2F,2.
The @F scale can be converted to an off-tune frequency scale as
shown for the generalized coupled circuit curves in Fig. 7.7. To
illustrate the use of the curves let us take the following example :
fm = 465 ke/s, the cathode circuits are to give maximum attenuation
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at 49 ke/s, and a flat pass-band is required over a maximum range
of 46 ke/s when the cathode circuits are used in conjunction with
a pair of coupled circuits. The design procedure is as follows : the
maximum permissible @ of the cathode circuits, which is the deter-
mining factor, should be as high as possible for maximum sharpness
of cut-off outside the pass-band. At the same time the maximum
@ curve may not give the flattest pass-band in conjunction with

iy i

-4

=F
A

. N
-0 \\J\

-14

Loss(db)
U
D
| 1

-7 2 3456 61 2 3 456787 20 30 40 5060 8 W00
Qr
Fra. 7.14.—Generalized Selectivity Curves for Cathode Feedback.

the coupled circuits, and a compromise may be necessary. Let
Q@ = 225; this automatically fixes (@F,)? and the frequency scale
. [226 x2x09

R e

For a flat overall pass-band response the shape of the cathode
feedback curve must be the reverse of the coupled circuit curve,
and the former reversed should fit exactly over the latter in the
pass-band range. The curve for (QF,)? = 80 is therefore redrawn
on tracing paper with the correct frequency scale but with the loss
scale reversed. This curve is then placed on top of Fig. 7.7 and
moved along until it fits as nearly as possible over a generalized

coupled circuit curve up to 6 ke/s. The most suitable curve is that
for Qk = 6 with Af = 1 ke/s registering with QF = 1 on Fig. 7.7,

2
] = 76 == 80.



7.9] INTERMEDIATE FREQUENCY AMPLIFICATION 331

and the two curves are shown in Fig. 7.15. The overall response
curve is obtained by plotting the difference between the two curves.
The frequency scale for the coupled circuits is now fixed (QF =1
when Af =1 ke/s), and @ and %k are therefore 232-5 and 0-0258
respectively. The required value of @ for the coupled circuits is
rather higher than would normally be obtainable, and a more
practical value is found by assuming that two pairs of overcoupled

+30

Reversed

+20 l)\ Cathode

Response
NG
+70 5/

AN\

o) LT
AP Rt A AN
‘3 TIN | N Couptea
~ \| | Ny/Crreurt
\ Curve
~10 AN
\ /%V‘e('a//
eSponse
\t/ Curve,
-20
\ N
Props Co S — ~
N
-30 h
7 2 3 & 567890 20 3

OFF Tune Frequency. AF (kc/s)

Fia. 7.15.—The Overall Frequency Response Curve for Cathode Feedback
Compensation.

circuits (one in the grid and the other in the anode circuit of the
valve) have to be compensated. The procedure then is to fit the
curve from Fig. 7.14 over Fig. 7.7 with the loss scale of Fig. 7.7
multiplied by 2. The required @ of the overcoupled circuits is
then approximately halved.

The constants for the cathode circuits can be determined by
using 7.32.

_ 0-414(1+Q2F,%) _ 0-414 X 81

R = = 16,8000
D 20m 2 x 10-3

if g, = 1 mA /volt.
I — _1_32 _ 16,800 x 108 u
w@ 628 x 465 x 105 x 225
= 25'5 /,CH.
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It is almost impossible to realize practically at 465 ke/s a @ of
225 for such a low inductance, and the most satisfactory method is
to adopt transformer coupling to the tuned circuits. The resonant
impedance of a transformer coupled tuned circuit is given in

2 2
expression 4.295 (Section 4.4.2) as ail—?[— and it can be written as
T

w:M?  w:M? L,.Ly M? oL wLyp
R, LL, R, LkL; 'Ry

where L, = inductance of the cathode coil
¢ = the magnification of the tuned secondary coil.

= k20l,Q

By adjusting £ any value of secondary coil inductance may be
chosen to give the required resonant impedance.

Variable selectivity is produced in the normal manner by varying
the mutual inductance between the coupled circuits, and an almost
level pass-band response is maintained as selectivity is increased.

The cathode feedback curve is affected by varying the gain of
the valve, and increasing bias decreases the loss. It is therefore
possible to obtain variable selectivity by varying the grid bias of
the valve. For example, suppose that the coupled circuits are
adjusted to give a double-peaked frequency response, and the
cathode circuits are designed to overcompensate at maximum gain
so that a single-peaked overall response curve is obtained. Increase
of bias reduces the cathode compensation and widens the pass-band.
At high negative biases the cathode circuits have practically no
effect, and the overall frequency response is the wide band double-
peaked curve of the coupled circuits. The application of A.g.c. to
such a stage automatically produces variable selectivity, with high
selectivity for weak signals and low selectivity for strong signal
voltages.

7.10. Automatic Variable Selectivity.”> 11,12 Many types
of circuits have been developed for varying automatically the
selectivity of a receiver. The control may be exercised by the
desired signal or the interference. The ideal arrangement is by
differential control from both, so that either decreasing desired
signal or increasing interference causes an increase in selectivity.
Methods of achieving automatic selectivity may be conveniently
divided into three groups. In the first, selectivity is controlled by
varying the damping of the tuned circuits,® in the second by varying
the coupling reactance 12 between the circuits, and in the third by
mistuning the circuits.

Variation of damping can be obtained by paralleling the tuned
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circuits with triode valves, the anode-cathode resistance of which is
controlled by varying their grid bias. The valves are initially
biased so that anode current is almost cut off and the anode-cathode
resistance is consequently very high. Positive bias, increasing as
the desired signal increases, is derived from the detector load resist-
ance, and the anode current of the damping valves thus increases,
their resistance falls and selectivity decreases. This method is not
very satisfactory because the ideal selectivity curve shape cannot
be produced by damping, and widening of the pass-band is accom-
panied by appreciable loss of attenuation outside the band. In
addition, owing to curvature of the valve characteristics, the anode-
cathode resistance is not constant over the signal voltage cycle,
and distortion of the latter occurs.

Automatic selectivity control by coupling reactance variation
may be obtained by a relay, varying the disposition of the coupling
coils between the primary and the secondary of the 1.F. transformers.
The relay may be controlled by the p.c. component of the input
carrier at the detector, increasing the coupling as the carrier increases.
Polarized variable capacitors 17 (as described in Chapter 13) may
be employed as variable shunt and series couplings between the
primary and secondary circuits of the 1.¥. transformer. Their
capacitance values are controlled by varying the D.c. potential
between their plates. The series capacitance coupling chiefly
controls the low frequency side of the selectivity curve, whilst the
shunt coupling controls the high frequency side. Increase of
selectivity results from a decrease in the series capacitance and an
increase in the shunt capacitance. For the most favourable condi-
tions of reception the pass-range iz a maximum, and the selectivity
curve has a double-humped frequency response. Decrease of the
series capacitance increases the frequency of the lower frequency
peak, thus narrowing the pass-band on the low-frequency side of
the carrier, whilst increase of the shunt capacitance decreases the
frequency of the higher peak and narrows the pass-band on that
side of the carrier. The selectivity curve can therefore be narrowed
from either side, and the control voltages for the capacitors are
derived from a discriminator circuit (similar to that for automatic
frequency control and described in Chapter 13) responsive to the
interference. Interference on the low-frequency side of the carrier
produces a voltage reducing the series capacitance value, and that
on the high-frequency side increases the shunt capacitance value.

Mistuning of the primary and secondary of the 1.F. transformers
in opposite directions, using these polarized capacitors, may also
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be used to give the same result, but overall amplification is
reduced.

A circuit ** which combines mistuning with increased selectivity
in the 1.F. amplifier is shown in Fig. 7.16. The mistuning is brought
about by moving the carrier away from the centre of the LF.
amplifier pass-band and in the direction of the interfering voltage.
This asymmetric expansion is produced by the discriminator circuits
T, and T, (generally tuned to f,,+9 kc/s), the detected voltages
from which are connected in series with the automatic frequency
correction bias voltage to the variable reactance valve across the
oscillator-tuned circuit. These diseriminator circuits 7', and 7', are
also used to produce a flat pass-band response and sharp cut-offs
as described in Section 7.9. The A.F.c. discriminator circuits 7’5 and

HT+
:% = 70 ¥ariable
Reactance
Relay Controlled| T Valve
o Mutua/ -E_:
Inductance =
+ D
dnput D, E";Zl C 7o Relay Valve
Z LL 3 Controlling
Mutual Inductance
C Py
a8 4
o HT-

Fia. 7.16.—Automatic Variable Selectivity Control by Differential Action of
the Signal and Interference Voltages.

Ty correct for normal tuning errors and oscillator drift (see
Section 13.4). The extra differential bias developed across the
resistances R, and R, reacts on the oscillator frequency to move
the interference more into the attenuating part of the L.¥. amplifier
frequency response. The overall width of the pass-band of the
amplifier is controlled by a valve-operated relay connected across
the resistance (R;) in common with diodes D, and D,. The relay
controls the mutual inductance coupling between the L.F. tuned
circuits., The circuit T.0. is tuned to the I.F. carrier frequency and
its output is detected by the diode D,, which is connected to R,
so that the detected current opposes that due to the interference.
Thus the r.¥. selectivity is controlled by differential action of
interference and desired signal, increase of the former and decrease
of the latter increasing selectivity.
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7.11. Signal Handling Capacity of the I.F. Amplifier
Valve. For a.¢.c. design purposes the signal-handling capacity of
the 1.F. amplifier valve requires to be known at different grid biases.
The signal-handling capacity of a valve is defined as the maximum
input (and output) carrier voltage, modulated at a given percentage,
which can be accepted for a given percentage distortion of the
modulation envelope. The percentage modulation should be as
high as possible, and its maximum value is limited to some extent
by distortion of the modulation envelope at the detector. A
modulation percentage of 60 is a convenient practical value for
measurement purposes, but 809, may be used if the detector
circuit is designed to reduce envelope distortion (mainly due to an
A.c. to D.c. load-resistance ratio less than unity) to a minimum.
A usual value for audio frequency harmonic distortion is 59%,, and

Band
Pass
Flter

I

. F LF AF Distortion|
Signal Amplifier] ! Coupled |__{|Detector] | | | Factor

Generator 1 Valve [ \Circurts Amgifier Meter

Fia. 7.17—A Schematic Diagram for the Measurement of Signal Handling
Capacity.

the results are expressed in the form of curves of input and output
carrier peak voltage against grid bias for 5%, total harmonic dis-
tortion of the audio output voltage from the detector.

A schematic diagram of the apparatus is shown in Fig. 7.17 and
it is mainly self-explanatory. The modulating source has a fre-
quency of 400 c.p.s., the normal test frequency for receiver measure-
ments, and it is filtered so as to reduce distortion in the modulating
voltage to very small values. The signal generator should be anode-
modulated direct from the filtered 400 c.p.s., because modulation
by anode voltage variation generally gives least modulation
envelope distortion. An amplifier is required between the signal
generator and 1.F. valve because the maximum input signal carrier
voltage is generally about 8 volts, and it may conveniently be a
tetrode valve with an anode circuit tuned to the LF. A diode
detector, previously calibrated, is a suitable measuring device for
the 1.F. input carrier. The coupled circuits in the 1.F. valve anode
must be adjusted for single-peaked frequency response in order to
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eliminate the possibility of asymmetrical side-band amplification
due to mistuning. The diode detector has special features and the
circuit is shown in Fig. 7.18. The p.c. load resistance consists of
0-5 M@ fixed resistance, R,, in series with a 20,000Q potentiometer
(R,). A microammeter, which measures the mean current due
to the output carrier voltage, is inserted in the detector cathode
circuit. The A.F. output is taken from the potentiometer through
a coupling capacitance C, and R.F. filter R,C, to the grid of an
AF. amplifier. A 2 M2 grid leak R, completes the p.c. path for
the amplifier.

These precautions are taken in order to prevent the modulation

oM. T+

L
>0Output
O e
R, Rq
[{cz L[ HI-
R;

Fia. 7.18.—The A.F. Valve and Detector Circuit for the Measurement
of Signal Handling Capacity

envelope distortion mentioned in Section 8.2.3. The maximum
permissible modulation percentage is approximately

2 x 108  oaro

555 S igp X 100 = 98:5%,

so that distortion due to the detector a.c. load resistance is not
likely to occur at a test modulation percentage of 809,. The first
AF. amplifier valve is followed by a second, preferably a power
output triode, the output from which is connected to a distortion
factor meter.

Care must be taken to ensure that distortion in the apparatus
other than the test valve is as small as possible ; a minimum value
of about 19, may be expected at 809, modulation. Distortion in
the A.r. amplifier may be checked by connecting the output from
the 400 c.p.s. filter to the 20,000-ohm potentiometer. The diode
detector valve must be removed from its socket when the test is
made. Distortion in the amplifier following the signal generator
may be checked by connecting the diode detector to its output.
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The procedure is to increase the input signal until 59, total
harmonic distortion is registered on the distortion factor meter.
Typical curves are shown in Fig. 7.19, and their usefulness is discussed
in Section 12.4.2. A point which should be noted is that at high
negative biases there may be two input voltages for 59, distortion,
one a high value and the other a very low one. The first should
be regarded as the correct, since the low value can only be found by
starting from zero signal at the high negative bias. The high value
is always obtained when the input is (as is normal in A.G.c.) increased
as the bias is increased.

The mutual conductance of the valve under operating conditions
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Fra. 7.19.--Typieal Signal Handling Capacity Curves for an I.F. Amplifier
for 59, Modulation Envelope Distortion and 809, Modulation of the Carrier.

may be calculated from the grid input carrier voltage, the output
carrier voltage across the primary of the 1.r. transformer, and the
primary impedance. Thus

Im = Z,
" EsRDp
where £, = carrier peak voltage across the primary
Es = » » ) &pphed to the gI‘ld

R, = resonant impedance of the primary.

Rp, may be measured by using a peak voltmeter and a non-inductive
resistance as described in Section 5.6.4. The current in the diode
detector across the secondary may be used as a measure of primary
volts by calibrating it against peak primary volts as measured by
the peak voltmeter.

The signal handling capacity of an RrR.F. amplifier valve or a
frequency changer may be measured in the same way. In th case
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of a frequency changer a local oscillator is required and the signal
generator carrier frequency is adjusted to any convenient signal
frequency.

There are methods of measuring indirectly, and of calculating
the signal-handling capacity of a valve, and a description of these
is given in Sections 4.7.1 and 4.7.2.
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CHAPTER 8
DETECTION

8.1. Introduction. To obtain the audio frequency intelligence
conveyed in an amplitude modulated carrier it is necessary to
employ a detector to suppress or reduce the amplitude of one-half
of the modulation envelope. An example of a modulated wave
before and after detection has already been given in Figs. 1.1 and
1.4. The suppression of the negative modulation envelope (shown
in Fig. 1.4) produces a mean voltage which is an exact reproduction,
to a smaller amplitude, of the modulation envelope. This mean
voltage variation can be applied to an A.F. amplifier terminated by

Fic. 8.1.—Detection with Linear (1) and Parabolic (2) Characteristics.

telephones or a loudspeaker, from which sound waves corresponding
to the original audio frequencies modulating the carrier will be heard.

In the case of frequency and phase modulated transmission the
modulation is first converted to amplitude modulation before
application to the detector.

All detectors possess one feature in common, viz., their current-
voltage characteristic curve is non-linear over the operating range,
having either a point of discontinuity (Curve 1 in Fig. 8.1) or a curved
shape (Curve 2 in the same figure). A detector having a dis-
continuous characteristic is generally called a linear ¢ detector if it
is biased to the point of discontinuity 4 ; the positive modulation
envelope is reproduced without distortion and the shape of the

mean current wave follows exactly that of the modulation envelope.
339
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A detector having a characteristic similar to that of Curve 2 is
generally (somewhat loosely) termed a “ square law ” or parabolic
detector because detection Jepends on the squared term (a,£?) in
the expression I = f(E) connecting current and voltage. Such a
detector distorts the modulation envelope, and the shape of the mean
current wave is not an exact copy of the modulation envelope.

In this chapter we shall consider only valves as detectors,
though it should be remembered that detection is not solely a
property of valves but also of certain types of crystals and metallic
surfaces (the copper oxide detector is an example of the latter).
The fundamental principles are, however, the same whatever form
the detector may take.

Valve detectors may be conveniently divided into four groups
as follows :

(1) Diode
(2) Cumulative or leaky grid
(3) Power grid
(4) Anode bend.
We shall start with the diode as the simplest form of detector.

8.2. Diode Detection.

8.2.1. Introduction. A diode detector consists of a valve
having two electrodes. Current flow is unidirectional from anode
to cathode and a characteristic I, £, curve is shown in Fig. 2.3
(curve 3). The characteristic approximates to a parabolic shape
for small values of £, due to space charge and electron velocity
effects, but for large values of E, it becomes a straight line. In the
preliminary theory which follows we shall neglect this initial curva-
ture and assume a straight-line characteristic. Now suppose we
apply an A.c. voltage to the detector. If the generator supplying
this voltage has zero internal resistance, the current through the
diode consists of a series of pulses of a shape approximating to a
half-sine wave, and a D.c. milliammeter placed in series with the

. I* i
diode measures a mean current of approximately — where [ is
7

the maximum current through the diode.
When the generator has an internal resistance R,, the pulses of

* The mean current in a half-sine wave of peak current [

= 2Lj' I sin 6 d6

_*[ — cos o]
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current are still half sinusoidal in shape but reduced in amplitude,
giving a lower reading in the p.c. milliammeter.

Now let us assume that the voltage applied to the diode is a
modulated R.¥. carrier £ cos wt (1+M cos pt). The amplitude
variations of the carrier produce corresponding variations in the
detected current pulses, but a p.c. milliammeter will give a reading
which is dependent only on the ““ average ”’ carrier voltage and not
upon the modulation. This is so because a decrease of carrier

A
E cos wt(t+Mcos pl)

Ry
Fia. 8.2.—A Diode Detector.

amplitude (due to modulation) at one time instant is exactly counter-
balanced by an increase at another time instant. Since, however,
the pulses of current are varying in amplitude at an audio frequency
there must be an A.c. current of that frequency in addition to the
D.c. current measured by the milliammeter. The presence of this
audio frequency current can be proved by noting that a thermal
milliammeter, connected in series with the p.c. milliammeter, gives
a higher reading than the latter.

An audio amplifier following the detector requires a voltage
input so that a resistance (R,) must be inserted in the diode circuit
as in Fig. 8.2, in order that the mean current fluctuations may be
converted into mean voltage variations. The voltage developed

Mean Voltage
+[ Varsation
B,
TS fad
Ez I' 1

| E \ Jrme
_ |4—R1 only—mre—R;+Cy -—>§<—C} too large-»

Fi1a. 8.3.—The Wave Shape of the Voltage across the Load Resistance in a
Diode Detector.

across R, takes the form of half-sinusoidal pulses as shown to the
left in Fig. 8.3. The reference point is A (Fig. 8.2), so that the
pulses are in a positive direction. Their amplitude is dependent
on R,, the diode resistance R4 the generator resistance R, and the
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modulation envelope. If R, > R;+R, the mean value of the
voltage across R, is the mean value of half the input modulated
carrier, i.e.,

B 2

(1+—M8_ﬁ_)j2 cos wl.di = g.}_@ cos pt,
2n _n 7T T

2w
the first term in the expression is the D.c. component and the
second the A.c. component.
It is clear that such a method of detection is inefficient since

the available output A.F. signal is reduced to approximately
1
one-third (;) of the input modulation envelope. The problem

becomes one of increasing the mean voltage across R, by filling in
the gaps between the pulses. This can be achieved by connecting
a capacitance C, across R;. Owing to its low reactance at radio
frequencies it effectively short circuits R, and allows almost all the
R.F. input voltage to be applied to the diode. Hence, during the
diode conduction period, the detected current is only limited by
the diode and generator resistance. This current is used to charge
the capacitance C,, the voltage across which rises nearly to the
maximum value E, of the R.F. carrier, reached at some time instant
t; (Fig. 8.3). After the time instant ¢, the voltage across R, tends
to fall, but now the capacitance C, charged to E,, begins to discharge
through the resistance R,, thus tending to maintain the voltage.
The capacitance €, continues to discharge until a point on the next
positive cycle when the input voltage equals that across C,, and
the diode conducts charging C, up to E, Then discharge be-
gins again and the cycle is repeated. It will be seen that the
discharge of C, has filled in the gaps between the voltage pulses
and the mean voltage variation across R, is very little less than
the peak voltage variation of the input wave. Thus the loss in the
detector stage is almost entirely eliminated. The maximum per-
missible value of capacitance C'; depends on the highest modulation
frequency employed and the maximum modulation percentage,
since if C, is too large the voltage across R, may be unable to fall
to a value lower than the next positive peak. In this circumstance
the mean voltage variation across R, is not a faithful reproduction
of the modulation envelope but will be distorted when the modulation
envelope decreases as shown by the line ABC in Fig. 8.3. This
distortion is often called ¢ non-tracking ”’ distortion. If the value
of O, is too small,” the detected voltage will be reduced because the
gaps between the pulses are inadequately filled.
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8.2.2. Diode Detection Characteristic Curves. If we
assume that C, fills in completely the gaps between successive
voltage pulses, the D.c. current through R, is determined solely by
R, and the diode conduction resistance R; This means that we

Fia. 8.4a.—The Circuit for Obtaining InpH, Curves for a Diode Detector.

may replace R,C, by a fixed voltage, i.e., from a battery, and
obtain a series of I,,E, curves (I, is the mean p.c. current through
the diode), which have properties similar to those of the I, E,
curves for a triode. It is possible on these curves (just as for
triode I,E, curves) to draw load lines corresponding to the load
resistance R, and to determine the output voltage for given input
conditions. The circuit for obtaining a series of these curves
(Fig. 8.4b) is shown in Fig. 8.4a; a low-frequency voltage 1
—the 50-c.p.s. mains supply—may be employed, but if it is desired
to include such effects as anode cathode and stray capacitance,
these capacitances must be artificially increased to make their
reactances at 50 c.p.s. equal to their reactances at the particular
radio frequency being considered, e.g., 0-0001 uF at 1,000 kc/s is
equivalent to 2 uF at 50 c.p.s. Care must be taken to ensure that
the D.c. resistance in the circuit is much less than the diode conduc-
tion resistance, R; or the curves will be incorrect. For this reason
the microammeter measuring mean current should not be a multi-
range instrument with considerable variation of Dp.c. resistance
between ranges. The battery voltage simulating the voltage
produced across R, applies a negative voltage to the anode and
each curve in Fig. 8.4b is obtained by maintaining the input signal
voltage constant (at convenient peak values of, for example, 0-5,
1, 1-5, etc.) and varying the battery voltage E,. The curves of
Fig. 8.4b are typical of indirectly heated diodes with conduction
current beginning at a negative voltage. The curve for £, = 0 is
not parallel to the other curves, which actually merge into this
curve at certain positive voltages, and the reason for this is explained
in Section 8.2.16.

We can now draw across these curves a line corresponding to
R,, making an angle to the horizontal axis of 0 = cot™! R,, and
in the absence of any fixed biasing voltage this starts from £, = 0.
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Subject to the condition stated at the beginning of the section,
viz., R, > R;+R,, we can determine the p.c. voltage, developed
across R, in the actual detector circuit in which C,R; replace the
battery, for any given peak input signal. If we consider the
resistance R, to be represented by the line OB, an output peak
voltage B, gives a mean current in the resistance R, of I, and a
mean voltage across it of £,. If the input peak voltage rises to
E, or falls to £,, the mean voltage across R, rises to E, or falls to
E,. The line OB is therefore the locus for any variation of carrier
amplitude. For example, if the input carrier peak voltage E, is

[npuz‘Peaka/z‘age.EA'z 1?, EA} Im
wA)
BI
F
B
B” E‘go ,
] i~/ ] II
kA Ha
' /i
X AN ;
2 £ E}l;‘l’] Ey iZo 0

‘7 0
Fic. 8.4b.—Typical I,,E, Curves for a Diode Detector.

modulated such that at the peak of the modulation envelope
it reaches £, and at the trough falls to £,, the mean voltage varies
from E, to E,. Since OB is a straight line, the mean voltage

variations are an exact reproduction of the input modulation

envelope reduced in amplitude in the ratio %ﬂ’ (E, = voltage
1

across R, when B, —0), provided the carrier voltage lines are parallel

and equally spaced. The peak value of the audio frequency voltage

. Ey— . . .
across R, is —* 2, since the modulation envelope varies by the

2
voltage difference between positive and negative peaks of the audio

frequency wave. The reduction ratio — ; ® is generally called
1
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the detection efficiency 7, and for normal values of R, (0-5 MQ) it
is about 0-9. The resistance E,, in conjunction with R;, determines
ng and the latter increases as R, increases. In most practical
circuits C; has a low enough reactance and high enough time
constant with R, to permit Fig. 8.4b to be used, but when C, is too
small, mean detection voltage-carrier peak voltage curves can be
used to estimate detector performance. The battery in Fig. 8.4a
is replaced by the load resistance R,, paralleled by a capacitance C,,
having a reactance value at 50 c.p.s. equal to the reactance of the
actual value of C, at the desired radio frequency. Typical mean
detection voltage-carrier peak voltage curves for decreasing values
of C, are shown in Fig. 8.4¢ ; the loss of detection efficiency as C, is
reduced is clearly indicated. The A.F. output voltage across the

. X
Decreasing C / $
b epald ) %
amounts 7 3 ﬁ

2
/ N 22
/ S
7
7 g

o 7 2 3 4 5
Carrier Peak Vo/tage

Fi1g. 8.4c.—Typical Detection Voltage-Carrier Peak Voltage Curves for a Diode
Detector.

detector load resistance is estimated as follows : for a carrier peak
voltage of 2 volts modulated 50%,, carrier amplitude varies between
3 volts and 1 volt peak and the mean detection voltage change
corresponding to this carrier change is for the top curve from 0-7 to
2-4 volts, a difference of 1-7 volts. Hence the A.r. peak output
voltage for a sinusoidal modulation envelope is _12j = 0-85 volts,
ie., detection efficiency is 859%,.

8.2.3. Effect of the Coupling Impedance from Diode to
A.F. Amplifier.2® The audio output from the detector is trans-
ferred to the A.F. amplifier through a capacitance-resistance coupling
such as C,R, shown in Fig. 8.5. Capacitive coupling prevents
application of the p.c. component across R, to the grid of the
amplifier valve, which is biased separately to the optimum point.
In addition there is generally a resistance-capacitance filter (R3Cs)
to prevent the passage of R.F. voltages to the audio amplifier,
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where they are likely to produce over-loading and perhaps instability.
The capacitance of C, is about equal to C,, so that its effect may be
neglected at audio frequencies, and R; is usually much less than R,.

Fi1e. 8.5.—A Diagram of Connections for the Coupling from a Diode Detector
to an A.F. Amplifier.

The actual value of R, is to a large extent controlled by R,, since
it forms with R, a potentiometer which reduces the a.F. voltage

across R, to 5— R of that across B,. Generally it has a value of

R+ R,
about % Adequate R.F. filtering is then obtained without appreci-
able reduction of A.F. voltage, or frequency discrimination against
A [”L
E
K_|F .
B E-0
W' : '\ '¢ 8. ‘
Ea E{ EZ :D L oM H +Ea

Audio Frequency
Wave Shape

|
F1e. 8.6.—Ideal Iy Eq Curves for a Diode Detector showing the Effect of the
Coupling Resistance R, and Positive Bias.
{OH = Positive Bias Voltage.]

the higher audio frequencies by C,;. The coupling reactance of
C. must be small in comparison with R, at the lowest audio fre-
quencies or frequency discrimination results. The resistances
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R, and R, are thus in parallel with R, for all audio and radio
frequencies. Referring to Fig. 8.6 (the I,,E, curves are for con-
venience considered as straight lines) for a modulated input voltage
to the detector of £,[1-+M cos pt] cos wt, the D.c. operating point
is at A, the point of intersection between OB and the voltage line
E,, and the modulation envelope will travel up and down OB on
either side of the point 4 as long as R, is infinite. As R, is decreased
the locus of the modulation envelope changes to the line DF, where

/N R,R,
cot FDG= BrRy
included in RB,. The first effect of R, is to reduce the audio voltage
from the detector. The second effect, which is much more serious,
occurs when the modulation trough falls below the carrier value
corresponding to OD. The modulation envelope is cut off and the
audio frequency wave shape is distorted as shown. The modulation
ratio which can be accepted without distortion is thus limited by
R,. If we assume the I, E, characteristic curves for a diode to be
straight lines as in Fig. 8.6, the critical modulation ratio is given
by D@

We are assuming for simplicity that R, is

—0_5-
But DG = DE,+E,G
= AE, cot ¢ +AE, cot ¢ . . 81
and 0G = 0E,+E.G
= AE, cot 6 +AE, cot p. . . 8.2

From 8.1 and 8.2, the critical modulation ratio is
D@ _ cot g+coty
OG ™~ cot 6 +cot y
R,R
e Ry

R,+R,
ke B 8.3.
R, IR,

M ==

It is important to note that R;’, the inverse of the slope of the
diode I,,E, characteristic curve, is the diode equivalent resistance
to changes of voltage across R, and is not the diode conduction
resistance R; of Section 8.2.5. Its relationship to R, is discussed
in Sections 8.2.15 and 16.

Since detection efficiency n; = 00—121 = ot ;%CBT
0 ot
R, . . ) . 8.4

R+ R,
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rearranging expression 8.3
R.R,

M= ot i +771+R ~ —1— E,*
R, +R; (Ri+R )R, +RS)
=1— ﬂd-[ L . ) . i . 8.5a.
R,+R,

It is clear from expression 8.5a¢ that a high critical modulation
ratio requires a high value of R,. A reduction of detection efficiency
also leads to a higher ecritical modulation ratio. This is to be
expected since lower detection efficiency means either a reduced
value for R, or increased value for R, i.e., a smaller angle y, which
brings a lower carrier voltage line to the point D on Fig. 8.6. An
equivalent increase in R, can be realized by tapping down the
detector p.c. resistance R,. Suppose R, is tapped across a part
KR, (K < 1) only, the a.c. load resistance is

KRR, (KR,)*

1 -K)R,+ 1% —
= BRt pp k=™ " KR 1R,
and from 8.3 the critical modulation ratio is
(KR,)*® ,
R, — R
M = ' -K-Rl +R2+ ¢
1+Rdl
1 K2R,
- ndKR1+R
= 1 — ndK . . 8.5b;
1+

Not only is R, equivalently incréased to but the negative term

K 2
is also reduced by the multiplying factor X.

The critical modulation ratio may also be increased by applying
a positive bias 2 to the anode of the diode. The carrier locus line
takes up a new position such as HK where OH is the positive bias
voltage. The critical modulation ratio may be increased to 1 for
any given value of R, and carrier peak voltage £, by a suitable
choice of OH. Expression 8.5¢ is modified by the addition of

positive bias to
LG R
M=% _1_,,. _;>
HG "ia (Rl—}—Rz

ME, OE, _ R,

h _ME, OB,
WHeTe N = oG T 0G T R+ Ry

since HK is parallel to OB.
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The carrier modulation ratio, which is not M’, is given by

L6 _ L6 HG
T 0G  HG OG
M- M'@%ﬂ> where B, — OH
B, +E R
w[BAEB) (B )\ . . s
thus 520 -z sw)

The critical modulation ratio is now dependent on the carrier
peak voltage and the positive bias applied to the diode. When this
critical modulation ratio is exceeded the D.c. current in the resistance
R, is increased owing to the fact that the bottom of the audio
frequency voltage wave is cut off, i.e., is itself being detected.
Thus any change of D.c. current in the diode circuit of a receiver,
when a programme is being received from a steady carrier voltage
source such as a local station, indicates distortion of the audio
frequency output voltage by the detector stage.

There is a disadvantage to the use of positive bias due to the
fact that the detector is generally supplied from a high impedance
generator (a tuned circuit in the anode of a valve). A positively
biased diode conducts in th2 absence of an input signal and so
presents a low input resistance to the generator. This heavy
damping is reduced as the input signal is increased, and the diode
begins to function as a unidirectional device (see Section 8.2.6).
Two effects are obtained; the detector is insensitive to signal
inputs less than a certain value (about 0-3 of the positive bias) and
it also distorts the modulation envelope of the applied signal.
Hence for really satisfactory operation the positive bias needs to
be variable and directly controlled by the input signal (decreasing
as the signal decreases and vice versa).

In the above analysis we have assumed the diode I, E, char-
acteristic curves to be straight lines, but in Section 8.2.16 it is
shown that a curved shape is obtained even for a diode with a
linear I, B, characteristic. This curvature tends to give a higher
critical modulation ratio than that given in expressions 8.5a,
8.56 and 8.6.

8.2.4. Damping of the Input Circuit due to the Diode
Conduction Current. The conduction current of the diode con-
stitutes a load which may considerably modify the sensitivity and
selectivity characteristics of the input, when the latter contains a
tuned circuit. The load effect may be estimated by averaging over
the complete R.F. eycle of the input voltage the resistance introduced
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during the conduction period. In this way the equivalent damping
resistance shunting the input can be calculated.

Two cases will be considered ; in the first the diode will be
assumed to have a linear I F, characteristic given by I, = KE,,
and in the second the diode characteristic will be assumed to be
parabolic and given by I, = KE?,.

8.2.5. Equivalent Damping Resistance due to a Diode
with Linear I,E, Characteristic. We shall assume that the
I,E, curve (E, = 0) is a straight line given by the relationship

1, = Ea
a Rd’
Where R; = diode conduction resistance, i.e., the inverse of the
slope of this characteristic.
The diode conducts when the input voltage E, cos wt, which for
convenience may be re-written E, cos 6, exceeds the voltage across
the resistance R, (Fig. 8.7).
The D».c. voltage (%) across the resistance-capacitance parallel

y 't zﬁﬂﬁl t—
Fia. 8.7.—The Voltage Wave Shape Across the Load Resistance R, of a Diode
Detector.

combination will not in actual practice remain constant but will
fluctuate in the manner shown by the lines AB and BC in Fig. 8.7.
This fluctuation, if taken into account, considerably complicates the
analysis and its effect may be neglected except when the detection
efficiency is much lower than is normally encountered in practice.
It will therefore be assumed that E, is a constant voltage.

Mean Current 1, and the Relationship between R,, R, 1,2
The expression for the mean current in the circuit is

1 ¢
I, — __j 1,46
2n -4
_ ir (B, cos 6 — E,)do 8.7
B 27t —4 Rd ’

where £, cos ¢ = E,, the voltage at which the diode conducts.



8.2.5] DETECTION 351

The limits of equation 8.7 may conveniently be changed to ¢ and
0 and the mean current then becomes

$(B, cos 0 — E,)
1, = nL L g

~ g Busin g — B}

_ L :
sin . . . 88,
~ a4~ 5]
But cos ¢ = f = 794 = detection efficiency
thus sin ¢ = V1 — 17d2
and ¢ = cos™1 n,.

Replacing the expressions containing ¢ in 8.8 we get

Im:"@“{\/l—ﬂd — ng.co8~ g} . . 8.9.

But I, = %
1

&

e R a : .. 8.10.
B, (V1 - na® — Mg €08~ 1 74)

~

\

3 >
o
Det ectron Efficrency

N

\

7 5 0 50 00 - 500 7000
Load Ressstance Ry
Diode Conduction Resistance |R4|

F1a. 8.8.—A Curve of Detection Efficiency against the Ratio of Load to Diode
Conduction Resistance.

Expression 8.10 shows the relationship between the detection

efficiency and the ratio —- , and it is plotted in Fig. 8.8 for various
d

R,

R,
values of R;
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Effective Input Resistance Ry.
The effective input resistance may be determined by equating

the power absorbed in the circuit to ——-, where Ry is the equivalent

2RE
shunt resistance due to the diode conduction current.
Power absorbed in diode load resistance R,

é
= lj B,cos01,d9 . . . . 811

“TIE cos O[B, cos § — E,] 8

1+4cos 26
“R.J [ —— CO B:IdO

1 “1yg —naV1 — 54t
an{COS Na — Ma 74}

2R,
7R,
;. Bg = 4 . 8.12.
cos™ ng —navVl — ng?
K 4’*
) T

Q
\‘ Q
\! 3 @
3 3
A ~
\\ a
2 <
N g,
\‘ '§
N 3
\\x\ ™
SR <
,\"‘N \g
3
0

02 04 06 7

Detection Efficiency ( ’/d)

Fic. 8.9.—Curves of Damping Resistance Ratio against Detection Efficiency.

(Full Line—Linear Characteristic.
Dotted Line—Parabolic Characteristic.)
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Inserting the value of R; from 8.10 in 8.12

By _ [V1 — 2 — 7g €08~ ! 4] ) . 813
R, yyleos=1ny — ngV'I —ng?)

The ratio II% is plotted in Fig. 8.9 for different values of %, and
1

it can be noted that the equivalent resistance Ry approaches }R,
as 7, approaches unity. As 7, decreases R, increases and at
ng = 0-565, Ry is equal to R,.

It is not usual for the diode to conduct exactly at £, = 0, and
in the more general case conduction starts when £, is either positive
or negative. In directly heated filament valves E, is most often
positive, whereas for indirectly heated mains valves with equi-
potential cathodes Z, is usually negative. The two conditions are
more easily considered separately. Let us take first the case of
the mains valve with current starting at — ..

8.2.6. Equivalent Damping Resistance for Conduction
Current Beginning at a Negative Anode Voltage. The char-
acteristic curve is given by line AB in Fig. 8.10, and the I ,E,
relationship by

; _ (E.AE)

a .Rd
where —E is the voltage at which current starts. The expression
E, thus represents a numerical and not an algebraic value.
The expression for mean current becomes :

I, = Rj (B,cos — E,+E)d0 . . 8.l4a
d

2, [squ _E —E°¢:| . . 8.14b
ﬂRd

where K, = D.c. mean voltage developed across R,.

The signal voltage must exceed a certain value before detection
can take place, since the diode conduction current must be cut off
at some part of the cycle. Even though no detection takes place
there is still a mean current flowing round the diode circuit due to
the negative start of current. Its value, assuming the input circuit

to have no resistance, will be ——-—, and ¢ in expression 8.14b

R,+R;
will be .
E E/ —E
th I, — 2o _ Bl B — K
us R+ R, an< 2, )"

o—EY

B,
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where E," = voltage across the load resistance R, for no detection,
E.R
E/ =21 8.15.
thus 1 R.1E,
The value of £, which just fails to produce detection may be found
by making the mean current (8.14a) due to detection equal to 0

or B/ cos0 —E,/+E, =0
but cosH=E‘£TE°=~1
when 6 = = (the condition for no detection).
E.R
. ’ — E — E I — . o+v1
.. 1 0 1 EO .Rl +Rd
_ IR,
R, +R;

That this is the voltage required to start detection may be seen
from Fig. 8.10. AB is the I F, characteristic curve for the diode
and AG the p.c. line for the diode resistance R; and R,., The

I B’

TE, A F FO +
Fic. 8.10.—Operating Conditions for a Diode with Negative Start of Conduction
Current.

(Full Line—Linear Conduction Characteristie.
Dotted Line—Parabolio Conduction Characteristic.)

reactance of the capacitance C, at radio frequencies is assumed to
be negligible compared with R;. Hence the only impedance to
R.F. voltages in the circuit is the diode resistance R;. The locus
line for small variations of R.F. voltages is the line FE, which is
parallel to 4B and passes through D, the p.c. operating point.

The current represented by OD is OA4 tan D/EO which equals

RIETOR,I , so that the voltage OF is

~
OF = OD cot DFO.
E,
==—0 R
Rl ‘*‘Rd ¢



8.2.6] DETECTION 355

which confirms that no detection occurs until the input peak voltage

B, exceeds since only then can the input voltage take the

oftq
R, +R;
diode into cut-off.

When the input voltage exceeds this ecritical value, detection
takes place and the mean current is given by expression 8.14b.
We may note that

E, —E,

cos ¢ = B L
E, - E/
d St St . . . 8.16b.
an Na 7.
Replacing E," by + and combining expressions 8.16a and 8.16b.
R +Rd
E.R;
COSs S — e == )y — A
R TS 7 A
where A = BB _
(R,+Ry)B,

We may now re-write 8.14b as follows:

= —~[\/1 — (g — A4)* — (g — A) cos™? (ﬂd—A)]

_ &
=%
From which
A
By _ E, N
By VI = (g — A)* — (g — A) cos™ (g — 4)
AR,
(nd+——>
_ 3 Ky . 8.17a.
(V1 — (na — A)2 — (nqg — A) cos™! (g — A)]
When R, < R, and 7, approaches 1 this reduces to
E,R, >
Natpa
B, _ < " B(Ri+R) 8.17b
E V1 = g% — g cos™l g .

—* in Fig. 8.11a (curve 1)
E,
for R; = 5,0002 and R, =1 MQ; —E,= —1 volt.

Detection efficiency is plotted against
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The equivalent resistance Rz can be found by the same method

as that used in Section 8.2.5, and is given by
an
RE = e a—
cos™* (g — A) — (a — A)V1 — (a — 4)*
replacing E; by the value derived from 8.17a.

Ry [V1 — (g — 4)2 — (g — A) cos™! (g, — A)]

—E — . 8.18
R AR R R
(et oo () —ra—4)VI=ra—4)7)
except where 7, is small, this reduces to
Rg V1 — 7a® — g c08™1 g
R [ E.R, ] ——
nla+ [cos™! 74 — 7aV'1 — 74%]
BB, +R,) tTmer T
7
: L
I/V’— 3] - cuil N8
— o VO Q
e P N
4T 247 osig
F R
L~ {
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/ 8
/ 3
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Fi1a. 8.11a.—Curves of Detection Efficiency against Voltage Ratio Ei
Curve I. — H, = — 1. Linear Characteristic. ’
Curve 2. + E, = + 1. Linear Characteristic.
Curve 3. — E, = — 1. Parabolic Characteristic.
(R, = 1Ma. R, = 5,0000.)

It may be noted that when no detection takes place 7; = 0;

E.R
By<Zeld 4 _ 1, and Ry = Ry.
1:R1+Rd £ ¢
The value of Ry for R; = 5,000Q, B, = 1 MQ,and — B, = — 1

E N
is plotted for various ratios of —* as curve 1 in Fig. 8.116. The

L]

variation of effective resistance with signal voltage is quite marked
for £, < 10 E,. When B, = 0-005 volt the effective resistance is

very low indeed and almost equal to the diode resistance R,.

This
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undesirable feature can be eliminated by neutralizing the negative
start of current with negative bias to the diode anode of — &, volts.
It should be noted that positive bias applied to a diode with con-
duction current starting at zero voltage has the same effect as
current starting at a negative anode voltage.

b/ ~N
; s
L \ 4 =
\ oy
5 B
< 1R
= S
04 -2
/'/y :’)
P &
7 o1 ®»
7 ~§
KBP Y N
=" 0-04 §
Vi *
i 001§
s
0-004 §
1 0001 ol
001 004 01 04 [/ 4 7 4 .00 40 W
Ratio. 1oput Peak Voltage [ E,
Voltage for I=0 z'f,—
. B
Fig. 8.11b.—Curves of Equivalent Damping Resistance against Voltage Ratio El'

0
— 1. Linear Characteristic.
Curve 2. + E, + 1. Linear Characteristic.
Curve 3. — E, — 1. Parabolic Characteristic.

(R, =1 Ma. R, = 5,0000.)

Curve 1. — E,

o

8.2.7. Conduction Current Beginning at a Positive Anode
Voltage. The equation to the characteristic curve is

I, = @LT_EQ

where +E is the positive voltage at which current starts.
By applying the procedure given above

E,+E,
Co8 @ =
¢ 7.
Na = El
E,

COS¢=77.1+E,-

1
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Thus
1 —‘(7](1 —i—%o) : —<17d +g—°> cos™! (77d —{—%)] . 819

Na

A )

In a similar manner

R [ 1—(77d+%:>2—(77d+%’> cos™! (ﬁd‘f‘%‘:)]R,
oo ) B (2

The variation of 5, and Ry with % for Ry = 5,000, R, = 1 M2,
[}

¥ |
=9

8.20.

E, = +1 is shown in Curve 2, Figs. 8.11a and 8.115, respectively.
Ry, rises rapidly to infinity when £, approaches E, and detection
efficiency falls to zero. The condition of positive start of current
is thus much less desirable than negative start. A very much
larger input voltage is required to begin detection, and the maximum
modulation percentage which may be accepted is less, because the
trough of the modulation envelope £,(1 — M) must not fall below
E,, whereas for a negative value of E, the minimum value of
. HoRy
B —M)is RIR,
by the addition of a positive biasing voltage equal to E, in series
with the diode, which then operates as if current starts at zero
anode voltage.

It is interesting to note that this explains why with small signal
voltages improved detection is generally obtained by returning the
grid leak of a battery valve acting as a cumulative grid detector
to the positive lead of the filament. This is equivalent to supplying
the grid, which is acting as the anode of a diode, with positive bias,
and removing the start of grid current from a positive to a negative
value of E,.

8.2.8. Equivalent Damping Resistance due to a Diode
with a Parabolic I,E, Characteristic Curve. It is not usual
to find that the I E, characteristic curve of a diode is linear for all
values of £, and the relationship is more nearly represented by

This undesirable feature may be eliminated
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I, = KE * for small signal voltages, approaching I, = KE, for
large signals. We will therefore examine the effect of a parabolic
characteristic on the equivalent damping resistance Rj.

Let us assume that the current-voltage relationship is given by :

E.?
a Rd
where R, is the inverse of the slope of the I E, characteristic at
E, =1 volt.
The mean current is
I, = J(E cos 8 — E,)*d6
nR;
_ Et sin 2¢ 44, .
- > (1 2)¢+ -7 ]
but COS ¢ = - =
¢ E Na-
I, = By 2) cos~ 1y — 3naV1 — ng?]. 8.21
< im = op d d d
_ £
=%
B 200g . 822
By B\[(1+29,%) cos™mg — 3na VT — 4%

2 $
Power absorbed = E—l =—1j B, cos 0I,d0
2RE T)o
_ lrE, cos § (B, cos0 — E,)*db
R 0 R,
N .
El,:[smqb(g E\*® sin3¢ E,, E sin2¢
d

1 Ez}T 12 B° T8 2
but sin 2¢ = 2 cos ¢ sin ¢ = 29, V1 — n,?
sin 3¢ = 3sin ¢ — 4 8in% ¢ = (V1 — 9,2)(4n,% — 1)

B2 _ B 2\ i — % 1
or 2RE.—an[<—g—+§>\/l——nd — 7)g COS nd:l

Ry il .. 823
) [(’74 )\/i_—,,d— g 08~ n,,]
Replacing R; by the value obtained from 8.22.
Rg _ [(14+293%) cos™1 ng — 35, V1 — 7,7

R, LI ——
! 4774[(%—%5)\/ I —ng® — g 008“?7.;:]

8.24.
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Ry . A . . .
The ratio ITE is plotted in Fig. 8.9 against detection efficiency
1

and the curve is almost identical with the one obtained for the

linear diode. Both approach %E =  as 7, is increased to 1, but
1

for low values of 7, a lower value of £g is obtained for the parabolic

1
diode.

8.2.9. Conduction Current Beginning at a Negative Anode
Voltage. Negative start of current has a slightly different effect
from that obtained for the linear diode on account of the detection
properties of the square law I E, relationship. Cut-off of current
is not an essential as it is in the linear case. This is explained
more fully in Section 8.4.1.

The equation for the characteristic curve is

where — E, is the voltage at which current flow begins. When
E, = 0, the voltage across the diode is the difference between
E, and the voltage across R, so that the current flowing in the
circuit is
I, = Bo— LE]*
Ry

L'R? [213.,13, +1] LB
R,

Solving for I, we get for the minimum root (the maximum root

or

gives a value for I, greater than By which is impossible)

R,
2K R, 1 +4E.,Rl -
I, = R, Rq = B4 +&’— E—}-ﬂR
° 2R,? 2R,* "R, 4R 'R %
R,
Generally R, <€ R,, so that
=11 — . . . 8.25a.
oL [ E.,R

The voltage across R, for zero input volts

R,
[ 1 _ ~ d
E, E’[ J i

. . . 8.25b.
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"
The mean current I, = '—IRT [£,cos6 — (B, — E,)]*df
T 0

_ E,ZR % +(E’1 — E.,)z) s +sin 26 Z(EIE_, By . ¢]

- ﬂRd Elg 4
E, —E,
cos ¢ =
¢ z.
E, —E/
1] | ——
d El
where E,’ is the voltage across R, with £, = 0.
R, .
N et B —E, 1 [ER,
fla = 7, B, "EN R
If we assume — E, = — 1, R; = 5,0002 and R, =1 MQ
then 7, tE‘g o except when E, is comparable with E,.
1
Thus cos ¢ ==,
B2 . _ 3
and I, = ;E[(%Md ) c08™ g — 37av/1 — 5,1 . 826
=&
=%
E
R 2n<7ld+§°)
1~ 1 . 8.27.

Ry B\[(1+254°) cos™1 9y — 37, V1 —n4?)
It may also be shown that
R,[(142n4%) cos™ g — 3na V1 — n4%]

RE = E 2 9 - . 8.28.
Terg ()]
1

Detection efficiency and Ry are plotted as curve 3 in Fig. 8.11a
and 8.11b6 for — B, = — 1, R; = 5,000Q2, R, = 1 MQ for various

values of IET': As B, is reduced to zero Ry approaches a limiting

value, which is the a.c. resistance of the diode at £, = 0. This
limiting value may be found by reference to Fig. 8.10. If AB’ is
the original I E, characteristic curve of the diode where 04 = E,,
the p.c. characteristic, which includes the effect of R,, is represented
by a curve such as AG’ intersecting the I, axis at D’. The a.c.
characteristic curve is represented by F'E’, which is parallel to
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AB’. The effective resistance of the diode when £, = 0 is the
inverse of the slope of curve F'E’ at the point D',

We have already found in 8.25a the value of the current repre-
sented by OD’; it is

E “R;
I, =21 _A/ﬁdw .
’ R;[ E.R,

The equation to curve F'E’ is

_ (BatBy)?
a Rd
where — E, = OF' = VI,R;. (Note I, = I, when E, = 0.)
9B  Ra

e =3, = 3+
at £, =0

_1/ BB,
2 JEQ(I— \/J?L
E.R,
1 [R,R,
== . . . . . 8.29
2«/ 7,

when R; € R,.
In our particular example

000 v~ 106
RE% JZM _ 35.3000.

From curve 3, Fig. 8.11b, it may be noted that Ej for the
parabolic diode is higher for small values of £,, but for large values
of E, there is little difference between it and the linear diode.
The detection efficiency is less in the parabolic case (curve 3 in
Fig. 8 11a), except for very small signal voltages, when it is superior
to the hnear diode (curve 1) because, due to curvature of the

characteristic, there is always some detection For the lmear diode

detection ceases when E, < EoBa . An added advantage of the
R,+R,

square law diode is that there is much less damping of the input

tuned circuit for small signal voltages. Ry, in the particular

example given, is 35,300 £2 as compared with 5,00042 for the linear

diode.
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The parabolic diode with positive start of current will not be
detailed here as the results follow very similar lines to those obtained
for the linear diode under such conditions. For example, no
detection occurs until the signal voltage exceeds the voltage K, at
which current starts.

8.2.10. Diode Detector Damping and the Preceding R.F.
Amplifier Stage.? %. 3 We have seen from preceding sections
that a diode detector reflects a resistance load into the input tuned
circuit, causing damping with loss of amplification and selectivity.
The equivalent load due to the diode for normal detection efficiencies

is 85 !, but we must note that this applies only to the carrier frequency.
In Section 8.2.3 it is shown that when the carrier is modulated the
coupling resistance to the first A.F. amplifier must be taken into
account, and the load reflected on to the tuned circuit for the
modulated signal is approximately one-half the A.c. load resistance

R\R,
ok R,+R,
R,. This means that the amplification for the modulation envelope
is less than for the carrier, or, in other words, there is a reduction
of the modulation ratio from input to output. If the modulation
ratio at the grid of the r.F. tetrode valve supplying the detector is
M, g, and R,, the mutual conductance and slope resistance of the
valve, and E,, the dynamic resistance of the anode tuned circuit,
the amplification at the carrier Voltage is

/(& 2, )

and for the modulation envelope

o/l 5]

so that the modulation ratio at the detector is reduced to

(545, 5)
2(R; +R,)’
m B BE,

8.2.11. Effect of the Capacitance in Shunt with the Load
Resistance. In the above calculations we have assumed that the
reactance of the shunt capacitance (', at the carrier frequency is
small in comparison with the diode resistance R;. When this is
not true detection efficiency is reduced and the effective resistance

of the diode, i.e.

>if R, is tapped across the full resistance
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R increased. We will consider first the case with no shunt capaci-
tance and then proceed to a development showing the effect of the

capacitance.
8.2.12. Detection Efficiency and Effective Resistance for
a Linear Diode with no Shunt Capacitance. If I, = % is
d

the equation to the diode characteristic curve, the equation to the
curve representing the circuit conditions including the load resistance

Rl 18 Ia = m
The mean current is given by
- }.FEI cos 0 i,
4 0 -Rl +-Rd
the limits are from gto 0, because there is no capacitance to maintain
the voltage across R, and half-wave detection results.
L= B &
"™ n(Rs+R,) R,
E R
thus e P it 8.30.
B, e n(Rq+R,)
Power absorbed = I'F-Elz cos* § do
7T 0 Rl +Rd
L4
_ £, 4 B>
Rg = 2(R,+Ry) ... . 83l

Thus when C, == 0 and R; <€ R,, detection efficiency approaches
1 .
- and R approaches 2R;. The latter result is to be expected since

the diode conducts for exactly half a cycle, and during conduction
the load resistance is very nearly R,.

8.2.13. Effect of Shunt Capacitance on Detection Efficiency.
When the reactance of C; cannot be neglected, as may be the case
for a low radio frequency (110 ke/s) the curves in Fig. 8.4b will not
give the true performance of the detector. An estimate of its
behaviour may be made by obtaining a mean detection voltage-
carrier peak voltage curve as described at the end of Section 8.2.2.

We will now turn to a theoretical examination of the effect of
varying C,.
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In Fig. 8.7 is shown the shape of the voltage wave across the
load resistance R,. The interval during one cycle of the input
wave, which will be assumed unmodulated, is divided into a charge
and discharge period. The former starts at some time instant ¢,
when the input voltage exceeds that across R,, and ceases at i,.
If stable conditions prevail, charge will commence again at a time

2 . .
instant £, = g +t, when the frequency of the input wave is f = 2—(; .

Current and Voltage Relationships during Charge.

B, cos wt = E,'+iR, . . . 832
12 di
E'=1i,R,= 8.33
1 1 1 Cl
1 =1+, . . . 834

where 7, i; and ¢, are the instantaneous currents through diode,
R, and C, respectively (Fig. 8.2) and E,” is the instantaneous
voltage across R, and C, (Fig. 8.7).
From 8.33 and 8.34
dE,’
+ 1=
dt ’
B, cos ot _ E1 [ + +dE'

Thus Gk, iR,

8.35.

The particular solution is

K, = KB, cos (vt — ¢)

where ¢ = tan™1! _&
1.1
R, R,
and K = - 1 — - COSR¢
R 202 1 _d>
"\/ G +<R +Rd) ( TR,
By = &/ C(;s ¢ cos (ot — ¢).
[+
l
The complementary solution is
1 1N wl
E,/ =K. (Rd R,)C. = K¢ tans,
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The complete solution is

B = B, cos ¢

[1+%]

If diode conduction begins at some time instant ¢,, the value
of K, may be found by replacing £," by E, cos wt, in 8.36a

Ry

1422 ot

thus K, = ( +R1) cos wt; — cos (wt, — ¢) € tatT‘ﬁ'
cos ¢ ! 1

B, cos ¢

m_—%){cos (wt — ¢)

3 —~o(t—1,
+|:__R_1 cos wt, — cos (wt, — ¢):|g tan § } 8.36b.

cos ¢

[cos (wt — P)+K,ye™ tan¢] . 8.36a.

Hence £, =

Current and Voltage Relationships During Discharge.

E/ = =Ry

11
1
";1 = 1,
E ’ d I
— =20
R, + G dt
d
h = —,
where D 7
The solution to this is
—1
B, = K,eRC.,

If diode conduction ceases at a time instant ¢,, then replacing
E,' by E, cos wt, gives

A
K, = B, cos wtgRG
~()
= B, cos wt,e \RC:/ . . 8.37.

Steady State Conditions.

In the steady state condition the voltage at the end of discharge
is equal to that at the beginning of charge, and vice versa.
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By replacing ¢ in equation 8.36b by ¢,, in equation 8.37 by
%—H, and noting from Fig. 8.7 that E," is B, cos wt, and

E, cos (wt,+2n) respectively, we obtain two simultaneous equations
involving ¢, and ¢,

thus cos wt, = —9—0%- {cos (ls — )
(%)
(& |z
+ o5 cos wt, — cos (wt, — ¢) |¢ fané
—-(t,+?u—n—t,)
and cos (wt, +2n) = cos wte  RiC,

It is easier to deal with angles than time so we will replace
wt, by a, and wi; by «,, and rearrange these two equations into the
following forms

() «-
Y cos a; — cos (x; — ) [eom?

cos ¢
() a
I AN V) cos a, — cos (@, — @) ("¢ . 8.38a

cos ¢

2n+oa, oy
€08 o, £9CiF = CO8 ae@Cif: | . . 8.385.

The direct solution of 8.38z¢ and 8.38b is not possible and the
best method (suggested by Marique from whose paper 2¢ this
analysis is taken) is by plotting the function

14 .
y = £, cos & — cos (o — )" ¢
cos ¢

for o from —g to g

and the function

2nto n
2z == cos o e»RC: for « from — 3 to O

a
E 7
and 2z = ¢08 o gwR./C: for o« from 0 to 5
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Representative curves of y and z are shown in Fig. 8.12 between

— g and g ; y has a positive value of sin ¢.c “2tan 4 at — g and a

negative value of — sin ¢.c 2tané at + g whilst z is zero at both

these angular values. The two values of « satisfying equations 8.38a
and 8.38b for a particular value of y or z can be obtained by drawing
lines parallel to the ““ « *’ axis and reading on that axis the intercepts
24

with the ¥ and z curves. The intercept between — 3

and 0 gives o,

and that between 0 and g, gives «;. Two curves may be plotted

of «, against «, (one for y, and one for z) obtained from the repre-
sentative curves, and the point of intersection of these two curves

Fic. 8.12.—Typical Curves for the Charge and Discharge Functions.

for y and 2 gives the value of «, and «, satisfying the functions
y and z simultaneously. Using these values of «, and «, and
assuming the mean rectified voltage E, for the discharge period to
be the same as for the charge period, we may calculate from 8.37
the value of this mean voltage. This assumption removes the
necessity for calculating E, over the charge period by means of the
more complicated expression 8.36b.

1 a,+ 27
B - j' B,da

- 2n 4o, — o &

E COS &« ey +2n —(a—aq)
- 2;—2 I g wCR da
7 oy — Ky o
w01R1E1 COS oy 8—(2—1%!!_)]1‘-}-271
= | — & wluly
(2nta, — @) %

wC, R, E, cos oc2<l EM)>

w( R,
2+ oy — oy
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but detection efficiency Ng = E

E,

—(2n+a;—as)
_ _& _ wC,R, cos ocz[l _ sﬁTCST“:I
El 24y — o

— (2740 — o)
_ B cosa [ CEEER]. . sas
Xo, 2ntoa;, — oy

where X is the R.F. reactance of C,.

R,
The relationship between 7, and —— X is shown in Fig. 8.13a for
Cy
R,
different values of i and it will be noted that in each case there
d
R, . . . .
is a value of X— which, if exceeded, gives little improvement in
o
r 10
LATTTRE: - /o‘fio
e 0-9
L4111 3
] 1
0835
|7 2 S
A " hY
4 H P 0.7“4
AT S
A
068
R LY}
Bi-e :
[ 05
P
0-4
5 50 _ /00 5w w00
Ratio: Load Resistance Py
Shunt Capacitance Reactance | X,

Fia. 8.13a.—Curves of Detection Efficiency against the Ratio of Load Resistance
to Shunt Capacitance Reactance for Different Values of Load to Conduction
Resistance.

detection efficiency. The curves are asymptotic to a value of 7,,

which is that given in Fig. 8.8 for the particular value of g . The
d

limiting value of fi is plotted in Fig. 8.13b against Rl’ and if we
c
take our previous case of R, = 1 MO and R; = 5,0002, a value

1
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of % = 80 is obtained. The shunt capacitance has therefore little
G
effect on 7, provided the following relationship is satisfied :
B,
80
80 x 108
R, X 2af ~
12-72 x 108
P A R
fB,
12-72
€ o= uuF.
SMe/s). R,(MQ)
If f = 1,000 ke/s, and R, = 1 MQ, C, « 12-72 yuF, whilst for
f =100 ke/s, C, « 127-2 uuF.
In any practical case the value of C, is unlikely to be less than

X, 3
or Cl *

uF

:
%)

%

// 20 g

Shunt Capacrtance Reactance

Ratio:

S
QU\O:\)QKDE

5 70 500

L 50d R 70(2_ R
- . __Load Resistance
#atro: Conduction Resistance [Fd‘]

Fia. 8.135.—A Curve of Load Resistance to Shunt Capacitance Reactance
Ratio against Load Resistance to Conduction Resistance Ratio for
Maximum Detection Efficiency.

0-0001 uF, so that we were justified in ignoring the effect of the
shunt capacitance when calculating the equivalent damping
resistance of the diode.

The above calculation suggests a minimum value for the capaci-
tance C,, and we must next consider its limiting value since too
large a value can produce amplitude distortion (due to non-tracking)
of the detected audio frequency wave shape.

8.2.14. Amplitude Distortion due to a Large Value of
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Shunt Capacitance. Amplitude distortion & 17 has already been
indicated in Fig. 8.3 and it is shown to be due to failure of
the voltage across the capacitance to fall to a value below the
succeeding carrier peak voltage. This effect only occurs as the
modulation envelope is decreasing, and is worst at the point where
the rate of change of the modulation envelope is greatest. Thus
the rate of discharge of C,R, must not be less than the maximum
rate of change of the modulation envelope. If we assume a
modulated input signal of E,(1+M cos pt) cos w?, the rate of
change of the modulation envelope is

% = — E,Mp sin pt . . . 840
2
this is a maximum when i 0
ie., — B,Mp2cospt =0

this gives cos pt =0, and ¢ = % or ;_;(n+g).

7
The solutions ¢ = 2——;, 2—7!, etc., are Inadmissible because the

modulation envelope is rising, so that the required solutions are

n bm
=_—, —, etc.
¢ 2p’ 2p’ etc
The maximum rate of change of the modulation envelope is
— B, Mp.
The discharge equation for C.R, is
t
B, = B BG
{
the rate of discharge % = — R?éle"ﬁf; = — é‘gl 8.41.
At the time ¢ = —2%; cospt =0, Eo = E,.
Hence _ L > — B, Mp 8.42a
RC, " . . . 8
and noting that X, = I—’%—’ the reactance of C, at audio frequencies,
1

expression 8.42a becomes 1%

Xe
> M . . . . 8.42b.
R <

1

Thus if amplitude distortion is to be avoided the ratio of the
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reactance of C,; at audio frequencies to the resistance R, must not
be less than M, the modulation ratio.

Taking 5,000 c.p.s. as the maximum audio frequency that needs
consideration (harmonics of frequencies higher than this are above
10,000 c.p.s. and are therefore unlikely to be troublesome), we have
for R, =1 MQ and M =1, a value of

1012
€= 5w 5000 x B, ¥
= 319 uuF
which must not be exceeded if distortion is to be prevented at full
modulation.

The usual practical value of C, is 0-0001 uF, so that the maximum
acceptable modulation ratio is limited to 0-319 at 5,000 c.p.s. if
distortion is to be avoided. The transmitted modulation ratio for
the high audio frequency components is generally low and is normally
much less than 0-319.

X .
% the maximum

It is interesting to note that for a given ratio
1

modulation ratio may be increased by applying positive bias 1* to
the anode of the diode.

In the absence of a signal voltage there is a voltage across C, of
very nearly E,(R, > R,), and if we assume 7; = 1 the voltage rises
to B, +E, when a signal £, cos ot is applied. The rate of discharge
of C, thus becomes

dBey _ — (By+Ey)
dt RO,
The conditions for no amplitude distortion are

> M. ) ] . 8.42¢.

8.2.15. Frequency Distortion due to the Shunt Capacitance.
The capacitance C, can produce frequency distortion in addition
to amplitude distortion if its value is increased unduly.

We have already noted in expression 8.8 that the mean current
through the diode for an unmodulated carrier £, cos ot is

E, . E
I = b — 1
but since E, =1,R,
1
= —_ i — 1
Im ﬂgd[?l s 95 le(}S]
or 1, — Eisiné A R

nR;+R.¢
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If a modulated carrier E,(1+M cos pt) cos wt is applied to the
diode, substitution of £,(1+M cos pt) in 8.43 leads to
B (14 M cos pt) sin ¢
nR;+ R )
Since, however, the load resistance R, is shunted by the capaci-
tance (,, the expression for I, is more correctly given by
I, = B, sin ¢ B, sin ¢
nRs+Ri$  nRy+Z:4
The first part is the p.c. term produced by the carrier and the

second is the A.c. term due to the modulation frequency. In this
term R, is replaced by the impedance Z,, which is the parallel

1, =

M cos pt.

R
impedance of C, and R, at the modulation frequenc ———1——)
p 1 1 q y ( ]pcx Rl +1

The audio frequency voltage across the load resistance is
E, sin ¢
Epp=1,2,="2——"M t.Z
AF méi1 2R, 1 7. CoS pi. 4,
_ B, sin ¢¢M cos pt. RZI 8.44.
7T
7‘1+Z1
The above expression 8.44 can be represented by a generator
. .. B, M sin ¢ .
which has an open circuit voltage of - - cos pt, an internal
resistance 7_‘% and an external load impedance Z,. The internal
Ry

resistance is the equivalent resistance of the diode at audio

frequencies. It is R, of Section 8.2.3 and the inverse slope of the
1,.E, characteristic curves in Fig. 8.4b.

Two points of interest arise : (1) the resistance R, is dependent
on detection efficiency for from Section 8.2.5. ¢ equals cos™! #,.
Expression 8.10 shows that #,; is controlled by E; and R,, so that
R, itself must be dependent on E; and R,. The actual relationship
is discussed in the next section ; (2) the reciprocal of the resistance
R; may be obtained by partial differentiation of 8.8 with respect
to E,, thus

ar, ¢ 1
dE, xRy R,

Since the resistance K, is dependent on R,, increasing as R,

increases, the latter has a twofold effect on the frequency response
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curve of the audio frequency output voltage from the detector.
Increase of R, magnifies the influence of the capacitance C, and also
increases R;, and both effects tend to produce loss of high audio
frequencies.

If R, =5,000Q2, R, =1 MQ, C, = 0-0001 uF, Fig. 8.8 gives
nq = 0-93, and the audio output voltage is
By = KZ, _ .KRI
R, +Z; Ry (1+jpC.R,)+R,
. KR,
V(B +R,)*+(pC.B.R)*
Rgv _ 5,000n
cos~ln; 03763
= 41,7000.
The reduction in voltage at 10,000 c.p.s. as compared with
50 c.p.s. is
EIO,OOO_,\_ Rl.. Rd' +Rl
By V(R;/+R)+(pC.R.R;)}? B
N 1 N 1
o Jl +(p01R1Rd')2 "~ V1+(0-2525)®
Rd,+-R1
= 0969 or — 0-28 db.

But 'Rd, =

The loss of high-frequency response for the component values
chosen is negligible. Should, however, the value of C, or the
conduction resistance R; of the diode be increased, the loss may
become important. For example, suppose C, = 0-0005 uF, then

Ew,ooo ~ 1

Esw  VI1(5 x 0-2525)*

= VivTes = 0%

= — 4.12 dbs.
or if R; = 25,0002, R, =1 MQ and C, = 0-0001 uF. Fig. 8.8
gives n; = 0-84

25,0007
¢ = 2T 136,800
Ba 0574
Eio000 _ ! = 0797 = — 1-96 dbs.

Eyw  v/1+1(0.756)
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Increase of capacitance C, has therefore a greater effect than the
same ratio increase in B;. Decrease of R, reduces the high-frequency
loss for given values of C, and R;.

8.2.16. The I_E, Characteristic Curves® for a Linear
Diode Conducting at E, = 0. The mean current expression 8.8
may be written

El 3
I, = n—Rd[sm b —¢cosg] . . . 845
for %: = cos ¢.

£,
o = mf@)-

The function f(¢) is plotted in Fig. 8.14a between ¢ = 0 and
4 radians. To obtain a particular I, E, characteristic curve it is

/"'\\ 3
1/ \ EN
/ \$
2%
% V3
/ ;
O,
y N
/ 5
v
T 0
0 7 2 3 4
Angle (¢p) Radians

Fic. 8.14a.—The Curve of f(¢) against ¢.

only necessary to replace E, in 8.45 by the required peak value and

to note that % = —EE“ = cos ¢. For example, if R; = 5,0008,
1 1

E, =1 volt and E, = — 0-5 volts, cos ¢ = 05 or ¢ = 7—;, which
gives a value of f(¢) = 0:35 and I, = 0-022 mA. If this is repeated
for values of E, from — 1 to +1 the I, E, curve for £, = 1 volt is
obtained. When E, exceeds + £, each curve merges into the diode
conduction curve because the diode current is not taken to cut-off
and no detection occurs. In Fig. 8.14b I,E, curves are shown
for £, =1 to 5 volts and R; = 5,000 ohms. If a load line OB,
corresponding to any particular value of R,, is drawn across these
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curves, 1t will be noted that [, at the intersections is proportional

to B,. Since I, — 7—_{% (¢) it follows that f(¢) must be constant,
d

" Ipand I,
(mA)

0-6 ) //

A

/)
B i 5//// 7/
E=! 32
&0
//
5 -4 =3 -2 -1 0 +1 2 +3 +4 +5
Ky (Volts)

F1a. 8.14b.—Characteristic I,,E; Curves for a Diode with Linear Conduction
Curve.
(R, = 5,0000.)

ie., ¢ is constant. But we have already shown in Section 8.2.15

¢

1 ip g s
that the slope of these curves is — or —-. Hence if ¢ is constant,
Rd ﬂRd

R, is also constant for a given value of R,. The relationship
between R;' and R, may be obtained for a fixed value of E; by

50000 \%
&
Aanooo §
<
1 S
2
< 30000
>, ®
,/ \&
A zoooo‘g
] I 3
700009

0005 o001 005 07 05 7
Diode Load Resrstance(R,) M2
Fic. 8.14c—A Curve of Diode Slope Resistance against Load Resistance,

(R, = 5,0000.)
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substituting the particular values of ¢ (obtained from the curves of

R . . R
14(¢ = cos™1! y,) against RT‘, Fig. 8.8), in the expression B, = jqu,
a
R
o.g., Fig. 8.8 gives 5, — 0-866 at 3% — 58; ¢ = cos™* 0866 = %,
a
T[Rd

and replacing this in R, = 5 when R, = 5,000(2, we find that

R, = 6R; = 30,0002 for R, = 58 x 5,000 = 290,0002. A curve
of R, against R, for B; = 5,0002 is plotted in Fig. 8.14c.

8.3. Cumulative Grid Detection.

8.3.1. Introduction. The cumulative grid detector operates
in a manner similar to the diode by using the grid of a triode or
multigrid valve as the diode anode. The I E, characteristic curve
is generally similar to curve 4B’ of Fig. 8.10 illustrating the parabolic
detector. The audio frequency variations of small carrier ampli-
tudes are detected due to curvature 3 of the characteristic, i.e.,

H.T+

Fi1c. 8.15.—A Circuit for Measuring the Detection Characteristics of a Cumulative
Grid Detector.

I, flows throughout the cycle and Ry is low, but for large carrier
amplitudes the grid-cathode space acts as a unidirectional device
and I, flows over a small part of the cycle only.

The audio frequency variations across R, (Fig. 8.15) cause
variations in the grid bias of the valve which in turn produce audio
frequency variations of anode current. The cumulative grid
detector may be viewed as a separate diode,’® the anode of which
is connected directly to the grid of an a.F. amplifier valve. Detection
makes the grid voltage negative with respect to the cathode so that
the p.c. anode current falls as the carrier input voltage is increased.
This type of detector would therefore appear to offer the advantage
of a combined detector and A.¥. amplifier in one valve. It possesses,
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however, two disadvantages, the D.c. grid-bias point is variable,
and R.F. as well as A.F. voltages are applied to the grid. The bias
point is fixed by the input carrier peak voltage, so that it is impossible
to operate the valve under optimum audio frequency amplifying
conditions except for a restricted range of carrier voltages. The
presence of R.F. as well as A.F. voltages increases the possibility of
overloading, and the A.F. output voltage is consequently restricted.
Since R.F. voltages from the input tuned circuit are not filtered from
the grid of the valve, the anode-grid capacitance will cause the anode
circuit to reflect back a resistance and capacitance component into
the grid circuit as described in Section 2.8.2. The resistance com-
ponent is generally the more serious and its effect may be many
times greater than that due to grid current damping.

There are two possible methods of connecting the detector load
resistance R, as illustrated in Fig. 8.15. The only difference
between the two positions so far as the operating conditions are
concerned is that when R, is connected between grid and cathode
it acts as an additional shunt resistance across the input circuit.
This connection of R, is chiefly of advantage in battery valve
detectors, having start of grid current at some positive voltage, for
R, can be returned to the L.T. positive terminal without disturbing
the valve or input circuit connections. The necessity for a positive
bias voltage on the grid of the valve having a positive start of current
has already been discussed in Section 8.2.7. If large signal voltages
are applied, grid current is only taken on the peaks of the input
signal, because the voltage across R, is maintained by the discharge
of capacitance C; between the peaks in a manner exactly similar to
that shown in Fig. 8.3 for the diode. This produces less damping

1
E,
higher detection efficiency (curve 1 in Fig. 8.11a) and a mean grid
voltage variation which is an almost exact reproduction of the
modulation envelope.

Owing to the control of the bias by the input carrier voltage,
though no distortion may occur in the grid circuit, distortion may
be produced in the anode circuit. When the mean grid voltage
variations are large the anode current variations may be carried
into the bottom bend of the I E, characteristic curve with resultant
flattening 2 of the audio frequency wave shape. In extreme cases
this may cause in a receiver a double-humped tuning effect with a
distorted minimum output at the correct tuning point. This
flattening of the audio frequency wave may be decreased by

on the grid circuit | see curve 1 in Fig. 8.115 for increasing), a
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increasing the detector anode voltage and reducing the mean grid
voltage variations. A detector modified in this way is often called
a power grid detector.

8.3.2. Power Grid Detection. The power grid detector—
a modification of the cumulative grid detector—is intended for
operation with large input carrier voltages, when the grid circuit
acts as a unidirectional current device and current is taken only
on extreme positive peaks of the signal. The grid leak resistance
R, (Fig. 8.15) is reduced and the anode voltage increased so as to
prevent distortion of the audio frequency output current in the
anode circuit. The reduction of grid voltage variations by decreas-
ing R, may be illustrated from Fig. 8.4b where it is shown that the
line OB’ (corresponding to a small R,) reduces the grid voltage
variations in the ratio E‘TE"

1

8.3.3. Damping of the Input Circuit by a Cumulative
Grid Detector. The cumulative grid detector introduces two
forms of damping on the input signal circuit. The first, due to
grid conduction current, has already been adequately discussed in
Sections 8.2.5 to 8.2.9 on the diode. The second is due to the
anode-grid capacitance of the valve. We have already developed
in Section 2.8.2 expressions for the conductance and susceptance
reflected into the grid circuit by feedback from the anode circuit
through the anode-grid capacitance of the valve Taking expres-
sions 2.9a and 2.9b, substituting I—f for G, - R for &, and wC, for

0

B,, and neglecting B, in association with other components we have

R, R
v gnwCy w0,

B [ neiCe Dl W

L1V 0y
(. 7&) +tec
where R, and O, are the equivalent parallel resistance and capaci-
tance components of the grid input admittance. The load capaci-
tance C, is an essential part of the circuit as it acts as a bypass for
R.F. currents developed in the valve, and reduces the possibility of
passing on R.F. voltages to the grid of the next valve. Its maximum
value is limited by its discrimination against the high-frequency

8.46a

. <1+ )+(w00).

and
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components of the audio frequencies contained in the modulation ;
a suitable value is 100 puF.

1 1 1 1
When wC°>E+E and gm>>E+R—o.
C
R,y =~_"° 8.47a
gm0,
1 1
n(h+ 1)
— a 0,
and C,=C, W-+l . . 8.47b.

By using these expressions for B, and C, we can estimate the effect
ofg,, Cva’ R, and C, on the input admittance, and this is summarized

in the table below.
Variable. R C

[ 14
Increasing gm decrease increase
Increasing Cy, decrease increase
Increasing R,
1
(@) Ry > 0. (a) little effect decrease
0
1 b ini 1 h C
(b) R, comparablo to - (b) has rlnmulnum value when wC,
wCy -
R, R,
1
(¢) R, <<E0 (¢) decrease
Increasing C, decrease to minimum when decrease
1 1
wCy = 7, + R‘;

To show the order of B, and C, let us take the following example
of a triode detector :

Jf = 1,000 ke/s, R, = 30,0002, Cy = 100 uuF, C, =3 uuF
B, = 10,0002, ¢g,, = 3 mA/volt.

From 8.46a and 8.46b6

R, = 11,6002

C, =59 puF.
The detuning effect of the parallel capacitance C, is small and
except for small values of tuning capacitance may be ignored.
The parallel resistance R, is so low that it shows anode circuit
damping to be much more serious than grid current damping
R . .
(—2—1 approxima’ce]y). The resistance R, can be conveniently in-
creased only by reducing C, or g,. It is not possible to increase
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C, unduly or loss of the high audio frequency modulation components
results.

A reduction of ¢, is not a satisfactory solution since this reduces
the gain of the detector stage. (For large signal input voltages
g 1s reduced because of increase of n.c. bias voltage, so that there
is a tendency to decrease anode circuit damping as the input signal
is increased.) The only real solution is a reduction of €, and this
can be accomplished by using a tetrode or pentode 2! valve as a
detector. Care must be exercised to see that the external stray
capacitance between grid and anode is very smali if the full advan-
tage of such a valve is to be gained, and it should be noted that the
high internal resistance of a multigrid valve will tend to accentuate
the loss of high audio frequencies due to the bypass capacitance C,.

122
R,+2y

whilst for a tetrode it is more nearly proportional to g,,Z,

The stage gain of a triode detector is proportional to

ie.,

gnBaZ o
R.+2Zy
#io
R,
much less extent in the triode case.

Anode circuit damping can be entirely eliminated when a separate
diode and triode valve are used for detection and amplification.
An r.F. filter (R,C, in Fig. 8.5), included between the diode load
resistance and the triode grid circuit, effectively isolates the latter
from the tuned R.F. input circuit to the detector. The diode-triode
combination usually produces a higher gain than that of the same
triode operating as a cumulative grid detector because of the
elimination of anode circuit damping. Furthermore, greater output
voltage is possible for a given distortion since only A.F. voltages are
applied to the triode grid circuit.

8.3.4. Estimation of the Performance of the Cumulative
Grid Detector. The detection characteristic of the cumulative
grid detector may be measured at a low frequency (50 c.p.s.)
provided the capacitances C, and C, are increased to give the same
reactances at 50 c.p.s. as at the normal carrier frequency. For
example, 0-0001 uF at 1,000 ke/s is equivalent to 2 uF at 50 c.p.s.
The circuit is given in Fig. 8.15 ; no special precautions are necessary
except that since grid current flows the input potentiometer must
not have a high resistance value. A series of curves of mean
detection voltage plotted against peak input volts may be obtained as
in Fig. 8.16. The mean detection voltage is given by (I, — 1,;)R,,
where I,, is the p.c. current at a particular peak input voltage,

or ; any variation of Z, will obviously affect the result to a
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I, is the D.c. current at zero input voltage, and R, is the resistance
in the anode circuit. The initial curvature for small peak input
voltages (less than 0-1 volt) due to square law detection is indi-
cated in the curves.

The audio output voltage in the anode circuit is obtained by
noting the change of mean detection voltage between the carrier
peak voltage limits set by the modulation envelope maximum and
minimum values. Taking a carrier peak voltage of 1 volt modulated
by 509, the maximum and minimum of the modulation envelope
are 1-5 and 0-5 peak volts, respectively. The mean detected voltage
change corresponding to these limits is from 10 to 28 volts. The
relationship between carrier peak volts and mean detection volts is

50 T
Ry= 500000

g, L
g9 7
S 4
X 4 ——
530 A ==
S vl
%»20 , A Ro= 1000082
S /
<
S0 4

00

/ 2 3
Peak Input Vo/tage

Fig. 8.16.—Typical Detection Curves for a Cumulative Grid Detector.

(Full Line—R, = 1 Mg.
Dotted Line—R, = 0-1 Ma.)

very nearly linear over this range, so that the peak value of the
audio output voltage is one-half of the mean detection voltage
change, i.e., 9-0 volts. The turn-over effect as I, approaches the
bottom bend of the I,£, curve is very clearly shown, and it will be
observed that when the carrier voltage is increased beyond 2 volts
the mean detection voltage change due to the modulation envelope
decreases and becomes distorted. This is the effect producing an
apparent double-humped response already discussed in Section
8.3.1.

Characteristic curves ¢ rather similar to the I, E, characteristic
curves of a diode may be obtained for a cumulative grid detector.
The circuit is the same as that of Fig. 8.15, except that the anode
resistance R, is replaced by a low-resistance milliammeter. I_E,
curves are obtained for different values of input peak voltage for



8.4.1] DETECTION 383

fixed values of R, and C; (2 uF to correspond to 0-0001 uF at
1,000 ke/s), and these are indicated in Fig. 8.17. The audio output
voltage for any particular H.T. voltage and anode external resistance
R, can be obtained by drawing the appropriate load lines such as
AB or AG. A separate set of curves must, of course, be drawn for
each required value of R;,. These curves only represent detection
conditions if the anode impedance to the carrier frequency is low.
This assumption is generally valid owing to the presence of the
R.F. bypass capacitor C,. The great advantage of the curves lies
in the fact that the effect of any values of R, with, or without, a
decoupling resistance R’ may be studied. When a decoupling resist-
ance (R’) is employed, a load line, such as AB, is drawn from a point

r L////
w7/

Ny
i, &
Ny N
N

0 — A
a

Fia. 8.17.—Typical I,Es Curves for a Cumulative Grid Detector.

on the £, axis equal to the H.T. voltage at an angle cot™! (R’ 4+ R,),
and then another load line DE is drawn at an angle cot™! R,
through the intersection F of the line AB and the particular carrier
peak voltage being considered. The A.F. output voltage is obtained
from the intersections of DE with the appropriate carrier voltage
lines. D'E’ represents the condition for a transformer load with a
decoupling resistance R’; 4B now has an angle given by cot™" R'.

8.4. Anode Bend Detection.

8.4.1. Introduction. A valve may be made to operate as an
anode bend detector if the grid bias is so adjusted that the valve is
working on the curved part of its I,F, characteristic. Such detec-
tion depends mainly on the second derivative ! of the I E, curve.
If we assume that the I,E, relationship is given by I, = f(E,), a
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small change of grid voltage 0E, results in the following current-
voltage relationship

(Ia+61a) = f(Eg+6Eg)
and using Taylor’s expansion

d*f(E,) OE,? +d3f(Eg)

df 2
(I,+61,) = f(E,)+ aE, (SE + dm;? 2 B3 3 + ete.,
4 7! 6E 1
= f(E,)+f(E,).0E,+f"(E, " + ete.,
, __df(E e dqu
where f'(E,) = dE’ dE ; J(E,) = dEyz’ ete.
If 8E, = E cos wt(1+M cos pt)
81, —f'(E,)[B cos wot(1+ M cos pi)]+f"(B,) L& c0s @i(1 s M cos pt)}?
+f"'(Eg)[E cos wi(1+M cos pt)]® 8.48.

3!

The first and third terms contain only modulated radio frequency
components and are therefore of no interest since we require audio
frequency components. The second term is

Ji”—(zl;]i’—)Ez cos? wi(1 M cos pt)?
f '(Eg)I:EZ(l +cos 2wt)
! 2

(14+2M cos pt+M? cos? pt):l.

The radio frequency term is not required and the p.c. and audio
frequency components produced by this term are

(s 2
'LT—U)EZ<1 +2M cos pt+]%(l+ cos 2pt)> . . 8.49
of which the audio frequency component is

rr 2
E,r =f—%@E2<2M cos pt+l—n2— cos 2pt> ) . 8.49b.

This contains a term of frequency Y - CPs., the original modulation

component, and a second harmonic component of % c.p.s.

The ratio of second harmonic to fundamental is

2
ML M 8.50.
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Hence, the modulation ratio of a carrier detected by a parabolic
detector should not be high if distortion is to be kept low.

2
The coefficient f"/(E,) otherwise &I, is the slope of the mutual

dE,?
conductance-grid bias (gm E,) curve of the valve at the particular
grid bias point. We may note that it is not only the second
derivative term in the Taylor expansion which produces audio
frequency components. All even derivatives can produce such
components. A better understanding of the physical significance
of these derivatives in the Taylor expansion may be gained by
considering an I,E, curve represented by a power series such as

I, =ay+a,E,+aEl2+a,ERta Bt . . .
The first derivative represents the mutual conductance

, dl,
Im :f(Eg) = dE = a1+2a2E'g—}—3a3E’02+4a4E03
g

the second is
r dzl,
f(Ey) = 55% = 2a,+6a,E,+12a,E 2+ .
dE,?

In a true parabolic detector all terms above a, are zero, hence
[’ (E,) = 2a, = constant

and the detected audio frequency output voltage is then independent
of the bias point on the I, K, characteristic. For an actual valve
characteristic the terms a,, a4, etc., are rarely zero. The a, term
is usually negative so that f'(£,) has a maximum value at a particular
grid bias. This is clearly shown in the typical detection curves of
Fig. 8.1956; a bias of — 3 volts gives maximum detection. Two
grid bias points can generally be found giving optimum detection
conditions, for there is a position of maximum rate of change of
curvature [f’(E,)] near zero anode current (bottom bend) and near
saturation current of the valve (top bend). The ‘ top bend ” of
the I E, characteristic is never used since it represents a waste of
anode current and a considerable reduction in the life of the valve.
Furthermore, saturation can usually be reached only by using
positive grid bias, and grid current is an undesirable feature because
it causes damping of the input circuit.

The operation of a valve as an anode bend detector using the
“ bottom bend "’ can be followed from the I,E, characteristic curve
in Fig. 8.18a.

The curve AB is the characteristic curve for zero external anode
resistance. This condition is of no use since an output voltage is
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required from the detector. A resistance must therefore be inserted
in the anode circuit. The operational I,E, curve then takes the
shape shown by the line 4@, and detection occurs because the
negative envelope is amplified to a less extent than the positive
envelope. This produces a mean current fluctuation which approxi-
mately follows the modulation envelope. Harmonics (mainly
second) of the audio frequency are actually produced as shown by
the mathematical analysis. As the resistance R, is increased, the
rate of change of curvature decreases (i.e., the slope of AG is less),

Iy
.BEIEZ

F1c. 8.18a.—Anode Bend Detection referred to the I,E, Characteristic.

thus decreasing the mean current, but the audio output voltage is
actually increased. The case is analogous to that of a generator
of fixed internal resistance connected to a variable resistance. As
this resistance is increased the voltage across it rises, approaching
in the limit the open circuit voltage of the generator.

The decrease in the rate of change of curvature as R, is increased
is undesirable and we should prefer to maintair. the original rate of
change of I, as R, is increased. This can be accomplished if the
anode impedance is zero, or nearly so, for radio frequencies. The
use of a capacitance (C, in Fig. 8.19a) in parallel with R, will
produce this result. If the reactance of C, is small at radio fre-
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quencies the characteristic curve along which detection takes place
is one similar to D,E, in Fig. 8.18a. It is substantially parallel to
the original curve AB for R, = 0, but is moved towards zero grid
volts by an amount governed by the mean current, which in turn
is fixed by the carrier amplitude, R,, and the original grid bias.
Since the mean current is proportional to the carrier amplitude,
the position of the operating line varies with the modulation
envelope. For minimum carrier amplitude, the mean current is
minimum so that the correct line is D, E,, but for the maximum
carrier amplitude it is D,£,. These two lines represent the limits
of movement for the particular modulated wave shown, and the

Ia

Fic. 8.18b.—Anode Bend Detection, with no Anode Capacitance, referred to
the I,E, Characteristic.

R.F. detection line oscillates between the two positions at an audio
frequency corresponding to that of the modulation envelope.
Increase of modulation percentage causes F, to move nearer to F,
the operating point in the absence of a signal, and F, to move
further from F.

The effect of the capacitance €', may be more clearly shown by
reference to the I, E, curves. Taking the case of the resistance
R, only in the anode circuit, the conditions are represented in
Fig. 8.18b where AB is the load line at an angle cot™! R,. If F is
the point corresponding to the grid bias, a modulated wave in the
grid circuit produces a distorted modulated anode current wave
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which has a mean current variation shown by the full line. The
mean current variation is always above the point F unless the
input signal is 1009, modulated, because even the smallest signal
causes some increase in anode current. The mean current variation
produces a mean voltage variation given by the full line beneath
the E, axis. The p.c. anode voltage is decreased by detection from
its zero signal value OD to OD,. The mathematical analysis shows
in equation 8.49a that detection increases the D.c. current by

ree(1+2L)

4
F to F,; the exact position of F, depends on the signal voltage,

Hence the true operating point moves from

la
B

Mean

Fic. 8.18c.—Anode Bend Detection, with Anode Bypass Capacitance, referred
to the I E, Characteristic.

rising higher on the load line as the carrier amplitude and modulation
percentage are increased.

When the resistance R, is paralleled by a capacitor C,, the
operating conditions become those of Fig. 8.18c. The audio fre-
quency load line is as before, 4B, because the reactance of C, is
very much greater than R, at these frequencies, but the R.F. load
line changes to an almost vertical line. This vertical line really
approximates to a thin ellipse, the minor axis of which is small
since the reactance of C, is much less than R,. The position of
this load line is not fixed but varies with the modulation envelope
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amplitude between the two points ¥; and F,. The load line position
for maximum envelope amplitude is D,H, and for minimum ampli-
tude D;H,. The p.c. anode voltage, which is given by OD,, is
approximately the average of OD, and OD,, and its value is deter-
mined by the carrier amplitude and modulation percentage. The
anode current wave shape is shown to the right of Fig. 8.18¢, where
the thick curve indicates the fluctuations of mean current. This
curve, projected on to the audio frequency load line AB, gives the
mean voltage shown below the E, axis. The addition of the
capacitor C, has therefore two effects; it has for a given input
signal : (1) decreased the p.c. anode voltage and (2) greatly increased
the mean anode current and anode voltage variation. The resistance
R, controls the mean output voltage variation, and maximum gain,
which is limited by the amplification factor of the valve, is obtained
when R, is large. Very high values of R, tend to reduce the
amplification factor as in the analogous case of the A.r. amplifier
(Section 9.3.1) and also cause discrimination against the high audio
frequencies by reason of the parallel capacitance C,. R, should
not therefore exceed three to four times the internal resistance of
the valve.

To obtain optimum detection, variation of anode or grid bias
voltage is essential. With small signal voltages detection is
generally a maximum for low anode voltages because the rate of
change of curvature of the I E, characteristic diminishes as the
anode voltage increases. For the same reason a valve having high
values of x4 and R, is generally better than one having low values.

If a large input signal is available an anode bend detector may
be made to function in a manner approaching a linear detector by
biasing the valve almost to the point where I, = 0. The negative
modulation envelope is then suppressed and, provided the positive
envelope passes over the straight part of the I £, curve, the audio
frequency components of the modulation envelope are reproduced
without distortion. Under these conditions the output voltage

pB,
B,+-R,
maximum signal voltage, however, must not be large enough to
produce grid current.

8.4.2. Estimation of the Performance of an Anode Bend
Detector. Measurements at 50 c.p.s. may be made on a valve to
indicate its performance as an anode bend detector. The circuit
is shown in Fig. 8.19a. The value of C, is chosen to give a reactance
at 50 c.p.s. equal to the reactance of the capacitor normally used

approaches

times the input modulation envelope. The
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at radio frequencies. Fig. 8.19b shows the presence of an optimum
bias point and also the disadvantage of the anode bend detector,
HIT+

i
61’) | . D AT
gl---- —0

|
F1c. 8.19a.—A Circuit for determining Anode Bend Detection Characteristics.
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viz., its inefficient detection of small signal voltages. This feature
also limits the maximum modulation percentage of larger signals
which can be accepted without serious distortion.
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Fi1a. 8.19b.—Typical Detection Curves for an Anode Bend Detector.
(Full Line—R, = 50,0000.
Dotted Line—R, = 10,0000.)

8.4.3. Damping of the Input Circuit. The anode bend
detector has the advantage that it produces no grid current damping.
There is, however, damping due to the anode-grid capacitance,® the
parallel components of resistance and capacitance being the same as
for the cumulative grid detector, viz.,

R, = Co_,
InCy,

1 1
gm<—+~>
~ R, R,
c, 0‘,“.[‘4 B +1}.
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Since, however, the anode bend detector operates on the curved part
of the characteristic, g,, will be lower than in the case of the cumu-
lative grid detector. For small signals, therefore, the damping is
small, but it increascs as the signal increases because the valve
begins to operate over the higher gain part of the characteristic.
This is not a serious disadvantage since strong signals require
generally less selectivity than weak signals. The low gain of the
detector for small signals is, however, not offset by the lower
damping.

8.4.4. Anode Bend Detection with Self-Bias. It is quite
usual with indirectly heated anode bend detectors to provide self-
bias by a resistance in the cathode circuit. A large capacitance
(50 uF) must bypass the resistance if loss of the low audio frequency
modulation components is to be prevented, since voltages across
the self-bias resistance tend to cancel the anode current changes
producing them (see Section 2.7). The resistance value should be
chosen to give under no signal conditions the optimum bias. As
the signal increases there is a tendency for self-bias to increase and
detection efficiency to decrease.

8.5. The Advantages and Disadvantages of the Three
Types of Detectors.’® We may now summarize the advantages
and disadvantages of the diode, cumulative grid, and anode bend
detectors as follows :

1. Diode Detector.

Advantages.

(1) Distortion of the audio frequency components of the modula-
tion envelope decreases as the carrier voltage is increased.

(2) The carrier modulation percentage may be high without
distortion becoming appreciable provided certain coupling
conditions are fulfilled.

(8) There is no damping of the input circuit other than conduction
current damping.

(4) The maximum permissible carrier voltage is almost unlimited.

Disadvantages.

(1) The valve represents a loss of amplification ; this loss may
be reduced to small proportions by a suitable choice of
R, and C,.

(2) Conduction current produces damping of the input cireuit.
The use of a high value of R, reduces this effect.
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2. Cumulative Grid Detector.
Advantages.

(1) It is very sensitive for small carrier voltages.

(2) Amplification is obtained from input to output, approximating
to that of the valve as an A.F. amplifier.

(3) Distortion is not very great provided the carrier voltage is
not too large (the maximum permissible is generally about
1 volt).

Disadvantages.

(1) The input circuit is damped by conduction grid current and
by a resistance component reflected from the anode circuit
by the anode-grid capacitance.

The latter effect is generally much more serious than
grid conduction current damping.

(2) The maximum carrier voltage is limited due to the bottom
bend of the I ,E, characteristic.

3. Anode Bend Detector.
Advantages.

(1) There is no damping of the input circuit due to grid current.

(2) Anode-grid capacitance damping is generally low owing to
the fact that the valve operates on the low gain bottom
bend of the I,E, characteristic.

(3) Amplification is obtained from input to output.

Disadvantages.

(1) Sensitivity is very low for small carrier voltages.

(2) Distortion of the audio frequency modulation components is
high except for large carrier input voltages with low modu-
lation percentages.

(3) The maximum carrier voltage is limited by grid current.

8.6. Reaction or Regeneration in Detectors. The term
reaction, or more correctly regeneration, is used to describe the
process by which the output voltage of a valve is coupled back to
the input so as to increase the effective input voltage. Regeneration
may be produced over any range of frequencies, but in a detector
it is generally confined to the input carrier frequency and its modula-
tion side-bands. The degree of regeneration depends on the input
voltage, the grid and anode circuit characteristics and the phase
relationship between the feedback and initial input voltages. It
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leads to accentuation of any already existing frequency discrimina-
tion, i.e., it increases the selectivity of its input tuned circuit. In
a detector quasi-correct phase relationship is generally established
for the carrier frequency, but owing to phase changes of the side-
band frequencies by the input circuit, regeneration progressively
decreases at frequencies above and below the carrier. This causes
a virtual increase in the selectivity of the input tuned circuit.

The improvement in selectivity due to regeneration is not as
satisfactory as that produced by adding more tuned circuits. With
a high degree of regeneration the virtual selectivity curve is sharply
peaked with a narrow pass-band, which rapidly attenuates all the
modulation side-bands except those due to the low audio frequencies.
This leads to “ woolly ”’ A.F. reproduction. The virtual selectivity
curve is considerably modified by the presence at the detector of a
large undesired signal because the latter increases the bias on the
valve (acting as a cumulative grid detector) and reduces its gain
as an R.F. amplifier. Regeneration of the desired signal is decreased
and the virtual selectivity reduced. To obtain maximum selectivity
by regeneration a pre-detector volume control is essential so as to
reduce any undesired signal. The desired is simultaneously reduced
but the reduction is compensated by increasing regeneration. The
need for reducing any undesired signal to the lowest possible value
indicates the desirability of using an input tuned circuit having a
high rather than a low @ value.

With added tuned circuits, instead of regeneration, the selectivity
curve has a much wider and flatter pass-band and attenuation
outside the pass region is independent of the magnitude of the
undesired signal.

By regeneration the sensitivity of a cumulative grid detector
may be increased and damping due to grid current and anode-grid
capacitance coupling neutralized. The detector must operate as
an R.F. amplifier and a suitable impedance (a R.F. choke) is inserted
between the A.F. impedance and the anode. The R.F. anode voltage
is returned to the input circuit via a variable capacitance (C,) and
a coil (L,) as shown in Fig. 8.20. The feedback voltage due to the
mutual inductance coupling increases as the frequency increases,
and to prevent excessive regeneration at the highest frequency in
the tuning range the feedback capacitor (C,) is of the differential
type. Decrease of the feedback capacitance coupling is thus accom-
panied by increasing shunt capacitance from anode to earth. The
maximum value of the differential capacitance should not exceed
0-0003 uF as it is a shunt to the high audio frequency components
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of the modulation envelope in the anode circuit. In an alternative
circuit the feedback coil L, is inserted directly in the anode circuit
and the variable capacitance, C,, decrease of which increases the
feedback voltage, is connected from anode to earth and acts as a
shunt to R.F. voltages.

As the coupling between anode circuit and input is increased a
point is reached where self-oscillation occurs. The transition from
the stable to the oscillating condition should be smooth and free
from backlash, i.e., a slight reduction of coupling from the oscillating
point should stop oscillation. This is essential because the R.F.
gain of a cumulative grid detector tends to fall owing to increasing
bias as the input carrier signal is increased. With backlash, slight
fading of the carrier voltage might cause oscillation which would
persist when the carrier voltage returned to its original value.

—OH.T+
Ry
AF.
R.F Chok Gutout
o3 &
Ll T o/{-z_

:|||

Fi1a. 8.20.—A Typical Circuit for a Regenerative Detector.

Unstable regeneration is generally due to incorrect phasing of
the feedback and input voltages and to an R.F. amplification char-
acteristic which increases as the input increases. Incorrect phasing
may largely be avoided by making the resonant frequency of the
feedback circuit much higher than the highest required input tuning
frequency. The feedback coil, having a small number of turns,
should therefore be tightly coupled to the earthed end (to avoid
capacitance coupling) of the input coil. Combined capacitance and
mutual inductance coupling may produce excessive regeneration or
stop regeneration at some point in the tuning range of the input
circuit.

Since increasing carrier voltage increases the bias on a cumulative
grid detector, its gain as an R.F. amplifier tends to fall. This is
quite different from the r.F. amplification characteristic of an anode
bend detector, for owing to the curvature of the I,E, characteristic
the R.F. anode voltage increases at a greater rate than the input
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voltage, i.e., the gain increases as the signal increases. Hence
unstable regeneration is usually a feature of such detectors.

Although the anode current characteristic of a cumulative grid
detector tends to give stable regeneration, the grid detection char-
acteristic can produce instability and backlash. In Fig. 8.115, it
is shown that the equivalent damping resistance due to detection is
dependent on the input voltage when detection current begins at a
voltage other than zero. If therefore grid current begins in the
cumulative grid detector at some negative or equivalent negative
voltage (as in an indirectly heated valve or a directly heated valve
with the grid leak returned to the L.T. positive), damping of the
input circuit decreases as the signal is increased. Reduced damping
increases the R.F. voltage at the grid and the detector has therefore
a tendency to unstable regeneration. Backlash is increased if the
negative voltage start of grid current is increased. On the other
hand, a detector having a positive voltage start of grid current tends
to give stable regeneration since curve 2, Fig. 8.11, shows increasing
damping as the signal is increased. The positive voltage start is,
however, undesirable because of distortion (see Section 8.2.7) and
the ideal condition is obtained with zero start of grid current.

Increasing the detector grid leak resistance decreases the damping
of the input tuned circuit and tends to more stable operation.

Regeneration may be applied to a diode detector followed by
an A.F. amplifier valve by using the latter as the regenerator, but it
is not usual because most of the advantages of diode detection are
lost if R.F. voltages are passed to the succeeding A.F. amplifier.
When regeneration is required the ®.F. filter circuit (R,C; in Fig. 8.5)
between the detector and amplifier must be removed and an R.F.
impedance, coupled back to the detector input tuned circuit, must
be included in the A.F. amplifier anode circuit.

We may state the points for and against regeneration in detectors
as follows. The advantages are : considerably increased sensitivity
and selectivity (provided any undesired signal voltages are small).
The disadvantages are that as regeneration is increased the tuning
of the input circuit generally needs adjustment (the degree of correc-
tion depends on the phase angle between the feedback and input
voltages and is small when this is small), adjustment of the regenera-
tion control is necessary as the input tuning frequency is changed,
radiation may occur if regeneration is carried as far as oscillation,
and the presence of an undesired signal modifies the regeneration
characteristic.

8.7. Detection with Push-Pull Output.?? It may some-
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times be advantageous to provide push-pull output from a detector
and two possible circuits are shown in Figs. 8.21a and 8.215. The
first gives push-pull output from a diode, and is applicable when
one side of the input circuit is earthed. When the circuit need not
be earthed (the secondary of an L.F. transformer) the R.F. choke L

Fic. 8.21a.—Push-Pull Output from a Diode Detector.

may be removed and the tuned circuit inserted in its place. The
two output voltages across R, and R,’ may be slightly unbalanced
at high audio frequencies due to unequal stray capacitances, but
this effect is not usually serious. Heater to cathode insulation
must be high or interference from hum is likely to be experienced.
Fig. 8.216 shows how push-pull output may be obtained from
a cumulative grid detector. Anode bend detection can equally well
be employed, but both detectors require an input circuit isolated
from earth. Capacitors C, (0-0001 uF) bypass R.F. to earth.

Ro3
1 HT -
T1a. 8.21b.—Push-Pull Output from a Triode Detector.

8.8. Double-Wave Detection. The chief advantage of double-
wave detection is the smaller R.F. ripple voltage across the load
resistance K, which means that less R.F. filtering is required between
R, and the A.F. amplifier. A centre tapped coil is necessary (see
Fig. 8.22) and this reduces the available aA.F. voltage from the load
resistance to one-half that for half-wave detection. On the other
hand, the equivalent damping resistance due to the diode conduction
current is increased to twice that for half-wave detection. It
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has been shown 2 that only under special circumstances can
double-wave detection prove superior to half-wave detection, and
the latter is almost universally employed in receivers.

Output
R;

L—
Cr

Fic. 8.22.—Double Wave Detection with a Diode.

8.9. The Anode Bend Detector with Negative Feedback.,?2
The anode bend detector with negative feedback (see Fig. 8.23a)
has an action similar to that of a diode with current starting at a
high negative voltage. It has a linear detection characteristic for
carrier voltages exceeding about 0-5 volts, a high critical modula-
tion ratio (see Section 8.2.3), and the maximum permissible carrier
voltage is almost unlimited. As in the case of the normal anode
bend detector, detection is obtained by the parabolic or unidirec-
tional property of the I, E, characteristic. No grid current is taken
and there is therefore practically no damping of the input tuned
circuit. In its action it is similar to the diode with a negative
start of anode current, but it has no serious damping effect for small
signal voltages as shown by the diode (Fig. 8.11, curve 1). High
input admittance, the resistance component of which may be
negative, and high critical modulation ratio are the important ad-

oH.T+

AF.
cs Output

T onr-

Fic. 8.23a.—The Anode Bend Detector with Negative Feedback.

vantages of this type of detector. Its chief disadvantage (shared
by the diode) is that its amplification factor is less than 1 and its
detection efficiency is of the same order as that of the diode, viz,,
about 909, for B, = 1 MQ. Since the I K, characteristic has usually
a greater initial curvature than the I, E, characteristic of a diode
the detection efficiency for small signals is lower than that of a
diode with zero start of current, though not lower than that of the
diode with negative start of current. . We should note that the diode
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with negative start of current (Section 8.2.6) is identical with the
diode having zero start of current and positive bias (Section 8.2.3).

Detection I,,E, characteristic curves (Fig. 8.23b) similar to the
diode curves of Fig. 8.4b may be obtained by using the 50 c.p.s.
mains supply as an input and replacing R,C, in Fig. 8.23a by a
microammeter and a battery as illustrated in Fig. 8.4a for the diode.
The negative start (— E,) of anode current gives a critical modula-
tion ratio in accordance with expression 8.6, viz.,

=[5 ]

so that modulation distortion due to the grid leak (R,) in the A.F.
amplifier following the detector is appreciably reduced. The value

£-6/5/413 2 10 In
B
Z
Z, 0
Fic. 8.23b.—Typical Curves for an Anode Bend Detector with Negative
Feedback.

of — E,, which is entirely controlled by the anode voltage, can be
increased by increasing the latter. A characteristic of this type of
detector is that it presents a negative input conductance, i.e.,
produces regeneration and improves the selectivity of the input
tuned circuit across which it is connected. This negative conduct-
ance is due to feedback through the grid-cathode capacitance from
the R.F. voltage developed across the capacitive cathode load
impedance (see Section 2.8.3).

8.10. Interference Effects due to an Undesired R.F. Signal
in the Detector Input Circuit. The desired a.F. output voltage
from a detector is generally affected by the presence of an undesired
R.F. voltage in the input circuit. The extent of the interference
produced depends on the relative magnitudes and frequency separa-
tion of the desired and undesired carrier voltages.

If the frequency difference between the two carrier voltages is
an inaudible frequency, the interference effect is entirely dependent
on their relative magnitudes. An unmodulated R.F. signal compar-
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able in value to the desired signal reduces and distorts the a.F.
modulation components of the latter. If the former is modulated
the undesired modulation (generally distorted) is also heard. The
demodulation 1! effect (reduction of the A.F. output voltage from
a modulated carrier due to the presence of another carrier at the
detector input) occurs for either desired or undesired signals, and
if the magnitude of the undesired signal is small it may be almost
completely demodulated by the desired carrier. That is to say,
the undesired modulation is audible in the absence of the desired
carrier, but becomes inaudible when the latter is being transmitted.

If the frequency difference between the undesired and desired
carrier voltages is an audible frequency, additional interference
effects are observed. The difference frequency appears as a hetero-
dyne whistle together with the modulation components of the
undesired carrier, which are generally distorted. Another effect
which may also occur is that of frequency inversion of the undesired
modulation side-bands, the high-frequency components appearing in
the A.F. output as low frequencies and vice versa. Both effects
give rise to an A.F. output which is best characterized as a chatter.
An example may often be found on the medium-wave range of a
receiver tuned to a distant station adjacent in frequency to a strong
local station. The frequency separation of 9 ke/s appears as a
heterodyne whistle of 9 ke /s, and the modulation side-bands produce
chatter due to distortion and frequency inversion, an undesired
modulation frequency of 1 ke/s. being produced as a frequency of
8 ke/s, i.e., 9 — 1, a frequency of 3-5 ke/s as 5-5 ke/s, ie., 9 — 35
and so on.

To examine the theory underlying these distortion effects we
will consider separately the linear and parabolic detector. Let us
imagine that the undesired carrier only is applied to a linear detector.
It produces a detection current which causes a voltage, equivalent
to a negative bias on the diode anode, to appear across the diode
load resistance. As shown in Section 8.2.7, no detection occurs
until the signal voltage exceeds any negative bias applied to the
diode anode. The comparison of the effect produced by the
undesired carrier to that produced by a fixed negative bias is not
strictly correct since some detection of the desired signal takes
place, even when the latter is much less than the undesired carrier.
For a large desired signal, however, the undesired carrier has
practically the same effect as a fixed negative bias equal in value
to the p.c. voltage produced by the undesired carrier acting alone.
The influence of the undesired on the mean detection voltage-desired
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peak carrier curves is shown in Fig. 8.24. These are idealized curves
calculated 12 on the assumption that the detector has an efficiency
of 7, = 100%,. Similar curves may be obtained experimentally
using the circuit in Fig. 8.2 with two signal voltages at differing
frequencies connected in series in place of the generator
B, cos wt(1+M cos pt).

Curves 1, 2 and 3 give the detection characteristic for undesired
peak voltages of £, = 0, 0-25 and 1 volt. The a.F. output voltage

wave shape for a desired carrier of £; — 0-2 volts modulated 509,
is shown to the right of the figure. Demodulation and distortion
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Fia. 8.24.—Demodulation of a Small by a Large Signal at the Detector.

of the modulation envelope are clearly marked as B, is increased.
Both effects are mutual and are greatest for the smaller signal,
which in practice is generally £,. We see from curve 2 that when
E, exceeds E,, the detection curve becomes straight and parallel
to curve 1, thus showing that £, has an effect similar to that of
negative bias. If £, is unmodulated and differs from £, by an
inaudible frequency, the output A.¥. voltage is unaffected when the
modulation is restricted to operation over the straight part of
curve 2, i.e., the modulation trough E;(1 — M) must not fall below

about 0-4 volts.
For the parabolic detector let us assume its I, E, characteristic

to be given by
I, =ayta,B,+a.E2+a.ER —a B0+ . .. . 8.51.
(The reason for the coefficient — @, is explained in section 8.4.1.)
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But E, = B;cos wgt(1+M,cos pgt) +E, cos o, t(1+M, cos p,t) — E,
where — E, = the bias voltage.

Replacing £, in equation 8.51 and analysing the anode current
into its A.F. components as in Section 8.4.1, we find the following
effects in the detector output.

1. Undesired modulation.

This results from the a,E,* term and is

2 2
a-”%l}M w COS put+M2“ cos 2put:|.

The distortion term in the above expression is not for our
purposes classed as such since it is due to the parabolic property
and not to the interaction of the two signals.

2. Difference frequency and inversion of the undesired modula-
tion components.

These are obtained from

ay[2B; cos wat(1+M  cos pt)B, cos w,t(1+ M, cos p,t)].
The difference frequency component
a,B B, cos (wg — w,)t

is contained in
2a2E'd cos wthu COo8 w,t

for cos 0 cos ¢ = i[cos (6 — ¢)+cos (0+4¢)]
and the frequency inversion term
azE"gﬁu%’-‘— cos (wy — Wy, — PLI.
occurs in
a2B B, M, cos wt cos w,t cos pt.
If Pa — Du _ 9 kess, and £ = 8 ke/s
2n 2n

(wd — Wy _p'u) =1 kC/S,
27

thus an 8 ke/s. undesired modulation frequency appears as a 1 kc/s.
frequency in the output.

The desired modulation also has an inverted component for
equation 8.51 gives

%f"Md.cos (wg — @y, — Pyt
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3. Demodulation of the desired signal.
The demodulation term appears from — a,E,* for this contains

— a68,? cos? wgt(1+ M, cos pat)2E,? cos? w,t(1+ M, cos p,t)?
which gives the component

_3a 4E E“

3

(1 +M 4 cos pgt)?

3aEE'
2

This subtracts from the aA.F. term

2 2
aJy;d (2M 4 Cos pdt—}—i}[zi cos 2pdt>

<2M 4 COS pdt—i——— cos 2pdt)

in a, B 2
A similar demodulating term is also obtained for the undesired
signal.
4. Distortion of the desired and undesired modulation com-
ponents.
A distorted desired and undesired modulation component is
contained in — a F ¢
2 2
- %@"—(1 + M cos pat)¥(1-+M,, cos p,2)°
gives

— %4Ed22u2[Mdz cos 2p t+M,2 cos 2put]-

In addition there are sum and difference frequencies QRE—W,
7t

2pu:tpd: a'nd (2pd ’_‘i:pu)
27 2n
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APPENDIX 1a
“j” NOTATION

THE use of ““j >’ notation to represent complex quantities is a most
useful aid in the solution of A.c. problems. In Fig. 1a.1 are shown
two vectors of equal length “a ™ units, one OA is horizontal and
the other OB is vertical.

Let us assume that the vectors are represented respectively by
“a” and “ja,” the factor “j” denoting that the original vector
04 has been rotated through 90° in an anti-clockwise direction.
By taking the process a step further we may multiply vector OB
by j and obtain vector OC, which is a vector equal in length but
opposite in direction to OA, thus

OC =j OB = j.(jOA) = j%a = —a

or j=v -1 . . . . 1Al

In the same manner dividing by “ j ” can denote rotation of a vector
. A .

through 90° in a clockwise direction ; hence OD = 9—— = —j.04.

The result is in agreement with normal co-ordinate axes for

AB+ja.
c 4
-a 0 +a
YD-ja

F16. 1a.1.—Real and Imaginary Axes.

OD = — j.04 = — OB. The horizontal vectors 04 and OC are
known as real, and the vertical vectors as imaginary quantities.
This method of vector representation is particularly useful in dealing
with circuits containing inductance and capacitance as well as
resistance. Taking as an example an inductance L and resistance R
connected in series across a generator supplying a voltage £ at a

frequency f c.p.s., the voltages across L and R cannot simply be
405
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added because that across L is advanced in time by 90° with respect
to the current as shown in Fig. 1a.2. The voltage across the
resistance R is in phase with the current I. By the theorem of

Pythagoras the total voltage £ is equal to VEg*+E.? The
voltage Ep across R is IR, and that E, across L is IX .
The impedance Z of the whole circuit is

Z = I_ = VR*+(wL)? . . . 142

where w = 27f.

Since the reactance wl is 90° ahead of B we may write the impedance
Z in terms of ‘““j” notation as

Z = R+joL . . . . 1Aa3.

Similarly a series circuit of resistance B and capacitance O gives an

impedance
_JRz+< ) R+____.R . 1ad
mC

for the voltage across the capacitance lags 90° behind that across
the resistance, and the capacitive reactance vector must therefore

EL=IXL F-1. Z
. ¥
R Fp
L E
1
ER=[R
F16. 1a.2.—The Vector Representation of the Voltages and Current in a Series
Circuit.

be divided by “j.”” Before demonstrating the advantages of
‘47 notation (in the above elementary circuits it is difficult to see
that simplification has resulted) certain points with regard to its
use should be considered.

1. A vector impedance Z = R-+jX has an amplitude

Z| = \/R?—{-X2 and a phase angle ¢ = tan™1 X; for a vector
p g B

impedance Z = R — jX, the amplitude | Z | is still unchanged and

__ — X .
equal to VR2+ X2, but its phase angle is ¢ = tan™? B ; le.,

the reactance term is capacitive. Thus the amplitude is inde-
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({32

pendent of the sign of the real and imaginary terms in the )
representation. Only the phase angle is affected.

2. A term containing a complex denominator must be
rationalized before the phase angle is determined, for example, a
circuit having an impedance Z = R+4jX has an admittance

1 1 1

= = . Th itude of the admitt Yi=——
Y Z~ RIX e amplitude of the admittance | Y | VR
but its phase angle is not ¢ = tan™?! % but
X R —jX R—jiX
== -1 __ Y =S = .
$ = tan™* — 5 for (RX)(R —jX)  REiXe

3. Complex vectors may be multiplied together; the product
of the real and imaginary components gives an imaginary, whilst
the product of two imaginaries gives a real term, for j2 = — 1.

4. For the impedance of parallel circuits or the admittance of
series circuits, a complex denominator a-jb must always be
rationalized by multiplying numerator and denominator by (& — jb).
The real and imaginary parts, which result are the resistance and
reactance term respectively in the case of impedance, and the
conductance and susceptance term in the admittance case.

For example, Z = 10 — 45 _ (10 — 45)(2 — )

243 22432
8 — 38j .
= = 0-615 — 2-925
13 J
thus Z is equivalent to a resistance of 0-615 ohms in series with a
. . 10 — 45 ,
capacitive reactance of 2-925 ohms. Similarly Y = (2) T 3].‘7 is

equivalent to a conductance of 0-615 mhos in parallel with an
inductive susceptance of 2-925 mhos.

5. An inductive impedance is always represented by a-jb and
a capacitive impedance by @ — jb, whilst the reverse is true for
admittance ; the —+j term is in this case a capacitive susceptance.
This may be seen by inverting an inductive reactance to obtain an
inductive susceptance.

. 1
L reactance = - susceptance
Je joL p
_ =,
wL
The advantage of ““j ”’ notation can be demonstrated when it is
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desired to convert a parallel circuit such as that of Fig. 14.3 into
its equivalent series circuit.
RjwL
7 - ij’ joLR
ijL+—— +ij R(l — w2LC)+jolL’
JjoC  jo

C
Rationalizing
joLB[R(1 — 02LC) — jol]

7 = oL
[B(l — w*LC)]*+(wl)?
A
R Ra’L?
S R0- L)% P L2
L= L LC)R?
S RUr-W L) LR

Fi16. 1a.3.—A Parallel Circuit and its Series Equivalent.

The equivalent series circuit is obtained by separating the real or
resistive term from the imaginary or reactive term, thus

Z = R, +jX,.
Rw?L® L+ joL(1 — w:LC)R? Las
T BRI —wiLO) Ryl — wLO)i+(wl)e =
A

R
g-w LC) ;(wCR) e C(7-*L0)
wC°R P~ (7-”LCP+@CRY
c
by

F16. 1a.4.—A Series Circuit and its Parallel Equivalent.

In a similar manner the series circuit L, ¢ and R (Fig. 1a.4)
may be converted into an equivalent parallel circuit.
Y — 1 1 . joC
Z R+ij+.—l— (1 — w2LC)+jwCR
JoC
_ joC[(1 — w2LC) — joCR]
(1 — w2LC)2+(wCR)?
Rew2C? JjoC(l — w3LC)

(1 = w2L0)2+(wOR)2+(1 — w:LO)%+ (wOR)®

1,
= R,,+X,,
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where R, is the equivalent resistance in parallel with X, the
equivalent reactance.

The simplification resulting from the use of “j” notation is
even more clearly demonstrated when the impedance or admittance
of a complex circuit such as that of Fig. 7.6 is required and its
importance cannot be over emphasised.

2



APPENDIX 2a
FOURIER SERIES

THE Fourier method of analysing a complex wave shape into a
series of harmonically related sinusoidal waves has proved of
paramount importance to the radio engineer. By the principle of
superposition * it is possible to consider separately the action of
each frequency component of a complex current or voltage wave
applied to a circuit, and all effects may later be added together to
give the final result at the output of the circuit. The complex
wave is generally considered as periodic, but a transient wave can
be treated by the Fourier Integral Method. We shall, however,
limit ourselves to an examination of the periodic complex wave.
The Fourier theorem states that any periodic complex wave

Fi1a. 2a.1.—An Example of a Periodic Wave which can be resolved into its
Components by Fourier Analysis.

shape, such as that of Fig. 2a.1, may be represented by a series of
sines and cosines of possibly infinite number, i.e.,

f(t) = a, sin pt+-a, sin 2pt+ . . . a, sin npt
+1329+b, cos pt+b,cos 2 pt+ . . . b, cos npt . 2a.1.

. b .
The significance of writing §° as the first term of the cosine

series i3 considered later. Certain conditions must be fulfilled if
the above equation is to hold.

* The superposition theorem states that in any network consisting of
generators and linear bilateral impedances the current flowing at any point is
the sum of the currents which would flow if each generator were considered
separately, all other generators being replaced at the time by impedances equal

to their internal impedances.
410
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1. The function f(f) must have only one value for a given value
of “t”, except where there is a discontinuity, e.g., a circle cannot
be treated, but the instantaneous fall from 4 to B in Fig. 2A.2 can
be considered.

2. If the wave is not continuous the number of discontinuities
must be finite. The value of f(f) at the discontinuity must also be
finite. At a point of discontinuity the Fourier series gives the
average value of the wave.

Two terms, a, sin p¢ and b; cos pt, make up the fundamental
frequency which is the reciprocal of the periodic time of the complex
wave. Two terms are necessary to define each frequency eomponent
since correct positioning on the time scale is as important as correct
amplitude.

The double fundamental term may be rewritten

- a, . b,
\/a,2+b1’|:m sin pt+ Vaites cos Pt:l

1

which can be simplified to

¢, sin (pt+¢,) where ¢, = Va,2+b,?

b

and ¢, = tan~! ;:
Similarly, every frequency component may be written as
¢, sin (npt+¢,). The angle ¢, determines the position of each
frequency component on the time scale since it fixes the value of

any frequency term when ¢ = 0.

The values of a, and b, may be obtained by multiplying f(¢) in
equation 2a.1 by the appropriate sine and cosine function and

. . . T 2
integrating this product over the periodic interval from 0 to =

Thus @, may be found by integrating equation 2a.1 multiplied by
sin npt.

jpf(t) sin npt dt =J‘p[a1 sinpt+ ... a,sinmpt+ . ..
0 0

-i—lﬂ'-}—b1 cos pt+ ... b, cosmpt+ . . :I

sin npt dt . . . . 2a2.

The right-hand side of equation 2.2 s1mphﬁes considerably
2n

because for any value of m or » the expression jp cos mpt sin npt dt
0



412 RADIO RECEIVER DESIGN
22

is zero and except when m = n the expression Jp sin mpt sin npt di
0

is also zero. Hence
2n

J.p f(t) sin npt dt = a,,j.p sin? npt di.
0

0

P l—cos2nt
- "j P 4t
0
2

a ¢ sin 2npt]w
I np |,

a,”
"p

Il

2n
or a, = ij J(@) sin npt dt . . . 243
o

where n may have any value from 1 to oo.
A similar expression is obtained for b,
2n

b, = ﬁjp J(@) cos npt dt . . . 24
To

where n has any value from 0 to oo.

The factor § multiplying b, in 2a.1 is necessary to make expression
2A.4 true when n = 0. The Fourier expression for the curve repre-
sented by f(t) becomes

b 2] -]
f@) =2+ a, sin npt+ b, cos npt. . 24.5,

Let us now take certain examples which will make clear the
process of Fourier analysis. Let us assume that we wish to know
the frequency components of voltage produced across a resistance
connected in series with a half-wave rectifier. The voltage wave
shape is that of a sine wave with the negative half suppressed.
If the pulsance of the applied voltage to the rectifier is ¢ rads/sec.

2n

a, =§ op f(t) sin npt dt.

f(t) is made up of two parts; from 0 to g it is represented by

2
B sin pt and from g to -}? by 0.
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n 2n
Therefore a, = g[j'” E sin pt sin npt dt-{-j ? 0 sin npt dt]
T
0 =

P

= Qr B sin pt sin npt dt.
o

The particular coefficients a,, a,, etc., may be evaluated by
replacing » in the above expression by 1, 2, etc. As a general rule,
however, calculation is very much simplified by proceeding to the
integrand before replacing n by its particular value. Thus by
cos (n — 1)§ — cos (n+1)0

noting that sin 0 sin nf = 3

a, = .Ei)J’; [cos (n — 1)pt — cos (n+1)pt] dt
27 0

__Ep[sin(n — )pt _ sin (n+41)pt 5
"2n[(n—1m (n+1D)p ]{

It is now only necessary to replace n by its particular value to
obtain each coefficient.

Hence a, = @[sm Opt  sin 2pt:,p )
Op 2p

2n
. sin 0, . . C
Since o 1 indeterminate we must return to the original integral

0

which then gives

a, = Ep(v sin? pt df = %Z—’Jp (1 — cos 2pt) di
0

_ —El)[t __sin 2pt:|g“

_27'[ 2p 0
Bpn_ 2B
—2n'p_§

o
(It is important to note that l:smo()p t:lp = a_)
0
All other sine function coefficients are zero because sin (n-+1)pt

and sin (n — 1)pt are zero when t,=g or 0.

b, =£IpEsinpt cos npt dt
)

= @ ’ (sin (n + 1)pt — sin (n — 1)pt) dt.
27 0
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sin (n+1)0 — sin (n — 1)8
: ]

I:Note that sin 8 cos nf =

. By _cos (n+1)pt  cos (n — l)pt]g

°r "Z2ml T @4lp T e —Dp Jo
_ 1 —cos(n+l)x 1 —cos(n—1)n
T 2 n4+1 n—1 ’

When 7 is odd, cos (n +1)w = cos (r — 1) = 1, hence b,, b;, bs,
etc., are zero.

When # is even cos (n+1) # = cos (n — 1) % = — 1, and
b B[ 2 _ 2 7_E —2
" 2aln+l w—1 @ (n—mn+1)
E E 2 B 2
ThllS bo —-;.2, bg - ;.5, b4 - ;.E—é
by = —g.i, ete.
7 5.7

The expression for the half sine wave is

2r1 = .
f(t) = £[§+Z sin pt

3
For a half cosine wave

21 =
i) = a_z[§+1 cos pt

1 1 1
— 20t — dpt — —. t— ...|. 2a.6a.
cos 2pt 3 cos 4pi 5 cos 6p :l

1 1 1
—+—§ cos 2pt — 35 cos 4pt-{—57 cos.6pt .. :' . 2A.6b.
Any shape of wave may be so analysed and in computing the
coefficients a, and b, for any discontinuous curve, the integrals may
be split up into the appropriate functions and integrated between
the limits of the discontinuities. For example, replacing the half-
wave by a full-wave rectifier gives

il 2=

a, = 2I:j'p E sin pt sin npt dt+jp — B sin pt sin npt dt].
TLJo x
»

The second function contains — £ sin pt because the curve from

2 . .
g to = is part of the sine curve — F sin pt. It is interesting to
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note that the second integral is the negative of the first so that
a, = 0, for b, we have the second integral equal to the first ; hence

b, = %Ip E sin pt cos npt dt
0

and the expression for the full-wave rectifier-wave shape is

41 1 1 1
=_]-—= 2pt — — apt — 6pt — . . .| 2A.7
f) n[ 5 — 3 °0s ot 35 °08 pt % pt :I a
or for a full-wave rectifier with cosine input.
41 1 1 1
8y =—| =+= 2pt — — d4pt+—— épt — . . .. 2a.7b.
f@) n[2+3 cos 2pt 3F 008 pt+5.7 cos 6pt ]

-C
F1a. 24.2,—A Combined Half 8ine and Triangular Wave Shape.

If the wave has the shape shown in Fig. 24.2, a half sine wave
from 0 to g and a triangular wave from g to g;—t the value of q,, is

2n

a, = 1—)[“‘? B sin pt sin npt dt+J‘ ? (Kt — O)sin npt dt] . 2A.8
0 =

T
where (Kt — C) is the expression for the wave shape (a straight line)

from = to g; K is the slope. of the line and — C the intercept at

t=0.

There is often no objection to changing the initial position of
the curve as this only alters the relative initial time positions of
the frequency components. In so doing the amount of analysis
involved may be greatly reduced. In our first example (the half-
wave rectifier) we could have moved the origin forward by

% seconds, thus turning the function from a half sine wave to a

half cosine wave. We would then have found the fundamental
frequency component changed to a cosine function and all sine
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components zero. Expression 24.6b is the Fourier analysis for the
changed position. In this connection it is useful to note the following
six important cases of symmetry and their significance.

(M) fO) = = f(~1).

This condition is represented by the curve in Fig. 2a.3.

-2 2 —>
D

Fiec. 24.3—A Wave Shape having Sine Functions only.
bo
Now f(¢) = »54—2& sin npi+ E b, cos npt

b
and f(— 1) = §+Za sin np(— t) +Zb cos np(— 1)

thus f&)+f(—¢t) =0 = bo—{—Z a,[(sin npt+sin (— npt)]
n=1

o0

+2 b,[cos npt+cos (— npt)]

n=1
but sin (— npt) = — sin npd.
and cos (— npt) = cos npt.

. b0+22 b, cos npt = 0
n=1

or ft) = a, sin npt . . . 2.9
Hence the curve contains only sine functions of the fundamental
and harmonic frequencies.

F16. 2a.4.—A Wave Shape having Cosine Functions only.

(2) ft) = f(— 1)
A curve such as that of Fig. 2a.4 fulfils this equation, which
yields the following result.
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Z a,[sin npt — sin np(— t)]-}—Z1 bpfcos npt — cos np(— t)] = 0.

n=1 n=1
Hence 2> a,sinnpt =0
and fit) = §+1;b” cos npt . . . 2A.10.

Moving the origin of the half wave in the first example produces
a wave fulfilling this condition and reduces considerably the extent
of the analytical investigation.

(3) ft) = —f<g+t) gives

J(t) = @op—q 8N (20 — L)pt+ D by,.q cos (2n — )pt . 2a.11
ie., b, and all even integer sine and cosine coefficients such as
a,, b,, etc., are zero. A typical curve is shown in Fig. 2a.5.

Fia. 2a4.5.—A Wave Shape with Odd Sine and Cosine Functions,

@) 1) = f(Z+).
The expression for the wave shape, which is illustrated in
Fig. 2a.6, is

) = %—“—{— Za,n sin 2npt+2 bsy, cos 2npt . 2a.12.

n=1 n=1

F1a. 2a.6.—A Wave Shape with Even Sine and Cosine Functions.

This is to be expected since the wave repeats itself after every

” interval shown and this interval should really be considered as

the complete instead of half interval, viz., 2—;: instead of g
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<wﬂn=-:(g—Q.

A wave shape conforming to this condition (see Fig. 24.7) gives
J(t) = @s, sin 2npt+ bon_q cO8 (2n — 1)pt . 2A.13,

i.e., a,, a,, etc., b,, by, b,, etc., are zero.

F1a. 2a.7.—A Wave Shape with Even Sine and Odd Cosine Functions.

wwm=H6—Q

The curve of Fig. 2a.8 illustrates this and its expression is

f(t) = b2—°+2a2n_1 sin (2n — l)pt—’ergn cos 2npt . 2a.14.
n=1

n=1

Fre. 2a.8.—A Wave Shape with Odd Sine and Even Cosine Functions.

The special conditions of symmetry are for convenience tabulated
below.

Condition. b, Sine coefficients. Cosine coefficients.
1L fie) = —f(—10) Zero All present All zero
2. f@t) =f(—1) Present  All zero All present
3. fit)y = — f(g + t) Zero Even integers zero  Even integers zero
4. f(t) =f (% + t) Present  Odd integers zero Odd integers zero
5. f(t) = — f (;; — t) Zero 0Odd integers zero Even integers zero
6. ft) =f (g - t) Present Even integers zero Odd integers zero.

If a wave shape satisfies more than one of the conditions listed
above, then f(f) does not comprise any of the terms eliminated.
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Taking as an example the curve in Fig. 2a.6, we find that it satisfies

= —f(—1)
and t) —f(p+t>
L fe) = ag, sin 2npt . ) . 24.15
n;’ 2

i.e., the curve contains only sine term coefficients of even suffix.

As a final example of Fourier analysis let us find the distortion
present in the output current of a valve having a curved I K,
characteristic and an undistorted sinusoidal input voltage. Fig. 2a.9
illustrates a possible set of conditions.

6
La(mA)
Output
a4 [\Curren
Shape|!
7 AN
Z,
// P ! F© |
P .
0l LI
=10 -8 -6 -4 -2 0 0 4ottt
Fg (Vo/ts) R
_-__ol ...............
A
2nn Input Voltage  7cos8
3 P Shape
ST/ 2 R ————
| 2

!
Fi1a. 24.9.—An Example of the Application of Fourier Analysis to the Calculation
of Distortion produced by the I,E, Characteristic of a Valve.

The first step must be to find the equation to the I E, character-
istic and this may be achieved by assuming that
I, =cy+c,BE,+c B2+ . . . e B . . 2a.16,
The curve represented by expression 24.16 may be made to coincide
with the original curve at (n+1) points; (»-+1) simultaneous
equations are obtained by replacing the particular values of I, and
E, at these points so that the coefficients c,, c,, etc., may be found.
Generally it is unnecessary to proceed beyond n = 4, and in our
particular example we need not consider above n = 2. Thus the
expression for the I, E, curve of Fig. 2a.9 is

I, =6+2E,+0166 E,2 . . . 2al7
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anode current cut-off occurring at E, = — 6. Let us suppose that
the input voltage is represented by 7 cos 6 and that the initial
bias, — E,, is — 8 volts. The output current wave may be drawn
out on its time axis to the right of the I, £, curve as shown.

The next step is to find the equations to the curve between the
discontinuities and the time instants corresponding to the dis-
continuities. The time instant ¢, is easily determined because
Ecospt, =E,+E, =8 —6 =2.

[1]
~-1 = -12
cos™! . eos~lZ

B 7 1-28

Lt = = = radians
p »

and ly = 2 _ t, _§ radians.

Between ¢, and i, the equation to the curve is f(#) = 0 so that the

Fourier coefficients are
1.28

j f(t) cos npt dt +2 J S(t) cos npt di
1 28
2: f(t) cos npt dt
where f(t) is the equation to the curve between ¢{ = 0 and ¢ = ¢,.
a, is zero because f(t) = f(— ) (see condition 2 above).

The expression for f(¢) is obtained by replacing £, in 2A.17 by
B cos pt — E,, ie., 7 cos pt — 8.

Thus f(t) = 475 — 4-66 cos pt{4-083 cos 2pt.

The next step involves finding a general expression for b,. An
attempt to obtain a formula containing only the variable n should
always be made as it greatly simplifies the analysis. It can be
achieved in this case by separating b, into its three components,

thus :
1-28 128

b, [4 75J cos npt dt — 4 66j cos pt cos npt di
0
128

+4-083'[ * cos 2pt cos npt dt
0

7 2\ n+1 n —1

2[4-75 sin 1-28n  4-66/sin 1-28(n+1)  sin 1-28(n — 1))
7

+4-?83/31n 1-28(n+2) | sin 1-28(n — 2))
2\ n+2 n — 2 i
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. . in 1-28 x 0 .
Where replacing » by a particular value gives §E~6——2< -, this

function becomes 1:28, thus
b, = 1.74, b, = 1:56, b, = 1-09, b, = 0-56, b, — 0-186.
The output current therefore consists of the following components :
I, = 0-87+41-56 cos pt-+1:09 cos 2pt--0-56 cos 3pt-+0-16 cos 4pt.
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Adjacent channel interference, 169,
399
Admittance :
components of, 407
definition of, 407
grid input admittance of valve, 37
and electron transit time, 54
and frequency response, 321
with anode-grid capacitance
coupling, 39
with cathode lead inductance
effects, 48, 172
with combined anode-grid and
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types of 1.¥. tuned transformers,
289
variable selectivity in, 306
with negative feedback, 326
radio frequency, 120
design of band pass circuits in,
148
distortion in, 154
instability in, 162
noise in, 164
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Amplitude distortion in—contd.
intermediate frequency amplifiers,
335
radio frequency amplifiers, 154
Amplitude modulation :
expression for, 3
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receiver types for, 10
sidebands due to, 3
vectorial representation of, 3
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of, 419
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390
detection efficiency for, 389
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tage, 384
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with negative feedback, 397
with self-bias, 391
Anode current expression for—
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diode detector, 350, 3563, 357, 359,
360
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156
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of, 322
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333
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115
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391
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105
definition of, 83
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Capacitance coupling in I.F. trans-
former, 290
Capacitance, effect across diode de-
tector load resistance, 342, 364,
371
Capacitance, interelectrode capacit-
ance and grid input admittance,
38
Capacitance, method- of reducing
temperature effects in, 264
Capicitance of—
dipole aerial, 76
V dipole aerial, 78
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oscillator padding, 275, 278
oscillator trimming, 278
Capacitance, self, of coil, 132
Capacitance, temperature coefficient
of, 265
Capacitance tuning of LF. trans-
former, 288
Capacitance variations, effect on
oscillator frequency, 264
Capacitors :
compensators for temperature-fre-
quency drift, 265
silvered mica, 265
Cathode feedback and variable selec-
tivity, 326
Characteristic curves of—
diode, 19, 20
hexode, 29
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Characteristic curves of—contd.
pentode, 26, 28
tetrode, 25, 27
triode, 21, 30
Characteristic impedance of aerials :
dipole aerial, 76
inverted L aerial, 74
T aerial, 75
V dipole, 78
vertical aerial, 67, 72
Characteristic impedance of feeders ;
concentric tube, 110
parallel wire, 110
Choke-capacitance
circuit, 142
Choke, resonances in, at short waves,
142, 273
Circuit, equivalent for valve, 35
Circuits :
aerial, 81
frequency changer, 189, 192, 194,
195
intermediate frequency, types of,
coupled, 289
impedance of a parallel resonant
circuit, 121
radio frequency—
band-pass tuned circuits, 143
choke coupled circuit, 142
tapped tuned circuit, 137
transformer coupled circuit, 140
types of coupling, 137
Circular polarization of electromag-
netic wave, 61
Class B amplification, 15
Coefficient of coupling, 290
Coil :
A.C. resistance of, 131
calculation of inductance of, 129
effect of screening on, 134
effect of self-capacitance on, 132
Colpitts oscillator :
condition for oscillation, 252
oscillating frequency of, 251
Compensation for temperature fre-
quency variations in oscillator,
266
Components in distorted R.F. wave,
156
Conductance :
conversion—
calculation of, 202
definition of, 180
maximum value of, 202
measurement of, 209
definition of, 407

coupled tuned

INDEX

Conductance—contd.
mutual—
calculation of, 22
definition of, 22
Constant oscillator amplitude, main-
tenance of, 253
Contact potential, 20
Conversion conductance :
calculation of, 202
definition of, 180
direct measurement of, 212
indirect measurement of, 209
maximum value of, 202
Coupled circuits :
types of 1.F. circuits, 289
types of R.F. cirenits, 137
Coupling :
aerial to receiver, 81
combined mutual inductance and
resistance, 87
combined mutual inductance and
series capacitance, 97
combined mutual inductance and
shunt capacitance, 91
combined series capacitance and
shunt inductance, 95
mutual inductance, 82
series capacitance, 94
shunt capacitance, 92

Damping of—
first tuned circuit by aerial, 83
input circuit by anode bend
detector, 390
input circuit by cumulative grid
detector, 379
input circuit by diode detector, 349
equivalent damping resistance
due to diode with conduction
current beginning at negative
anode voltage (linear), 353
equivalent damping resistance
due to diode with conduction
current beginning at negative
anode voltage (parabolic), 360
equivalent damping resistance
due to diode with conduction
current beginning at positive
anode voltage (linear), 357
equivalent damping resistance
due to diode with linear I, E,
characteristics, 350
equivalent damping resistance
due to diode with parabolic
I,E, characteristics, 358
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Decoupling circuit :
in frequency changer stage, 189
in oscillator stage, 255
Demodulation in detectors, 399
Design of—
intermediate
formers, 295
radio frequency band-pass tunable
circuits, 148
radio receivers, general considera-
tions, 15
Detection :
anode bend, 383
cumulative grid, 377
diode, 340
double wave, 396
power grid, 379
reaction or regeneration with, 392
with push-pull output, 395
Detection efficiency :
and effective input resistance of
linear diode with no shunt
capacitance, 364
definition of, 344
effect of shunt capacitance across
load on, 345, 364
of diode with conduction current
beginning at negative anode
voltage (linear), 356
of diode with conduction-current
starting at negative anode volt-
age (parabolic), 361
of diode with conduction current
beginning at positive anode
voltage (linear), 358
of diode with linear I, K, charac-
teristics, 351
of diode with parabolic I, K, char-
acteristics, 360
Detectors :
anode bend, 383
damping of input circuit by,
390
estimation of performance of,
389
with negative feedback, 397
with self-bias, 391
cumulative grid, 377
damping of input circuit by, 379
estimation of performance of,
381
diode, 340
action of, with resistance load,
364
action of, with resistance load
and shunt capacitance, 364

frequency  trans-
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Detectors—contd.
diode, characteristic
curves of, 343, 345
demping of input circuit by, 349
detection efficiency of, and ratio
of resistance load to shunt
capacitance, 369
detection efficiency of, with con-
duction current beginning at
negative anode voltage (linear)
353
detection efficiency of, with con-
duction current beginning at
negative anode voltage (para-
bolic), 360
detection efficiency of, with con-
duection current beginning at
positive anode voltage (linear),
357
detection efficiency of, with linear
I,E, characteristics, 350
detection efficiency of, with para-
bolic I,E, characteristics, 358
distortion in, due to ac/Dc.
load ratio less than unity, 345
effective input resistance of, 376
equivalent A.F. resistance of, 373
I.E, characteristic curves for
linear diode with positive
bias, 346
limitation of acceptable modula-
tion percentage in, 347
measurements on, 343
non-tracking distortion in, 342
optimum value of shunt capacit-
ance, 370
Diode :
as rectifier, 20
detector (see Detector diode above),
340
frequency changer, 196
Dipole aerial :
balance horizontal dipole, 78
capacitance per unit length of
plain and V dipole, 76, 78
radiation resistance of, 76
terminal impedance of plain and
V dipole against frequency, 77,
78

detection

Direct ray transmission, 60
Directional properties of frame aerial,
81
Displacement current in insulators,
18
Distortion in—
diode detection, 342
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Distortion in—contd.
diode, amplitude distortion due to
Ac./pC. load less than unity,
346
amplitude distortion due to
shunt capacitance, 342, 371
frequency distortion due to
shunt capacitance, 372
radio frequency amplification, 154
cross-modulation distortion, 161
modulation envelope distortion,
caleulation and measurement,
157, 160
Distributed capacitance and induct-
ance of vertical aerial, 66
Distribution of currentand voltage in
vertical aerial, 66
Diversity reception, 118
Double wave detection, 396
Dynamic resistance of parallel tuned
circuit, 122
Dynatron characteristic of tetrode, 25

Echo effect in short wave recep-
tion, 64
Effective A.c. resistance of coil, 131
Effective height of—
inverted L aeriz:, 74
v.rtical aerial, 66
Efficiency of detection for diode :
with linear characteristics and
conduction current beginning at
negative anode voltage, 356
with linear characteristics and con-
duction current beginning at
positive anode voltage, 358
with linear I,E, characteristics,
351
with no shunt capacitance across
load resistance, 364
with parabolic characteristics and
conduction current beginning at
negative anode voltage, 361
with parabolic I, ¥, characteristics,
359
with variable shunt ecapacitance
across load resistance, 345, 364
Electromagnetic field around vertical
aerial, 59
Electromagnetic waves, propagation
of, 57
Electron coupled oscillator, 261
Electronie current in valve, effect on
input admittance, 37

INDEX

Electrons :
free, 18
initial velocity of, 18, 20
primary, 25, 27
secondary, 25
Emission :
secondary—
in tetrode valve, 25
suppression of, 27
thermionic, 18
Equivalent circuits for valve, 35
Equivalent primary impedance of
1.F. transformer, 303
Equivalent series and parallel circuits
for parallel tuned circuit, 121
Errors in ganging oscillator circuits :
zero error at three points in tuning
range, 279
zero error at two points in tuning
range, 277

Fa.ding selective, 63
Feedback :
anode bend detector with
negative feedback, 397
cathode feedback in LF.
amplifier, 326
Feeders :
aerial to feeder connection, 112
characteristic impedance of con-
centric tube and parallel wire
feeders, 110
curves for loss at aerial to feeder
junction, 113
Field, electromagnetic, round vertical
aerial, 59
Filter, the design of tunable band
pass filter, 148
Fourier analysis of wave shapes, 410
Frame aerial :
directional diagram for, 81
voltage induced in, 80
Franklin oscillator, 261
Free electrons, 18
Frequency, value of oscillation fre-
quency for:
Colpitts oscillator, 251
Hartley oscillator, 250
tuned anode oscillator, 245
tuned grid oscillator, 248
Frequency changer :
amplitude and frequency varia-
tions of oscillator
due to frequency changer, 218,
266
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Frequency changer—conid.
measurements on—

conversion conductance, 209,
212
oscillator harmonic response,
213

signal handling capacity, 214
properties required of—
anode and total current, 215
conversion conductance, 216
cross modulation, 217
microphony, 218
oscillator harmonic response, 217
signal grid-cathode capacitance
variation, 217
signal grid input admittance, 217
signal-oscillator circuit inter-
action, 217
signal to noise ratio, 216
signal to oscillator coupling on
short waves, 217
slope resistance, 215
types of—
diode, 196
heptode, 195
hexode, 193
octode, 29, 196
pentode, 185
single valve, combined oscillator
and frequency changer, 192
Frequency changer circuits :
heptode, 195
hexode, 194
pentode—
oscillator application to anode
cireuit, 192
oscillator application to grid-
cathode circuit, 189
oscillator application to screen
grid circuit, 190
oscillator application to sup-
pressor grid circuit, 192
Frequency changing :
and oscillation from single valve,
192
principles of, 181
problems in, 184
push-pull, 238
special considerations on short
waves, 218
Frequency components in—
amplitude modulated wave, 3
frequency changer anode ecircuit,
182
frequency modulated wave, 6
phase modulated wave, 9
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Frequency components in—contd.
radio frequency valve anode cir-
cuit, 156
Frequency correction, automatic, 13
Frequency distortion in diode detec-
tor due to shunt capacitance
across load resistance, 372
Frequency error curves for aerial
connection, 103
Frequency inversion in detectors, 401
Frequency modulation :
conversion to amplitude modula-
tion, 10
conversion to phase modulation, 8
deviation of carrier frequency in,
4, 6
differences between phase modula-
tion and, 9
expression for, 5, 6
method of producing, 7
sidebands in, 6
vectorial representation of, 5
Frequency stability :
effect in amplitude modulation,
256
effect in frequency modulation, 257
Frequency stability of oscillator :
long period effects, 257
precautions to be observed for
preserving, 267
short period effects, 257
Frequency variation of oscillator due
to—
components associated with L.c.
circuit, 265
harmonics in oscillator valve, 259
interelectrode capacitances in oscil-
lator valve, 259
interelectrode signal-grid to oseil-
lator-grid capacitance in fre-
quency changer, 219, 266
internal resistance of oscillator
valve, 260
miscellaneous effects, 260
reactance in oscillator valve, 258
space-charge coupling in frequency
changer, 222
switching and wiring, 266
tuning capacitance, 264
tuning inductance, 262
Frequency variation of oscillator,
special methods of reducing, 260
Full wave detection (see Double wave
detection), 396
Fundamental wavelength and fre-
quency of vertical aerial, 71
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ain control automatic, 13, 27,
335
Ganging :
approximate expression for oscil-
lator components in terms of
1.F. and capacitance tuning
range, 283
calculation of oscillator circuit
components, 274, 277
effect of oscillator circuit com-
ponent inaccuracies, 280
frequency error curve with three
preset components, 279
frequency error curve with two
preset components, 277
Generalized curves for R.F.
bined couplings, 151, 153
Generalized selectivity curves :
applied to shunt and series coup-
lings, 302
for intermediate frequency trans-
former, 301
for negative feedback in 1.¥. stage,
330
for parallel resonant circuit, 124
Grid, cumulative grid detection, 377
Grid current detection, 377
Grid input admittance of valve :
and electron transit time, 54
and frequency response, 321
with anode-grid capacitance coup-
ling, 39
with cathode
effects, 48, 172
with combined anode-grid and
grid-cathode capacitance coup-
ling, 50
with  grid-cathode
coupling, 45, 172
with grid-screen capacitance coup-
ling, 53
Grid voltage :
anode current characteristic of—
hexode valve, 28, 29
pentode valve, 28
triode valve, 21
conversion conductance curves of
frequency changer, 187
mutual conductance curves of
amplifier valve, 27

¢om-

lead inductance

capacitance

armonic distortion in—
detectors, 340, 347, 371, 378,
384
frequency changers, 214

INDEX

Harmonic distortion in—contd.
intermediate frequency amplifiers,
335
R.¥. amplifiers, 154
Harmonic response, oscillator :
definition of, 207
measurement of, 213
method of producing, 187, 213
second harmonic response curves
for hexode and pentode, 214
third harmonic response curves for
hexode and pentode, 214
Harmonies of—
intermediate frequency, 200
oscillator, and frequency stability,
259
oscillator and signal in frequency
changer, 199
Hartley oscillator :
conditions for oscillation, 250
oscillating frequency of, 250
Height, effective height of—
inverted L aerial, 74
vertical aerial, 66
Heptode frequency changer :
capacitance coupling between sig-
nal and oscillator electrodes, 218
electron coupling between signal
and oscillator electrodes, 221
improved types of, 196
short wave operating conditions,
221
transit time effects in, 222
Heterodyne frequency, 179
Heterodyne whistle interference in
detectors, 399
Hexode frequency changer :
capacitance coupling between sig-
nal and oscillator electrodes, 219
electron coupling between signal
and oscillator electrodes, 220
short wave operating conditions,
220
signal grid electron collection, 220
Horizontal balanced dipole aerial,
78
Horizontal polarization of eclectro-
magnetic wave, 60

mage signal :
definizion of, 182
interference from, 199
method of reducing effect of, 225
Image signal suppression circuits :
series and parallel circuits, 225
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Image signal suppression circuits—
contd.
suppression by neutralizing vol-
tage, 229
suppression on short wave ranges,
233
Imaginary, use of, 405
Impedance :

anode load impedance of wvalve,
representation of, 30
characteristic impedance of
feeders, 110
concentric tube, 110
parallel wire, 110
definition and components of, 406
of parallel resonant circuit, 121
of primary of two coupled circuits,
303
transfer impedance of I.F. trans-
former, 289, 296
Indirect ray transmission, 61
Inductance :
coupling in L.F. transformers, 290
in cathode-earth lead of valve, 47
per unit length of vertical aerial, 67
temperature variation effect on
oscillator frequency stability, 262
tuning of 1.¥. transformers, 288
Inductance of coil :
calculation of, 129
multilayer coil, 130
single layer coil, 129
spiral coil, 129
effect of screening on, 134
effect of temperature variation on,
262
effect of self-capacitance on, 132
ratio change of inductance due to
shield, 135
ratio change of inductance due to
shield and coil eccentricity, 136
Initial velocity of electrons in diode,
20
Input grid admittance of valve,
factors controlling, 37
Input impedance of R.F. amplifier
due to anode-grid capacitance
coupling, 162
Instability in Rr.F. amplifiers, 162
Insulation, displacement current in,
18
Inter electrode capacitance, oscillator
frequency variations due to, 259
Interference effects in detectors, 398
Interference reducing aerial systems,
108
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Interference whistles in frequency
changers :
charts for, 201
production of, 197
types of, 199
Intermediate frequency :
amplification, 288
considerations governing choice of,
183
coupled circuits, types of, 289
harmonies, 200
isolator semi-aperiodic stage, 322
stage with cathode negative feed-
back, 326
valve, signal handling capacity of
335
Intermediate frequency transformer :
capacitance tuning of, 288
coupling coefficient definition, 290
design of, 295
equivalent primary impedance, 303
generalized selectivity curves for,
301
inductance tuning of, 288
maximum amplification, conditions
for, 298
measurement of primary resonant
impedance of, 213, 337
transfer impedance of, 289, 296
with additional coupled 1.F. trans-
former, 318
with capacitance coupling, 290
with inductance coupling, 290
with mutual inductance coupling,
293
with negative feedback, 330
with @ /2 single circuit, 308
Inversion frequency in detectors, 401
Inverted L aerial, 73
Ion, positive ion current effect on
grid input admittance, 37
Tonized layers surrounding earth, 61
Ionosphere, 60
Isolator aperiodic 1.F. stage, design of,
322

J, J notation, 405
Junction loss at aerial and feeder
connection, 113

L, inverted L aerial :
characteristic impedance of, 74
effective height of, 74
terminal impedance of, 75
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Layersin ionized upper atmosphere :
E layer, 62
F layer, 62

Leakage, current, effect on valve grid
input admittance, 37

Leaky grid detector (see Cumulative
grid detector), 377

Limiter stage in frequency and phase
modulated transmission, 10

Linear amplification, 155

Linear detection, 4

Load curve for capacitance and in-
ductance on I E, characteristics,
30, 32

Load impedance, representation on
I,E, characteristic curves of
valve, 30

Load line for resistance on I,
characteristics, 30, 32

Long wave propagation, 62

Losses at junction of aerial and
feeder, 113

Magnetic field distribution around
vertical aerial, 59
Magnification of coil, 121
Matching loss at junction of aerial and
feeder, 113
Maximum amplification, conditions
for, at ultra short waves, 173
Measurements on—
frequency changer valves—
conversion conductance, 209, 212
oscillator harmonic response, 213
signal handling capacity, 214
intermediate frequency valves—
impedance of primary of IF.
transformer, 213, 337
signal handling capacity, 335
radio frequency valves—
modulation envelope distortion,
159
signal handling capacity, 159
Medium waves, propagation of, 62
Meissner oscillator, 244
Microphony, 218
Miller effect, 42
Minimum coil A.c. resistance, condi-
tions for realizing, 132
Miscellaneous frequency variation
effects in oscillator, 260
Mistune ratio, of aerial first tuned
circuit :
definition of, 83

INDEX

Mistune ratio, of aerial first tuned
circuit—-contd.
generalized formulae for, 89
variation over tuning range, 99
Modulation :
amplitude—
detection of, 4
method of producing, 4
modulation ratio, 3
representation of, 3
sidebands of, 3
frequency—
conversion to phase modulation,
8
detection of, 10
method of producing, 7
modulation index, 6
representation of, 5
sidebands of, 6
phase—
conversion to frequency modula-
tion, 8
detection of, 10
method of producing, 9
representation of, 9
sidebands of, 9
Modulation envelope distortion in
R.F. valves, 157
Multi-electrode valve :
frequeney changing by, 28
modulation by, 28
Mutual conductance :
calculation of, 22
definition of, 22
Mutual inductance :
coupling in aerial circuits, 82
coupling in 1.P. transformers, 293
sign of, 84

Negative feedback in—
anode bend detector, 397
intermediate frequency amplifier,
326
oscillator, 255
Negative grid input admittance in—
anode bend detector with negative
feedback, 398
valve, 43, 47
Negative impedance coupling in
frequency changer, 224
Negative resistance in tetrode valve,
25
Neutralizing voltage image suppres-
sion eircuits, 229
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Noise limitation to maximum ampli-
fication :
shot noise, 166
thermal noise, 165

blique polarization of electro-
magnetic wave, 60
Octode frequency changer, 29, 196
Optimum coupling, in aerial circuits,
5

Optimum oscillator voltage in—
hexode frequency changers, 194
pentode frequency changers, 186

Oscillation :
and frequency changing from single

valve, 192
interchange of energy during, 241
maintenance conditions for oscilla-
tion, 242
parasitic oscillation, 269
squegger oscillation, 269

Oscillator amplitude stability,
methods of preserving, 253
Oscillator frequency stability,

methods of preserving, 267
Oscillator harmonic response :
conditions for minimum, 217
curves showing effect of oscillator
voltage on, 214
definition of, 207
measurement of, 213
Oscillator tracking capacitances :
calculation of, 275, 278
graphical determination of, 280
Oscillator voltage application to—
heptode frequency changer, 195
hexode frequency changer, 193
pentode frequency changer—-
in anode circuit, 192
in grid-cathode circuit, 185
in screen grid circuit, 190
in suppressor grid circuit, 191
Oscillators :
conditions required of super-hetero-
dyne receiver oscillators, 252
negative feedback in, 255
types of—
Colpitts, 251
electron coupled, 261
Franklin, 261
Hartley, 249
Meissner, 244
modified Colpitts for short waves
270
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Oscillators—conid.
types of—contd.
tuned anode, 244
tuned grid, 247
Oxide-coated emitters, 19

Padding capacitor in oscillator
ganged circuits, 275, 278
Parabolic detection characteristic in
diode, 358
Parallel and series image suppression
circuits, 225
Parallel tuned circuit :
choke coupled, 142
dynamic resistance of, 122
equivalent series and parallel cir-
cuits for, 121
generalized selectivity curve for,
124
resonant impedance of, 122
tapped coil coupling for, 137
transformer coupling for, 140
Parasitic oscillation, methods of pre-
venting, 270
Pass-band response for I1.F. trans-
former and @ /2 circuit, 307
Peak voltmeter, 212
Pentagrid frequency changer, 195
Pentode valve :
amplifier, 120
characteristic curves for, 26, 28
frequency changer, 28, 185
Phase modulation :
conversion to frequency modula-
tion, 8
differences from frequency modula-
tion, 9
expression for, 9
method of producing, 9
representation of, 9
sidebands of, 9
Polarization of electromagnetic
waves :
circular, 61
elliptical, 61
horizontal, 60
oblique, 60
vertical, 60
Positive bias on diode detector, 348,
372
Positive ions, 38
Potential distribution
valve, 26
Power grid detection, 379

in tetrode
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Power series representation for—
frequency changer operation, 181
R.F. amplifier operation, 155, 156

Power supply, design considerations

based on, 15

Preset tuning on—
short waves, 169
ultra short waves, 171

Primary, the impedance of primary

of 1.7, transformer, 303
Propagation of electromagnetic
waves :
long waves, 62
medium waves, 62
short waves, 63

Push-pull :
detection, 395 .
frequency changing, 238
quiescent, 15

of coil, 121
Quantities complex, 406
Quiescent push-pull, 15

Radiation resistance of—
dipole aerial, 76
vertical aerial, 71
Radio frequency amplification :
band-pass circuits, 143
choke coupling, 142
tapped coil coupling, 137
transformer coupling, 140
Radio frequency amplifier :
diode detector damping of, 363
input impedance of, due to anode-
grid capacitance coupling, 162
Reactance, definition of, 406
Reaction in detectors (see Regenera-
tion), 392
Receivers :
connection of several receivers to
one aerial system, 116
types of amplitude modulation
receivers—
straight r.r. amplifier, 11
superheterodyne, 11
superregenerative, 14
Rectifier, conditions for diode to act
as, 20
Reflection of electromagnetic wave,
61

INDEX

Refraction of electromagnetic wave,
critical angle of, 63
Regeneration in detectors, 392
advantages and disadvantages of,
395
anode bend detection, 394
backlash in connection with, 394
cumulative grid detection, 393
diode detection, 395
effect on selectivity, 393
effect on sensitivity, 395
instability with, 394
methods of producing, 394
self-oscillation with, 394
Rejection frequency in 1.F. trans-
formers with combined coup-
lings, 293
Resistance :
A.C. resistance of coil, 131
change in apparent value with coil
self-capacitance, 133
dynamic resistance of parallel tuned
circuit, 122
effect of screening on coil resist-
ance, 137
equivalent shot noise resistance,
167
internal resistance of valve (see
Slope resistance), 23
negative resistance in valve, 25
radiation resistance of—
dipole aerial, 76
vertical aerial, 71
Resonance in R.F. choke on short
waves, 142, 273
Resonant impedance of—
parallel tuned circuit, 122
primary of an 1.F. transformer—
measurement of, 337
value of. 303

aturation current in diode, 19
Screen grid valve, 24
Screening :
effect of, on inductance and resist-
ance of coil, 134, 137
minimum thickness of, 135
Second channel interference (see
Image interference), 182
Secondary emission in tetrode, 25
suppression of, 26
Selective fading, 63
Selectivity :
characteristic, 123
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Selectivity-—contd.
constant selectivity over range of
tuning frequencies, 125
generalized curves applied to shunt
and series couplings, 302
generalized curves for I.F. trans-
former, 301
generalized curves for 1.¥. trans-
former with negative feedback,
330
generalized curve for parallel tuned
circuit, 124
of 1.¥. transformer and single Q/2
circuit pass band response for,
307, 309
of two coupled 1.F. transformers
transfer impedance for, 319
regeneration and, 393
Selectivity ratio :
definition of, 83
generalized formulae for, 89, 90
variation and aerial terminal im-
pedance, 105
variation over tuning range, 99
Selectivity variable :
asymmetrical, 306
automatic—
operated by interference and
desired signal, 334
with coupling reactance varia-
tion, 333
with detuning, 333
with resistance damping, 333
by cathode feedback, 326
by mutual inductance coupling
variation, 307
symmetrical, 307
Self-bias in :
amplifier valves, 36
anode bend detectors, 391
Self-capacitance of coil :
effect on apparent inductance,
133
effect on apparent resistance, 133
Self-oscillation and regeneration, 394
Sensitivity and regeneration in detec-
tors, 395
Series and parallel image rejection
circuits, 225
Series, equivalent series circuit for
parallel resonant circuit, 122
Series Fourier, 410
Shielding (see Screening), 134
Short wave :
amplification, problems in, 168
band spreading, 168
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Short wave—contd.
frequency changing—
heptode for, 221
hexode for, 220
special considerations in, 218
image signal suppression, 233
oscillators, 271
preset tuning, 169, 172
propagation of, 63
use of oscillator harmonies, 272
Shot noise :
equivalent resistance, 167
formula for, 167
Sidebands for—
amplitude modulation, 3
frequency modulation, 6
phase modulation, 9
Signal handling capacity of—
frequency changer, 214
1.F. amplifier, 335
R.F. amplifier—
calculation of, 160
measurement of, 159
Signal-to-noise ratio for—
frequency changers, 168, 216
R.F. amplifiers, 168
Skin effect in coil resistance, 131
Skip distance, 64
Slope resistance of valwve, 23
Space charge—
effect on transit time phenomenon,

54, 222
in diode, 19
Square law detection, 340
Squegger oscillation, methods of

preventing, 269
Stability frequency, of oscillators,
256
Superheterodyne oscillator, condi-
tions to be fulfilled by, 252
Superheterodyne reception, advant-
ages of, 11
Superregenerative detection, 14
Suppression of image signal interfer-
ence, 225
Suppression of secondary emission, 26
Suppressor grid :
action of, in pentode valve, 26, 28
frequency changing, 191

aerial, 75
Tapped parallel tuned circuit
m—_.
aerial, generalized formulae
for, 93



434

Tepped parallel tuned circuit in—
contd.
R.F. amplifier—
input impedance of, 139
voltage step up of, 139
Taylor’s expansion, 384
Temperature :
coefficient of capacitance and in-
ductance, 263, 266
effect on oscillator frequency
stability, 262
effect on thermionic emission, 18,
19
Terminal impedance of aerial :
curves for—
dipole aerial, 77
vertical aerial, 69, 73
definition of, 67, 82
Tetrode valve :
as cumulative grid detector, 381
characteristic curves for, 25, 27
conditions affecting mutual con-
ductance and slope resistance, 24
secondary emission in, 25
Thermal noise, 165
Thermionic emission, 18
Tracking component values for oscil-
lator, 275, 278
Transfer impedance of—
1.F. transformer, 289, 296
1.F. transformer and a single Q/2
circeuit, 313
two overcoupled 1.F. transformers,
319
Transfer voltage ratio :
aerial terminal impedance and
105
approximate expressions for, 87, 91
definition of, 83
generalized formulae for, 89
variation over tuning range, 101
Transformation :
series to shunt coupling, 148
symmetrical = to T section, 148
unsymmetrical bridged T to T
section, 98
unsymmetrical n to T section, 95
Transformer :
1.F. design of, 295
R.F. design of, 140
Transformer coupled parallel tuned
circuit :
input impedance of, 141
voltage step-up of, 141
Transit time of electrons, effect on
grid input admittance, 54

INDEX

Transmission :
amplitude modulated, 4
frequency modulated, 7
phase modulated, 9
Trimmer capacitance for oscillator
ganging, 278
Triode-pentode frequency changer,
189
Triode valve, characteristic curves
for, 21, 30
Tuned anode oscillator :
conditions for oscillation, 245
effect of finite grid impedance, 246
oscillating frequency of, 245
vector diagram for, 246
Tuned grid oscillator :
conditions for oscillation, 248
oscillating frequency of, 248
Tuning inductance and capacitance
in L.F. transformers, 288
Turn-over effect in cumulative grid
detector, 382

ltra short wave :
amplification, problems in, 171
oscillators, 271
Unstable regeneration in detectors,
prevention of, 394

V dipole aerial, terminal imped-
ance of, 78
Valve :
amplification factor, 22
cathode negative feedback in, 36
constant current generator circuit
for, 35
constant voltage generator circuit
for, 35
frequency variations due to, 257
grid input admittance of, due to—
electronic current, 37
grid  interelectrode
capacitance, 38
leakage current, 37
positive ion current, 37
transit time of electrons, 38, 54
internal or slope resistance, 23
internal resistance and frequency
variations due to, 260
mutual conductance, 22

coupling
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Valve—contd.
reactance and frequency stability,
258
signal handling capacity of-—
frequency changer, 214
1.F. valve, 335
R.F. valve, 159
special methods of reducing fre-
quency variations due to, 260
types of—
diode, 19
heptode, 28
hexode, 28
octode, 29
pentagrid, 28
tetrode, 24
triode, 21
variable mu characteristie, 27
Variable selectivity :
asymmetrical, 306
automatic, 332
by cathode feedback, 326
methods of obtaining, 307
symmetrical, 307
Vector representation of impedance
and admittance, 406

435

Velocity initial, of electrons, 18, 20
Vertical aerial :
characteristic impedance of, 67
effective height of, 66
inductance and capacitance per
unit length, 67
terminal impedance of, 72
Vertical polarisation of electromag-
netic wave, 60
Voltage distribution in vertical aerial,
66
Volume control, automatic (see Auto-
matic gain control), 13

Wavelengbh fundamental, of ver-
tical aerial, 71
Waves, electromagnetic :
fading of, 63
propagation of, 57
reflection of, 62
refraction of, 63
Wave shape, Fourier analysis of, 410
Whistles, interference from, 197
Wire, skin effect in, 131

END OF PART ONE.



